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Applications of computational fluid dynamics in irrigation
engineering

Aplicacges de fluido-dindmica computacional em engenharia de irrigacédo
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ABSTRACT - Computational fluid dynamics (CFD) techniques have become an important tool for investigating and
predicting flow behavior in many industrial and engineering processes. In the last two decades, CFD has been used for
the study, design, and improvement of irrigation equipment. Numerical simulations can be used to predict fluid flow,
heat transfer, and chemical reactions within complex systems. The objective of this review is to provide an overview of
the uses of CFD in irrigation engineering applications. The paper is organized into two main sections: fundamentals of
CFD and irrigation engineering applications. The first section presents the main methods used in numerical simulations,
basic equations to predict fluid flow parameters, meshing concerns, and convergence criteria. In the second section,
we present applications related to friction and local head losses in pipes, liquid and solid-liquid flow simulation in
drippers, chemical scaling, filters, sprinklers, direct-acting pressure-regulating valves, and Venturi injectors. The briefly
described applications indicated that CFD modeling can be an accurate, quick, and feasible method for the investigation of flow
parameters in irrigation pipes, fittings, emitters, and accessories. The CFD simulations can be useful for designing new products
as well as for improving and optimizing existing products. Computational fluid dynamics uses in irrigation engineering must be
encouraged, particularly for innovation purposes resulting from the cooperation between academia and irrigation companies.
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RESUMO - Técnicas de fluido dinamica computacional (CFD) se tornaram uma importante ferramenta para estudos e estimativas
relacionadas ao escoamento de fluidos em diversos processos industriais e de engenharia. Nas Ultimas duas décadas, CFD tem sido
utilizado para o estudo, projeto e aprimoramento de equipamentos de irrigagdo. Simulagfes numéricas podem ser utilizadas para
estimativas de escoamento de fluidos, transferéncia de calor e reacdes quimicas em sistemas complexos. O objetivo desta revisao
é fornecer uma visdo geral sobre uso de CFD em aplicacfes de engenharia de irrigacdo. O artigo esta organizado em duas se¢des
principais: fundamentos sobre CFD e aplicagcBes em engenharia de irrigagdo. A primeira secéo apresenta os principais métodos
utilizados para simulagdo numérica, equagdes basicas para estimativa de parametros de escoamento, recomendacdes relacionadas
a malha utilizada nas simulagBes, e critérios de convergéncia de resultados. Na segunda secdo, sdo apresentadas aplicacdes
relacionadas a perda distribuida e localizada de carga em tubulacdes, simulac6es de escoamento em labirinto de gotejadores com
liquidos e solidos-liquidos, precipitagdo de quimicos, filtros, aspersores, valvulas reguladoras de presséo e injetores Venturi. As
aplicacOes, embora descritas de modo breve, evidenciam que a modelagem utilizando CFD caracteriza um método que pode ser
exato, rapido e vidvel para o estudo de parametros de escoamento em tubulagdes, conexdes, emissores e acessorios de irrigacdo. As
simulacdes empregando CFD podem ser Uteis para o projeto de novos produtos, assim como para 0 aprimoramento e otimizagao
de produtos existentes. Usos de CFD em engenharia de irrigagdo devem ser estimulados, especialmente com o propdsito de
inovacéo envolvendo parcerias entre a universidade e empresas de irrigacao.
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INTRODUCTION

Irrigated agriculture accounts for approximately
20% of the total agricultural land and contributes to 40%
of the global food supply. On a global scale, irrigation
uses represent about 70% of the total water withdrawn.
Competition for access to water resources among
multiple water users is expected to intensify owing to
the 60% increase in food production required by the
predicted global population of nine billion people by 2050
(KURIAN; REZA, 2015). The demand for freshwater,
energy, and food will increase significantly over the next
decades. The combination of modern irrigated agriculture
with other techniques are key elements for food security,
economic development, and sustainable management of
natural resources.

Irrigation engineering is the analysis and design
of systems that optimally supply the right amount of
water to the soil at the right time to meet the needs of
the plant system (WALLER; YITAYEW, 2016). Efforts
to modernize irrigation engineering can contribute to
optimizing water productivity and resource efficiencies
(e.g., water, energy, labor, costs, and other resources for
agriculture). Achievements may be achieved through
improvements and innovation in irrigation system
equipment, design, operation, and management.

Computational fluid dynamics (CFD) can be
used to predict fluid flow, heat transfer, and chemical
reactions within complex systems. The dissemination
of CFD tools in industry and academia, particularly in
the last two decades, resulted from the rapid advances
in computer hardware, developments in numerical
algorithms and physical models, and development of
CFD software that is more user-friendly and capable of
coupling complex phenomena (NORTON, 2013). There
are many CFD applications in agriculture and the food
industry (BARTZANAS et al., 2013; LEE et al., 2013),
and these numerical simulations provide a cost-effective
way of carrying out equipment and process design and
optimization (BARTZANAS et al., 2013).

Computational fluid dynamic techniques have
become an important tool for examining and predicting
flow behavior in many industrial and engineering
processes (PALAU-SALVADOR et al., 2006). One
of the first scientific references about the use of CFD
techniques to examine flow behavior in irrigation
equipmentwas presentedin 2004 (PALAU SALVADOR
et al., 2004). Since then, many investigations have
used CFD to study, design, and improve irrigation
equipment.

The development of irrigation equipment in a
conventional approach involves the manufacturing and
testing of several prototypes. Each prototype may require

hydraulic calculations, a three-dimensional model, mold
manufacturing, assemblage, and performance evaluation
by experimental means. The traditional method is time-
and labor-consuming as well as expensive. In addition,
experiments in laboratory or field trials are also both
time- and labor-consuming, and their results are
affected by the measurement uncertainty of instruments
and other uncontrolled variables. In this aspect, CFD
has become part of the engineering design and analysis
environment of many laboratories and companies
because of its ability to predict the performance of
new designs or processes prior to manufacturing or
implementation (BARTZANAS et al.,, 2013). For
development stages, computational simulations can
be particularly useful to reduce resources that impact
development costs. Nevertheless, experimental data
will always be essential for the validation of numerical
simulations and to confirm the performance of irrigation
equipment.

The objective of this review is to provide an
overview of the uses of CFD in irrigation engineering
applications. The paper begins with the fundamentals
of CFD, and then the applications are introduced.
The first section presents the main methods used in
numerical simulations, basic equations to predict fluid
flow parameters, meshing concerns, and convergence
criteria. In the applications, we presented friction
and local head losses in pipes, liquid and solid-liquid
flow simulation in drippers, chemical scaling, filters,
sprinklers, direct-acting pressure-regulating valves,
and Venturi injectors.

FUNDAMENTALS ABOUT
COMPUTATIONAL FLUID DYNAMICS

Numerical resolution by the finite volume method

The main methods used in numerical simulation
codes are finite volume, finite differences, and finite
elements. The finite difference method discretizes the
continuous equations at the nodes of a predefined mesh
by calculating each partial derivative using a truncated
Taylor series. Nonlinear equations are obtained by linking
the value of the unknowns at a node to the values of these
same unknowns at neighboring nodes. The finite element
technique discretizes the domain using simple geometric
elements (triangles, 2D rectangles and tetrahedrons, and
3D hexahedrons). This method is suitable for modeling
complex geometries. The form of the equations is replaced
by the weak form in which the unknowns are calculated,
for example, with a linear combination of basic functions
of which the support is one element.
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Most commercial CFD software (e.g., ANSYS
Fluent, COMSOL Multiphysics, and OpenFoam) are
based on the finite volume method. This method consists
of discretizing the flow domain into a multitude of
control volumes (cells) and then performing balances
(mass, energy, momentum, etc.) on these small volumes.
For this reason, the resolution shows volume integration.
The advantage of this method is that everything that
comes out of a volume goes into another. In practice,
each continuous equation is integrated for each control
volume, and then the Green-Ostrogradsky theorem is
used to transform some surface integrals into volume
integrals in the case of permanent flow. The next step
is to discretize the unknowns of the problem as well
as the differential operators of the equations. These
mathematical operations provide a discretized equation
that links the variables of one cell to those of the
neighboring cells. The set of these discretized equations
finally forms a matrix system.

Equations and models

Several equations and models enable numerical
simulation to predict fluid flow parameters. The Navier-
Stokes equations concerning the fluid mechanics are
solved using a finite volume method, implemented with
numerical simulation codes. The integration of the discrete
equations, coupled with pressure/velocity parameters,
is carried out by an algorithm. The differential form of
the continuity equation and Navier-Stokes momentum
equations for compressible Newtonian fluid can be written
as (POPE, 2000):

dp dpu,
= =0
dt T dx;
The equations for momentum:

i P e O

dat ax}- dx; Ox;

where p is the fluid density (kg m3).

The instantaneous velocity u, (xj; t), where (i = 1;
2; 3) and the pressure p (xj; t) at any time t and at any
point X, (where j = 1; 2; 3) of the flow field are treated
independently of the temperature. The viscous stress
tensor, ij, is proportional to the symmetric part of the
deformation rate tensor (Newtonian fluid) with the Stokes
hypothesis, and is given by:

_ 6ui+6u}- 281:.1,(6
T du; dx, 3d8x,

where W is the dynamic fluid viscosity (kg m? s?)
and g, is the Kronecker symbol.

For turbulent flow, Reynolds-averaged Navier-
Stokes equations (RANS) are currently introduced. The

standard k-¢ model is typically used for most engineering
calculations, even if it has been developed for fully
turbulent flows. The RNG k-¢ model generally improves
the accuracy for rapidly strained and swirling flows.
These features make the RNG k-¢ model more accurate
and reliable for a wider class of flows than the standard
k-& model. The realizable k-¢ model is effectively applied
in various flow simulations, including vortex steady
shear flow, free flow containing jet and mixed flow, pipe
flow, boundary layer flow, and segregated flow. All these
models calculate the turbulent stress using the isotropic
turbulent viscosity assumption.

The Reynolds stress model (RSM) considers
the effects of streamline curvature, swirl, rotation,
and rapid changes in strain rate in a more rigorous
way. Other more complex simulations, such as large
eddy simulation (LES) or direct numerical simulation
(DNS) models, can be found. However, they still
require substantially finer meshes than those typically
used for Reynolds-averaged Navier-Stokes equations
(RANS) calculations. As a result, the computational
cost involved with LES or DNS is usually some
orders of magnitude higher than that for steady RANS
calculations in terms of memory and central processing
unit (CPU) time. Therefore, high-performance
computing is required for LES or DNS, particularly for
industrial applications.

Another tricky problem dealing with irrigation
flow modeling is the multiphase flow description
for sprinkler irrigation (the water and the air must
be modeled). The jet is composed of optically dense
turbulent zones and zones in which the liquid is
dispersed in the form of three-dimensional fragments
of very varied shapes and sizes, making it very
difficult to characterize them. The presence of a liquid
continuum at the nozzle outlet and the large variety of
scales present in the flow make it particularly difficult
to model using the classical approaches reported in
the literature for two-phase flow modeling. Such
approaches can be divided into two categories based
on (1) tracking liquid/gas interfaces, and (2) those
without interface reconstruction (GOROKHOVSKI;
HERRMANN, 2008). The former estimates the
position of the liquid/gas interfaces at a given position
and instant by the volume of fluid and level-Set-type
algorithms (MENARD et al., 2007). These methods
require sufficiently fine discretization of the calculation
domain to capture the liquid/gas interface positions and
frequently result in long computation times. Among
the methods that do not use interface reconstruction,
one can distinguish Eulerian/Lagrangian and Eulerian
approaches (NIJDAM et al., 2006). The gas flow is
described by an Eulerian approach, while the droplet
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characteristics (position, velocity, and size) are
resolved in the calculation domain (PATANKAR;
JOSEPH, 2001). This method assumes the existence
of individual dispersed droplets, which does not
correspond to the situation observed experimentally
for sprinkler jets at the nozzle outlet. In addition, the
presence of non-spherical liquid fragments makes
it difficult to apply this type of modeling. In the
Eulerian approach, the two-fluid model considers the
two phases as two continuous interpenetrating media.
The conservation equations are solved for each
phase and contain the terms of interaction between
phases that are difficult to model. An alternative is
to consider the conservation equations of the two-
phase mixture, which is represented as a single fluid
of variable density. The main asset of this approach
lies in its ability to describe the flow in a continuous
way, both in the liquid core at the nozzle outlet and
in the dispersed part of the spray. In this formulation,
the slip velocity is related to flow variables to take
into account interactions between the two phases
(STEVENIN et al., 2016).

Meshing concerns

The numerical codes can use structured,
unstructured, or hybrid meshes. A structured mesh is
generally composed of quadrilateral meshes in two
dimensions (2D or surface mesh) and hexahedral meshes
in three dimensions (3D or volume mesh), while an
unstructured mesh is composed of quadrilateral or
triangular meshes in 2D and hexahedral or tetrahedral
meshes in 3D. In a hybrid mesh, the meshes close to the
walls are quadrilaterals in 2D and hexahedrons in 3D,
and the meshes in the rest of the domain are triangles
in 2D and tetrahedrons in 3D. Near the wall, it is
necessary to refine the mesh to model the flows in this
zone where the gradients of various quantities are high.
During the simulation, it is necessary to demonstrate the
independence of the results with the size and geometry
of the resolution meshes.

Convergence criteria

While solving fluid flow equations, the residuals
are evaluated for each variable of the equations, for
example, pressure or velocity. Convergence is determined
from these residues. There are no absolute criteria to
evaluate it, but it is recommended to examine not only
the residues and their evolution, but also the values of
the calculated quantities. In addition, the number of
iterations depends on the total number of meshes of the
geometry and the model parameters.

The validation of results with experimental data is
always required.

APPLICATIONS OF COMPUTATIONAL
FLUID DYNAMICS ON IRRIGATION
ENGINEERING

Friction and local head losses in pipes

Irrigation systems are designed to transport water
from a source through a network of pipes to irrigated
crops. Flow velocities, friction losses, and minor losses
are some of the flow parameters that must be accurately
predicted to achieve proper operational conditions and
acceptable uniformity of water application over the
irrigated area. Minor losses are particularly important
in the design of microirrigation subunits owing to the
large number of emitters installed along the laterals
(BOMBARDELLI et al., 2019; PROVENZANO et al.,
2016; SOBENKO et al., 2020; VILACA et al., 2017).

In irrigation applications, friction losses are
usually estimated by the Darcy-Weisbach equation or
by empirical equations (e.g., Hazen-Williams, Flamant).
Friction losses can also be determined experimentally by
evaluating segments of straight pipes to obtain pairs of
points that result in a curve of pressure loss as a function
of flow rate values.

The presence of a singularity (e.g., emitter, fitting,
accessory) in a segment of a pipe causes a local pressure
loss, which is often expressed as a fraction K of the kinetic
head. Sometimes, local head losses are also expressed in
terms of the equivalent length of the pipe, and the total
head loss is estimated using friction loss equations,
considering the physical length of the pipe plus the sum
of equivalent lengths. In addition, when a segment of a
pipe has singularities, the experimental procedure first
consists of determining the total head loss. Second, local
head losses are obtained by the difference between the
total head loss and the friction loss.

Local head losses have also been estimated using
dimensional analysis approaches ( BOMBARDELLI et
al., 2019; DEMIR et al., 2007; PERBONI et al., 2015;
VILACA et al., 2017; WANG et al., 2018; ZITTERELL
et al., 2013) and machine learning-based algorithms
(MARTI et al., 2010; SOBENKO et al., 2020).
Sometimes, the geometrical characteristics of the devices
are complex, which complicates the identification of
the relevant physical information that must be part of
mathematical or computational models. If an important
physical quantity is not considered as an input variable,
the accuracy of predictions can be impaired.

The variety of irrigation equipment used is
enormous. Laboratory experiments to determine pressure
losses are both time- and labor-consuming. In addition,
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most empirical models reported in the literature are valid
for specific conditions. Computational fluid dynamic
techniques can be useful for simulating flow parameters
such as friction losses and local head losses.

An experimental and numerical study on
irrigation laterals was carried out by Palau-Salvador
et al. (2006) for the prediction of local losses due to
the protrusion of on-line emitters. Seven models of
emitters attached to a polyethylene (PE) pipe of 13.21
mm internal diameter were evaluated within a range of
Reynolds number from 2774 to 20817. The geometries
were drawn using Pro-Engineer software. The three-
dimensional mesh was generated using Gambit, and the
simulations were run using ANSYS Fluent 6.1. For the
turbulent flow conditions, the authors used the RSM. A
graphical comparison between simulated and measured
local losses is presented, but prediction errors are not
depicted. Computational fluid dynamics revealed the
flow behavior around the protrusion area and might
be useful for future designs and improvements in the
geometry of the emitter connection to the pipe by seeking
to reduce flow disturbances and minor losses.

A few studies have been carried out on CFD
simulations for the prediction of friction losses and local
head losses in small-diameter PE pipes with integrated
cylindrical drippers. Provenzano et al. (2007) simulated
a single commercial emitting-pipe of 13.76 mm internal
diameter using ANSY'S Fluent 6.1. The CFD technique
enabled simulation with reasonable accuracy head losses
in PE pipes in the range of Reynolds numbers typical
of the low-turbulence regime (4000 < R < 20000) . The
best accuracy was obtained using the YS low-Reynolds
turbulence model (YANG et al., 1993). The friction
head loss was simulated in a segment of PE pipe without
emitters, resulting in errors from experimental data up
to 7.4%. The error between the simulated and measured
values of the local head loss coefficient varied from
6.0% to 15.5%. The comparison between simulated and
measured values indicates the possibility of estimating
the friction losses in PE pipes and local losses due to
the emitter connections using CFD techniques, requiring
experiments only for validation purposes.

Celik et al. (2015) simulated a 3D model of a
cylindrical dripper of 4 L h*t nominal discharge, spaced at
25 cm along a pipe of 16 mm internal diameter. The solid
model was generated using the SolidWorks Parametric
Solid Modelling Design, and the CFD simulation was
achieved using SolidWorks Flow Simulation. The
values of head loss were simulated by changing the inlet
pressures from 50 to 200 kPa. Validation was achieved
using the empirical equations reported in previous studies.
The maximum error between the simulated and reference
values of head loss reached 8.8%.

Small-diameter PE pipes with integrated
cylindrical drippers were also investigated using CFD and
dimensional analysis approaches (WANG et al., 2018).
The pipe internal diameter varied between 6.4-14.8 mm
and the Reynolds number ranged from 3000-74000.
Twelve configurations of pipe internal diameter, inside
emitter diameter, and emitter length were simulated.
Four models of the emitting-pipes were evaluated
by experimental means for validation purposes. The
geometries were generated using the Gambit software.
The realizable k-& model was used to simulate turbulent
flow, and the flow near the wall of the pipe was simulated
with the standard wall function. The errors between the
simulated and measured values of total head loss varied
within 3.4%— 2.8%. The authors also mentioned that
numerical simulations accurately reflected the effect of
temperature changes on local head losses, saving time
and labor, and avoiding the influence of uncontrollable
factors that are expected to occur while conducting
laboratory experiments.

The prediction of total head loss in drip irrigation
laterals with integrated cylindrical drippers was also
performed by Demir et al. (2019), who compared the
results obtained by using different turbulent models and
wall functions. Two models of emitting-pipes of 13.6
mm internal diameter had their pressure loss curves
determined in the laboratory within the range 4728 < R
< 22457. The 3D models, the mesh structures, and the
numerical simulations were generated/performed using
ANSYS Fluent 16.2. In the CFD analysis, the standard
k-g, RNG k-¢, realizable k-¢, RSM with linear pressure-
strain turbulence models, and standard wall function, non-
equilibrium wall function, and enhanced wall treatment
were considered. The curves of the total head loss as a
function of flow velocity were plotted for the comparison
of the experimental data and simulated values. The most
accurate predictions were obtained by the RSM turbulence
model with LPS using the standard wall function, but
all the evaluated turbulent models combined with the
standard wall function or the non-equilibrium wall
function presented satisfactory accuracy. However, poor
predictions were obtained when combining any of the
turbulent models with enhanced wall treatment.

Liquid and solid-liquid flow simulation in drippers

Drippers (or emitters) are important components
of drip irrigation systems that are installed along
polyethylene pipes (i.e., the laterals) and are responsible
for controlling the discharge to apply water evenly on the
soil. Non-pressure compensating (NPC) and pressure-
compensating (PC) drippers are the main groups of
commercially available drippers. Some models of PC
drippers integrate additional features to provide non-
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leakage control (CNL) for pulse irrigation or the anti-
syphon (AS) mechanism for subsurface drip irrigation.

The use of labyrinth channels as a mechanism
of energy dissipation stands out in the drippers’ design.
A labyrinth consists of a narrow and tortuous channel
with several baffles that generate head losses and
ensure discharge regulation. The cross-sectional area of
labyrinth channels generally ranges from 0.5 to 2.0 mm?
to achieve discharges that usually vary within 0.5-8.0 L
ht. Drippers designed based on labyrinth channels are
commonly used in drip irrigation systems because of
their low cost, simple structure, and efficient hydraulic
performance (LAVANHOLI et al., 2020; YU et al., 2019;
ZHANG et al., 2010).

While NPC drippers have only a labyrinth channel
for discharge control, the PC drippers typically consist of
a labyrinth and a flexible membrane (i.e., the diaphragm)
that deforms according to the pressure to control the flow
resistance. Another important characteristic of PC drippers
is the activation pressure, which represents the pressure
at which the nominal discharge and flow-compensating
mechanism begins to operate consistently (NARAIN;
WINTER, 2019).

The dimensions and shape of the labyrinth channels
have significant impacts on the hydraulic performance
and the resistance of drippers to clogging. Relating the
constructive characteristics of labyrinths to their hydraulic
performance is usually a complex process in which
hydraulic parameters, such as head loss and discharge,
cannot be determined by means of the trivial hydraulic
equations used in the study of pressurized pipes. Basically,
the energy is dissipated in two forms in the labyrinth
channel: one occurs in the straight sections of the channel
and is related to the friction losses during fluid flow, and
the other is related to minor losses resulting from sudden
changes in flow direction, vortices, and singularities at the
inlet and outlet sections of the labyrinth (LAVANHOLI
et al., 2020; SHAMSHERY et al., 2017; ZHANG et al.,
2011).

The hydraulic performance of emitters is usually
related to their pressure-discharge equation (i.e. g = k h¥).
A low value of x indicates that the emitter discharge is
less sensitive to the inlet pressure and water temperature
effects. The maximum length of the lateral lines in the
microirrigation subunits may increase as the emitter
flow exponent decreases, and it may be economically
beneficial (FRIZZONE et al., 2012). Additionally,
compact drippers (i.e., small dimensions) require less
material for their production and are preferable to achieve
low manufacturing costs.

The resistance of drippers to clogging (i.e., anti-
clogging performance) relies on the drippers’ design and

water quality. The narrow flow path of the drippers can
be easily clogged by particles, inorganic matter, chemical
precipitation, biofilm development, and other impurities.
Several current studies have been investigating and trying
to improve the geometrical characteristics of the flow path
to enhance the resistance of drippers to clogging.

In terms of suspended solids in irrigation water,
clogging may occur when (1) suspended solid particles
(isolated or aggregated) are larger than the flow path,
and (2) when the flow velocity is low enough to allow
particle settlement and the gradual reduction of the flow
cross-sectional area (LAVANHOLI et al., 2018; L1 et al.,
2008). The high turbulence within the labyrinths enables
the formation of vortices that are important mechanisms
for energy dissipation and discharge control. There are
geometric characteristics that promote the development of
more-intense vortices, increase the turbulence and the head
loss, decrease the exponent of flow, and finally result in
better hydraulic performance and more compact emitters.
The turbulent flow condition helps to dissipate energy and
facilitates the transport of sediments out of the labyrinth
channel, avoiding clogging (LI et al., 2006). Some low-
speed regions associated with vortices (i.e., recirculation
zones) are prone to sediment deposition and should be
avoided to enhance particle transport through the emitter
flow path (FENG et al., 2018). In addition, increasing the
velocity near the wall of the flow path could act as a self-
cleaning mechanism, preventing particle deposition and
reducing clogging (LI et al., 2008).

Computational fluid dynamics has been a useful
tool in the study of the flow behavior of the labyrinth
channels of drippers. Although CFD is a powerful and
effective tool to investigate and support the design of
labyrinth channels, such numerical simulations usually
demand considerable computational capacity and
experimental data for validation purposes.

Computational fluid dynamics was used to
estimate the pressure-discharge relation of labyrinth
channels of triangular, rectangular, and trapezoidal
shapes (WEI et al., 2006). The three designs were
commercially available NPC drippers of nominal
discharge ranging from 2 to 4 L h'* and were evaluated
under inlet pressure heads varying from 5 to 25 m.
According to the authors, the transition from laminar to
turbulent flow in channels with an area of approximately
1.0 mm2 occurs at low Reynolds numbers (100-700).
The standard k-¢ model was used in the simulations,
and the effects of surface roughness near the wall were
neglected. The 3D tetrahedron meshes and simulations
were performed using ANSYS Fluent. Relative errors
from the measured discharges varied from 1.58% to
5.41%.
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The range of Reynolds number values in which the
flow regime changes from laminar to turbulent seems to
be an issue for small labyrinth channels (L1 et al., 2006).
In pressurized pipes, the flow is laminar if R_ < 2000,
turbulentif R, >4000 , and transitional flow occurs if 2000
< R, < 4000. Thus, for a 2 L h* dripper squared cross-
sectional area of about 1 mm?, the average value of the
Reynolds number is approximately 551 at the labyrinth;
hence, the flow should be classified as laminar. However,
in the literature, the flow regime is often considered to
be turbulent owing to the complexity of milli-channels in
a labyrinth form (NISHIMURA et al., 1984), which are
composed of several baffies. There are not yet appropriate
theories to calculate the critical Reynolds number in such
geometries. Nishimura et al. (1984) studied a complex
symmetrical corrugated channel or tube. They found
that the transition from laminar flow to turbulent flow
occurs when the Reynolds number system reaches 350. In
addition, it should be noted that other authors describe the
3D flow in labyrinth micro-fluidic systems as a chaotic
advection in a laminar regime. An unsteady velocity field
can lead to very complicated trajectories, called chaotic
trajectories. For these reasons, experimental validation
is important to compare the different hypotheses or
models of CFD. In order to validate the CFD hypotheses,
it is important to compare them with experimental fluid
mechanical methods, and only a few experimental
studies have been conducted in drippers. This lack of
experimental studies can be justified by the complexity
of the geometry.

Prototypes of an NPC flat dripper with an arc-type
labyrinth were manufactured using stereolithography
(ZHANG et al., 2007). Like most commercially available
drippers, the prototype consists of an inlet filter grid,
the channel, and the outlet water groove (Figure 1). The
laminar and the RSM were applied to the simulations
using ANSYS Fluent 6.2. The inlet pressure varied from
40 to 160 kPa. Although the Reynolds number was less
than 2000, the turbulence model provided better accuracy
than the laminar model for predicting discharges as a
function of inlet pressures. Relative errors from the
measured discharges varied from 7.7% to 16.2% for
predictions using the laminar flow model, and from 2.3%
to 6.8% using the RSM.

A solid-liquid two-phase turbulent model
describing the flow within drippers was studied by
Qingsong et al. (2008). Three novel NPC drippers with
nominal discharge ranging from 4.3 to 6.6 L h? were
designed and evaluated in this study. ANSYS Fluent
was used to solve the two-phase turbulent model.
The standard k-¢ model was used for the water flow
simulation. The granular CaCO, material available in
the software was chosen to represent the suspended solid

particles in the irrigation water, but the simulations did
not consider possible interactions among the suspended
particles. Eight combinations of particle sizes (45—
425 pm) and concentrations (250-2000 mg L) were
evaluated by numerical and experimental means at an
inlet pressure head of 10 m. Simulated and experimental
values of discharges under clogging risk conditions were
compared. Numerical simulations showed the moving
trace of suspended solids within the channels that
provided some visual evidence of zones that were more
prone to clogging (Figure 2).

Computation fluid dynamics was used to analyze
the fluid movement in labyrinth flow paths, and a two-
dimensional digital particle image velocimetry visual
display system was developed to validate the numerical
simulations (LI et al., 2008). Gambit was used for gridding,
and the standard k-& model and the standard wall function
were used for the water flow simulation in ANSYS Fluent.
In terms of clogging resistance, the authors recommended
that the dripper design should eliminate regions of low
velocity by creating smooth arc connections in these
regions. They also mentioned that the optimal arc radius
will vary according to the operating pressure. In addition,
the turbulence intensity is referred to as an interesting flow
variable that describes the energy dissipation properties
of emitters and interferes with the transport capacity of
sediments within the channels.

The flow characteristics of three labyrinth
designs operated under micro-pressures (10-50
kPa) were evaluated by numerical simulations and
experimental means (LI et al., 2009). The configuration
and the tools for numerical simulation were similar to
those of Li et al. (2008). The relative errors between the
simulated and measured discharges were less than 10%,
indicating that the CFD simulations were also feasible
for operating pressures lower than the most usual values
(i.e., >50 kPa).

A method based on the passage rate of particles
was proposed to evaluate the clogging resistance
of emitters by numerical simulation using ANSYS
Fluent 6.2 (ZHANG et al., 2010). The passage rate
of particles was defined as the ratio of the number of
particles passing through the labyrinth channels to the
total particle number entering the inlet of the labyrinth
channels. The stochastic trajectory model based on
the Lagrangian reference frame was used to track the
velocity and position of each particle at each time step,
and then the state of the particles after a number of time
steps was predicted. Simulations assumed spherical inert
particles of 100 um diameter and 2,500 kg m= density.
The RSM was adopted in the turbulent flow simulations.
Sixteen designs of trapezoidal labyrinth channels were
simulated and evaluated experimentally. The passage rate
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Figure 1 - 3D model (A) and numerical model (B) of the emitter with an arc-type labyrinth, and the prototype integrated to the pipe
(C) (ZHANG et al., 2007)
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Figure 2 - Numerical models, moving trace of suspended solids, and zones of solids deposition for the three emitters: (A) eddy channel;
(B) pre-depositing channel; (C) round-flow channel (QINGSONG et al., 2008)
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of particles was affected by several design parameters,
but the labyrinth tooth angle was the most important. A
regression mathematical model was fitted to predict the
passage rate of particles as a function of design parameter
dimensions.

The standard k-¢ model and the Large Eddy
Simulation method (LES) were applied to analyze the flow
characteristic in a NPC cylindrical dripper (WU et al.,
2013). The relative errors from the measured discharges
were 4.7% and 10.3% for the LES and the standard k-¢
model, respectively. The LES model was more effective
in simulating the flow characteristics in the flow path
of drip irrigation emitters, but it also presented higher
computational requirements than the standard k-& model.

The flow behavior of suspended particles with
diameters of 0.01, 0.02, 0.04, 0.05, 0.06, and 0.08 mm
was simulated using ANSY'S Fluent Particle Tracking (LI
et al., 2013). The LES and standard k-¢ model were used
to solve the two-phase flow in the labyrinth paths. The
discharge errors from the measured values were 8.8% and
10.6% for the LES and the standard k- model, respectively.
Although the accuracy obtained with the LES model was
higher than the standard k-e& model, the former demanded
more time to solve the numerical calculation. According
to the authors, the standard k-& model could sufficiently
satisfy the accuracy requirements for calculation and
analysis. The tracing ability of the particles with 0.01 mm
diameter was good enough to be used for a single-phase
test, but for a two-phase test, particles should be larger
than 0.04 mm to achieve satisfactory accuracy.

The fluid-structure interaction (FSI) analysis using
CFD was evaluated on the simulation of the pressure-
discharge curves of PC drippers (WEI et al., 2014). In
these problems, there are challenges to couple interactions
between the fluid flow and elastic diaphragm, as indicated
by the number 2 in Figure 3A. Simulations were run using
the ADINA software. Adaptive mesh repair was adopted
to refine the distorted fluid mesh. The incremental method
and displacement-pressure finite element formula were
used for the nonlinear analysis of the incompressible
material. The shear stress transport (SST) K- turbulence
model was used for the fluid analysis, while the contact
analysis method and Neo-Hookean Mooney-Rivlin
rubber material model were adopted for the structure
analysis. Emitter samples were manufactured using rapid
prototyping techniques and evaluated in the laboratory
to experimentally obtain the pressure-discharge curve.
The emitters’ discharges were accurately predicted
using FSI analysis (deviation from experimental values
< 2.5%). The reported results are limited to testing
pressures lower than 50 kPa, which usually corresponds
to the minimum pressure recommended for the use of PC
drippers. Although encouraging results were obtained,

trials at higher pressures would be required for practical
applications.

The flow characteristics of NPC drippers with
exponents of flow smaller than 0.5 were investigated
within pressures from 10-150 kPa to understand why
these drippers present a low sensitivity of discharge
to pressure variations (ZHANGZHONG et al., 2015).
Three-dimensional models were drawn using the Pro/
Engineering software. Simulations used the standard k-
¢ model and the standard wall function. Digital particle
image velocimetry was used to validate the flow velocity
fields. The maximum relative error of the simulated from
measured flow velocities was 11.9%, indicating that the
standard k-e¢ model provided acceptable results. The
study enabled the identification and explanation of a type
of pressure-compensating mechanism that occurs when
pressure varies and changes in the flow characteristics can
be observed. When the operating pressure increases, the
area of the low-speed vortex region expands incrementally,
resulting in shrinkage of the width of the flow cross-
section in the mainstream region, which finally inhibits
the increase in the emitter discharge due to the pressure
increase. Finally, the lower the flow exponent, the greater
the regulation degree of the flow cross-section in these
emitters and the higher the compensating effects, which
consequently improves the discharge control mechanism. A
similar methodology was used to evaluate the geometrical
parameters of 13 models of M-type fractal flow path
design (ZHANGZHONG et al., 2016). Flow velocities
and turbulent intensity changes due to modifications in the
width, length, and depth of the flow path were quantified.

A numerical technique based on the Lattice
Boltzmann method (LBM) to model the flow through an
NPC dripper of a rectangular flow section was proposed
by Falcucci et al. (2017). Most CFD applications to
drippers are based on turbulent models solved by the
finite volume method or the finite element method. The
LBM is based on the Lattice Boltzmann equation that
simulates transport phenomena through the evolution
of density distribution functions. It allows for the fluid
flow simulation without turbulence modelling. The LBM
consists of solving the macroscopic fluid dynamics
through a kinetic approach, in which molecular details
are neglected, except for those necessary to ensure mass,
momentum, and energy conservation at the macroscopic
level. According to the authors, the main advantages of
LBM, with respect to conventional CFD, are its simpler
dynamics and higher computational performance.

A computational fluid dynamics-discrete element
method (CFD-DEM) coupling approach was employed to
investigate the mechanism of emitter clogging caused by
particles with sizes of 65, 100, and 150 um (YU et al., 2018).
The discrete element method (DEM) uses Newton’s

Rev. Ciénc. Agron., v. 51, Special Agriculture 4.0, 20207700, 2020 9



A. P.Camargo et al.

Figure 3 - Model of the pressure-compensating dripper (A), fluid mesh (B), and sectional view of the adaptively refined mesh near the

diaphragm (C) (WElI et al., 2014)
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laws of motion to measure single particle motion and
group distribution of the disperse phase. The CFD-
DEM coupling approach was adopted to investigate the
movement and distribution of sediment in the flow and the
possible blocking positions caused by granules. Particle
tracking velocimetry (PTV) was also utilized to follow the
trajectories and velocity of a single particle. Simulations
were run using ANSYS Fluent 12.0 and EDEM 2.2.
Particles of 65 um were mainly influenced by drag forces
being carried in the mainstream flow, while the 150 pm
particles were mainly affected by inertial forces, and hence
were easily trapped in the vortex areas. For sediments of
size 100 mm, the drag force was close to the inertial force,
which enhanced the probability of sand entering the vortex.
The CFD-DEM approach was also used to evaluate the
influence of the dentation angle of the labyrinth channels
on the hydraulic performance and clogging resistance of
NPC drippers (YU et al., 2019).

A flat NPC dripper of 1.38 L h* was evaluated,
and optimization attempts were proposed by Feng et al.
(2018). The meshes were hexahedral structured meshes
divided by ANSYS ICEM software. Particle motion
was simulated using a standard Eulerian-Lagrangian
multiphase flow model. The accuracy of the simulation
with the LES model was the highest, followed by the
RNG k-¢ model, while it was lowest for the standard k-¢
model. Although the LES model had the highest accuracy,
it also had the highest computational requirements.
Based on the analysis of the calculation accuracy and
computational requirements, the RNG k-¢ turbulence
model was the most suitable model for simulating
the flow field in the emitter’s flow path. According to
the authors, the first approach to improve clogging

\

6

resistance consists of eliminating the low-speed region
related to the vortices, where the sediments can easily
deposit and enlarge the mainstream area to enhance the
transportation capacity of particles through the flow path
of the emitter. Eliminating the vortex area in the flow
path could seriously decrease the hydraulic performance
of the emitter (i.e., increase the flow exponent of the
pressure-discharge relationship) and increase the cost
of emitter manufacturing (i.e., longer paths to obtain
low discharges). The second approach, which seems to
be more suitable, consists of promoting fully developed
vortices to improve the washing ability near the walls.
Vortices are an efficient mechanism for the energy
dissipation necessary to attain hydraulic performance,
while the whirling motion of the vortex enhances the
self-cleaning ability, improving clogging resistance.

The flow in labyrinth-channel irrigation drippers
was investigated using micro-PIV methods and CFD
modeling (AL-MUHAMMAD et al., 2019). The detection
and characterization of the vortex zone in a milli-
labyrinth-channel are presented and detailed in this paper.
According to this study, the RSM model can be considered
a reliable model for predicting and characterizing the
flow in the labyrinth channel. The results obtained by the
RSM model are in good agreement with the experimental
results, with a difference of 5% in the mean velocity
prediction in the mainstream flow. The size and position
of the vortex zone are similar to the experimental results.
In addition, an advanced analysis using Q and A criteria,
which serve to detect the vorticity and to deeper analyze
the vortex zones, were implemented in the study. The Q
and A2 methods show that the vortex intensity is largest in
the separation zone, where the large vorticity values result
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from the change in flow direction. The vorticity values
are larger in this zone than in the vortex region, where
the vorticity remains rather weak. The Q criterion allows
the shear motion and vortex zones to be distinguished.
As a conclusion, just downstream of the baffle, there
is, as expected, a vortex region but of weak intensity in
comparison with the mainstream flow, where the strong
vorticity value is generated by the flow direction change.

A hybrid computational and analytical model
to predict the discharge of flat integrated PC drippers
as a function of pressure and geometrical parameters
was proposed by Narain and Winter (2019). A pressure
resistance parameterwas derived using an experimentally
validated CFD model to describe the flow behavior in
tortuous paths. An SST model was used for turbulence
as it is suitable for cases in which flow separation and
recirculating regions in the flow path are expected. The
bending mechanics of the membrane were modeled
analytically and refined by deriving a correction factor
using finite element analysis. Simulations were run
using ANSYS CFX 16.0. Three commercially available
dripperswere used for validation purposes. The combined
hybrid computational-analytical model reduced the
computational time of modeling emitters from hours to
less than 30 min, dramatically lowering the time required
to iterate and select optimal designs. Errors between
the experimental and simulated discharges of the three
commercially available drippers were lower than 12%.
A more analytical approach for modeling PC drippers
was reported previously by Shamshery et al. (2017).

The CFD numerical simulation of water-sediment
two-phase flow in four different tooth channel structure
emitters confirmed that different channel types have
effects on the distribution of the flow velocity, turbulent
kinetic energy, turbulent kinetic energy dissipation rate,
and physical particle trajectory (YANG et al., 2020).
Optimization of the channel structures increased the
turbulent kinetic energy and the area of the main flow,
enhancing the transport rate of physical particles and the
clogging resistance of the emitters.

The hydraulic properties of an NPC flat dripper
were estimated by CFD comparing turbulence models
and wall functions (DEMIR et al., 2020). Simulations
were performed using ANSYS Fluent 17.2. In this study,
a realizable k-¢ model with enhanced wall treatment,
SST k-w turbulence model with low-Re corrections and
production limiter options, and Stress-Omega RSM with
low-Re corrections and shear flow correction options
were considered for the CFD analysis. The authors
reported that the wall thickness of the drip irrigation
pipe is an important parameter for emitter discharge.
The emitter discharge was predicted to be very close
to the experimental data with the proper choice of the

turbulence model, wall function, and the well-configured
mesh structure.

Computational fluid dynamics, an artificial
neural network (ANN), and a multi-objective genetic
algorithm (MOGA) were used to investigate the hydraulic
performance of microporous ceramic emitters (MPCE)
and conduct parameter optimization (ZHOU et al., 2020).
A CFD software package was used to analyze the influence
of the working parameters, structural parameters, and
material properties on the flow characteristics of MPCE.
Predictions of discharge were similar using the laminar
model, the standard k- model, the RNG k- ¢ model, and the
realizable k-¢ model. Subsequently, an ANN and MOGA
were used to optimize the fabrication cost, discharge, and
flow index of the emitter.

Chemical scaling

In microirrigation systems, one of the factors that
can cause complete or partial clogging of drippers is
scaling caused by deposits of salts of low solubility, which
are formed under certain physical-chemical conditions
due to the presence of ions in irrigation water, such as
Ca?, Mg*, Fe*?, Mn*?, HCO,, CO?, PO?, and SO?,.
These salts also commonly cause scaling on pipe walls,
valves, and other irrigation equipment. Over time, the
deposits can compromise the flow of water and equipment
performance. Chemical precipitates are produced when
certain physicochemical characteristics of the water (pH,
total dissolved solids, temperature, and partial pressure of
CO,) are modified and, above all, by the evaporation of
water in the emitters after irrigation, which increases the
concentration of the dissolved salts that then precipitate
when reaching the solubility limit. Scaling forms gradually
and is therefore difficult to detect ( HEATH et al., 2013;
LAMM et al., 2006; NAKAYAMA et al., 1977; NAM
et al., 2016; PALANISAMY; SUBRAMANIAN, 2016;
PIZARRO CABELLO, 1996).

Calcium carbonate deposits are quite common in
arid and semi-arid regions, whose irrigation waters are
characterized by high hardness. The formation of calcium
carbonate deposits begins with the change in the chemical
equilibrium state of the solution, although the dynamic
behavior of the crystal size and the hydraulic transport
of these particles are also of great importance in scaling
phenomena (MACIEL et al., 2019). The main stages
related to calcium carbonate scaling are shown in Figure
4. Dissolved ions start nucleation with subsequent growth
and agglomeration of the crystals until the incrustation
itself is reached (COSMO et al., 2019).

The initial fouling stage (i.e., the induction period)
is poorly understood due to the lack of experimental data
(YANG, 2020). In recent last decades, an alternative that
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has been used to better understand the induction period,
as well as other phases present in scaling formation and
thus fouling mitigation strategies, is the implementation
of models using CFD, which considers that fouling is
driven by a chemical reaction, precipitation, turbulent
flow, and system operation time (BAYAT et al., 2012;
CHENG et al., 2009; YANG, 2020).

The use of CFD to investigate the mechanisms
of scaling and chemical precipitates is already well
established in petroleum engineering and industrial
sectors that use equipment for cooling or heating
numerous fluids (e.g., heat exchangers and cooling
towers) (BAYAT et al., 2012; BRAHIM et al,
2003a; CHENG et al., 2009; CHHANWAL et al.,
2011; DAVOODY et al.,, 2018; HAN et al., 2019;
KURIAKOSE; ANANDHARAMAKRISHNAN, 2010;
LIM, 2002; MACIEL et al., 2019; PAAKKONEN et al.,
2016; PITON et al., 2000; TENG et al., 2017; TROFA
et al., 2019; WEI et al., 2001; YANG, 2020). However,
no studies have been found in irrigation engineering
that addresses the use of CFD in investigations of the
scaling of chemical precipitates in emitters, pipes, or any
irrigation equipment.

The CFD models available in commercial
software seem to be useful for simulations with irrigation
equipment. The results can provide relevant information
such as the moment when there is scaling, the amount
of mass deposited, and the moment when the deposit
can interfere with the proper functioning of the system,
causing a change in the flow parameters. In drip irrigation
systems, for example, it would be interesting to know
when scaling begins so that crystal growth inhibition
procedures and maintenance procedures can be initiated,
such as the application of acids. In addition, information
on the amount of mass deposited for a certain scenario
can be useful for calculating the quantity of products
to be injected into the system for recovery purposes,
thus avoiding the application of excessively large or
insufficient amounts of chemicals for the reclamation of

irrigation system components. This would lead to time
and product savings, which would certainly minimize
maintenance costs.

Several mathematical models of crystal inlay
have been presented in the literature (BOTT, 1995;
HASSON et al., 1968; LI et al., 1992; MACIEL et al.,
2019; MWABA et al., 2006; PAAKKONEN et al.,
2016; SAGHATOLESLAMI et al., 2010; SEGEV et
al., 2012). Transport processes such as fluid flow, heat,
and mass transfer can be described mathematically by
the conservation equations that can be obtained from
the balances of mass, amount of movement, and energy,
but these partial differential equations can be solved
analytically in simple cases only (PAAKKONEN et al.,
2016). For more complex geometries, numerical methods
such as the finite volume method, finite difference method,
or finite element method can be used to solve the equations
that govern the process. For the numerical resolution of
these equations, CFD is usually used.

Some studies that use CFD to study scaling
mechanisms are related to the heat exchangers
commonly used in industries (BRAHIM; AUGUSTIN;
BOHNET, 2003b, 2003a; DAVOODY et al., 2018; KHO;
MULLER-STEINHAGEN, 1999; OLIEMANS, 1992;
SAGHATOLESLAMI et al., 2010). Several studies that
address CFD in fouling research use the method proposed
by Saghatoleslami et al. (2010), who adopted user-defined
functions through the commercially available ANSYS
Fluent Software to study fouling processes.

Maciel et al. (2019) used CFD to predict CaCO,
precipitation under oil well conditions with different
geometric configurations. The authors confirmed the
feasibility of applying CFD for the study of fluid dynamics
in well equipment, obtaining consistent results from a
physical and mathematical point of view, and suitable
for field observations. The results of the simulations
allowed the optimization of the well geometry in order to
minimize the mass adhered to the internal surface of the
studied control volume. The simulations also allowed the

Figure 4 - Main phenomena involved in calcium carbonate scaling (COSMO et al., 2019)
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authors to verify the effect of the increase in flow rate on
the scaling of CaCO,. The authors also verified that the
boundary conditions must be properly defined so that the
results obtained in the simulations are approximated to
reality.

The influence of hydrodynamics on the
precipitation process of barium sulfate was studied using
ANSYS Fluent 4.5 (LIM, 2002). The velocity and energy
dissipation fields were solved by the Navier-Stokes
equations together with the standard k-e¢ turbulence
model. These equations and precipitation kinetics were
implemented directly in the CFD using user-defined
subroutines. The model was able to predict the effect of
the flow rate on the average size of the crystal particles
formed in the scaling process.

Brahim et al. (2003a, 2003b) integrated a model
to study the deposition and removal of scaling in parallel
plate-type heat exchangers using CFD. The authors used
a mechanistic model for calcium sulfate. Applying a
structured grid for the flow calculations between parallel
flat plates, the authors considered both the velocity and
the distribution of the heat flow (as a function of the total
thickness of the layer) as time-dependent variables. To
avoid the need for a moving contour approach, the authors
considered afictitious crystal growth model, which consists
of varying the speed of entry of the heat flow as a function
of the thickness of the encrusted layer, which is calculated
through the relationship of the deposited mass (given by
the deposition/suppression model) by its density.

Saghatoleslami (2010) simulated the fouling
process by the crystallization of calcium sulfate in a
heat exchanger by developing different models using
ANSYS Fluent 6.1. The results obtained allowed the
authors to evaluate the thickness and the fouling rate in
the heat exchangers. In addition, the authors simulated
the effect of pulsatile flow (i.e., Womersley flow) on
the crystallization of calcium sulfate in the exchanger
and also evaluated the effect of different amplitudes of
oscillations (10-70) and different frequencies (1.59-
12.73 Hz) onthe fouling resistance. The simulation results
allowed the authors to evaluate the effect of applying
different treatments on the deposition and removal of
the deposited mass. They observed the influence of the
formation of vortices on the resistance to fouling. The
variation in the amplitude and frequency of the pulsatile
flow generated instability in the flow, forcing it to
become unstable with the formation of vortices. The
fouling resistance was reduced with increasing amplitude
due to a higher flow rate. The increase in the pulsation
amplitude led to a secondary shear layer, with the
formation of pairing, fusion, and new vortices causing a
concentration of high temperatures close to the tube wall

owing to this effect. For the turbulent flow region, the
increase in the frequency proportionally increased the
resistance to fouling. The amplitude pulsation caused
more turbulent fluctuation and therefore more shear
stress on the heat transfer surface; thus, the rate of mass
removal increased over time. It was also observed that
the increase in the flow contributed to the increase in the
removal of scaling.

Three-dimensional CFD-based simulations were
performed under different operating conditions to evaluate
fouling mechanisms and to directly predict deposition
rates in heat exchangers (YANG, 2020). The effects of
the variation in the temperature of the tube wall and the
flow velocity on the rate of fouling formation, removal
rate, and aging process were studied in a set of CFD
simulations under various operational conditions. The
results of the simulations allowed the evaluation of the
effect of different flow conditions on the deposition rate
and removal of asphaltenes in the flow pipe walls.

Bayat et al. (2012) used CFD to predict the fouling
rate in an industrial crude oil preheater. The species
transport model was applied to simulate the mixing and
transport of chemical species. The possibility of the
adhesion of reaction products to the wall was considered
by applying a high viscosity to products in competition
with the shear stress on the wall. The results indicated that
the initial fouling layers developed after about nine days,
and the thickness of the fouling layer increased over time.
In the pipe inlet section, no severe fouling occurred, even
during long periods of operation. However, the maximum
amount of fouling was formed in the outlet section of the
tube because of the longer residence time available for the
reagents. As the fouling progressed, the available cross-
sectional area was reduced. Finally, the simulation results
indicated that the CFD model can predict the fouling rate
in both the induction and fouling development periods.

Filters for irrigation

In microirrigation systems, solid particles are the
major components of emitter clogging problems (ADIN;
ALON, 1986; LAVANHOL I etal., 2018; LIU et al., 2016;
NAKAYAMA; BUCKS, 1991; TAYLOR et al., 1995; YU
et al., 2018) originating from the sediments and organic
matter carried in suspension. Ideally, all suspended solid
particles present in the water for irrigation should be
removed by the filtering system. Nevertheless, practical
and economical limitations only allow for the removal
of larger particles and, consequently, sediments can be
found in irrigation lines (LI et al., 2019; LI et al., 2015;
PUIG-BARGUES; LAMM, 2013). The aggregation of
small solid particles that escape filtration may occur under
certain physicochemical and hydrodynamic conditions
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(BOUNOUA et al., 2016; NIU et al., 2012; OLIVEIRA
et al., 2020) as well as interactions with biological and
chemical clogging agents (LAMM et al., 2006). Since
the complete removal of suspended solid particles is cost
prohibitive for microirrigation systems, one of the practical
recommendations is to remove particles larger than 1/10"
of the smallest flow passage of the emitter (GOYAL
et al., 2016). The selection, sizing, and maintenance
of filter systems must be appropriate for the effective
control of irrigation water, preventing clogging problems,
maintaining application uniformity, and avoiding the
increase in operational costs (TESTEZLAF, 2008).

Screen, disc, and media filters are usually required
in microirrigation systems as well as complementary
devices such as hydrocyclones. The screen filters (or
strainer-type filters) have metallic or plastic housing that
supports one or more filter elements. The filter element
is a component consisting of a perforated plate, screen,
mesh, or a combination of these that is intended to retain
suspended solids larger than a specified aperture size. The
screen can be made of steel, nylon, polypropylene, or non-
woven materials. The characteristics of the screen, such
as the diameter and shape of the wire, directly affect the
fluid flow and performance of the filter (KANG et al.,
2007). Screen filters are recommended for the elimination
of fine sand, large inorganic elements, and small amounts
of algae with organic matter (HAMAN; ZAZUETA,
2017). Automatic flushing filters have the initiation
and termination of discrete flushing cycles activated
automatically by means of differential pressure or at
regular intervals of time or filtered volume (NAKAYAMA
et al., 2007).

Disc filters have filter elements composed of discs
with grooves of textured faces arranged one on top of the
other to form a stack. The porous space between adjacent
discs determines the size of the particles trapped by the
filter element. The disc filter elements can be cleaned
manually or automatically. During manual cleaning,
the housing is removed, the shaft expands, and the
compressed discs separate, which facilitates cleaning.
In automatic cleaning systems, flushing is activated by
differential pressure or at pre-defined time intervals,
opening a flushing valve that allows water to flow
through the discs, removing the particles trapped by the
grooves (NAKAYAMA et al., 2007).

Media filters are cylindrical tanks or reservoirs
capable of resisting static and dynamic pressures, in
which a thick layer of sand is placed, through which the
irrigation water isfiltered (SALCEDO etal., 2011). Media
filters are able to retain organic and inorganic materials
in suspension (RAVINA et al., 1997). The retention of
suspended solids in the porous medium occurs through
three actions: sieving, sedimentation, and adhesion/

cohesion (PIZARRO CABELLO, 1996). Puig-Bargués
et al. (2005) considered that filtration in sand filters
is a deep filtration, in which the suspended material is
retained by the pores of the filter medium, and particles
that are smaller than the pores of the filter medium will
be retained by physical mechanisms. Backwashing is a
critical part of media filter operation and performance.
The flow direction inside the filter is reversed to remove
the particulate material adhered to the filter medium.
The reverse flow velocity must be adequate to cause
separation and suspension of the material. Expansion of
the filter layer should be allowed, but the flow velocities
should not be excessive in order to avoid the loss of
material from the filter medium (NAKAYAMA et al.,
2007).

Various tools and studies have emerged in recent
years with the intention of improving designs, energy
consumption, and knowing the behavior and efficiency of
particle removal by filters (SOLE-TORRES et al., 2019).
Computational fluid dynamics is a tool that allows
hydrodynamic simulations of irrigation equipment and
from which it is expected improvements in designs and
an increase in performance will be obtained (PUJOL
et al., 2020).

ANSYS Fluent was used to simulate the fluid flow
across a screen filter (ZONG; ZHENG, 2012). The authors
identified that the pressure distribution was not uniformly
distributed, resulting in larger head losses and uneven
clogging in the screen. The simulation results were not
validated with experimental data.

Liming et al. (2018) simulated particle motion
under different flow rates and diameters in screen filters.
The small particles initially managed to pass through the
screen, but were retained by the accumulation of larger
particles, aggravating the clogging of the pores of the
medium that had formed on the surface of the screen.
Reducing the inlet velocity increased the uniformity of
the particle distribution, enhanced the auxiliary effect
of the filter cake, and prolonged the effective time and
the operational life span of the filter. The non-uniform
distribution of sediments led to a local blockage in the
filter element.

Yang et al. (2018) examined the fluid flow
characteristics of a two-stage filtration system composed
of a sand filter and a screen filter for irrigation systems.
Pro/Engineer was used for 3D modeling, and the CFD
numerical simulation adopted the RNG k-¢ model
combined with a porous media model.

Arbat et al. (2011) used CFD to compute the head
losses in different parts of a sand filter. Simulations were
performed using ANSYS Fluent. The results indicated that
not only was the filtration media responsible for the total
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head losses but also the auxiliary elements, such as the
filter nozzles and the inlet/outlet pipes.

In order to determine the effect of the backwashing
on a media filter, Kim et al. (2011) evaluated three
backwash models from the use of four parameters:
turbidity of the backwash waste, mass of suspended solids
in backwash waste, head loss development, and initial
turbidity breakthrough.

Bové et al. (2015) used CFD to analyze the
elements and regions that produce the most pressure drop
in a sand filter. In addition, a new underdrain was designed
to reduce the pressure loss and reduce the pressure drop
of the entire filter by 35%. Improved underdrain elements
could increase energy efficiency and reduce the sand
media pressure drop. Fluid flow simulations were carried
out using ANSYS Fluent, and the standard k-¢ turbulence
model was used.

Three commercial sand filter models were
evaluated experimentally to investigate the effects of
the internal auxiliary elements (the diffuser plate and
the underdrains) and their interaction with the sand
particle size and media bed depth on the head loss as a
function of the water flow velocity under clean water
conditions (MESQUITA et al., 2012). The different
internal auxiliary elements significantly affected the head
loss. The head loss values were significantly affected by
the sand particle size, bed depth, filtration velocity, and
the interactions among these variables. Mesquita et al.
(2017) used CFD to identify the profile and homogeneity
of the distribution of flow lines and characterize the trend
of flow during the filtration and backwash processes for
different underdrain types (nozzles) used in pressurized
sand filters. The results showed that the commercial
models (cylindrical and conical) provided uneven
distribution flow lines, and flux stagnation points were
identified. An optimized underdrain was proposed, and
it presented better distribution homogeneity of the flow
lines. Simulations were run using ANSYS CFX using the
standard k-¢ model. Furthermore, Mesquita et al. (2019)
designed and evaluated the hydrodynamic performance
of a sand filter equipped with a novel diffuser plate using
numerical simulations. In addition, the three commercial
sand filters reported by Mesquita et al. (2012) were
analyzed. For the three commercial diffuser plates and
flow velocities evaluated, a tendency to generate a vortex
and a tangential flow on the sand bed surface was observed,
which caused sand movement inside the equipment with
the formation of accumulation points and the creation of
preferred paths for water and suspended solids. The new
diffuser plate reduced the internal flow kinetic energy and
vortex formation, improving the flow uniformity in the
sand bed surface with reduced bed deformation.

Bové et al. (2017) designed a new underdrain
capable of reducing pressure loss by 50% compared with
commercial filters (taken as references), especially under
backwash conditions. ANSYS Fluent was used for the
CFD numerical simulation. Wand-type underdrains were
studied using CFD (PUJOL et al., 2020). The spatial
distribution of the wand-type underdrains was identified
as a key parameter in the hydraulic performance of sand
filters.

Computational fluid dynamics was used to simulate
the flow characteristics of a hydrocyclone filter (YANG
et al., 2018). The objective was to analyze the effects of
different inlet flow rates and inlet concentrations on the
solid-liquid separation performance. The geometries of
the equipment were modified along the tests. The obtained
results were the turbulence inside the separation device as
well as the fluid velocity, in addition to the solid-liquid
separation efficiency.

Rainer and Ho (2002) simulated a 3D flow across
a filter with horizontal rotating discs to investigate the
influence of the shaped scrapers between the discs on flow
parameters such as dissipation, turbulence, and overflow
velocities. Simulations were performed using Gambit for
meshing generation and ANSYS Fluent for fluid flow
simulation. Simulations comparing the RNG k-g¢ and
the RSM indicated that the first model presented lower
computing requirements and satisfactory accuracy for this
application.

Castilho and Anspach (2003) designed a rotation
disk filter that was able to separate mammalian cells,
avoiding membrane fouling and cell damage. The
authors analyzed different geometries and variables of
the rotating disk. Variables such as the rotor radius, rotor
angle, membrane rotor distance, and angular velocities
were investigated. The CFD simulations were performed
using ANSYS Fluent and the RSM turbulence model
and standard wall function. The CFD results provided
correlations describing the average shear stress on the
membrane surface and the maximum shear stress in the
whole module as a function of the variables studied.

The fluid flow parameters of a rotation disk
structure in a rotating-disk dynamic filter were examined
by Hwang and Wu (2015) for microalgae separation. Three
dimensional fluid flow fields were simulated for various
rotating disks, disk rotation speeds, and feed flow rates
using ANSY'S Fluent and the RNG k-¢ model. The authors
found that the disk structure and rotation speed were the
most crucial factors affecting the filtration performance.

Sprinklers

Atomization (the process of forming droplets from
aliquid core jet) is found in many industrial processes, such
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as engine injection systems, ink jet printers, and sprinkler
irrigation. This widely used irrigation technique is based
on turbulent jets of water that have very high Reynolds
and Weber numbers and developed over several tens of
meters, aiming at transporting water over large distances.
Over these distances, the initial liquid jet core breaks
down, giving rise to a very large number of liquid pieces
of various sizes, ranging from a few tens of micrometers
to several millimeters. Ultimately, droplets of various sizes
are created in the far field. Statistically, their description is
provided by a histogram or droplet number density.

Sprinkler irrigation efficiency is strongly related
to the homogeneity of the water spray on the irrigated
surface and losses due to wind drift and evaporation (up to
30%). Furthermore, poor irrigation management may lead
to soil degradation by erosion and compaction. All these
processes depend on both the dynamics and fragmentation
of the spray and its dispersion. Improving the performance
of sprinkler irrigation systems and reducing water losses
requires better control of atomization and transport
mechanisms and, initially, better characterization of the
sprays produced. Such concerns are crucial in the context
of sprinkler irrigation with treated or reclaimed wastewater.
Sprinkler irrigation systems were not developed for using
poor quality waters, and irrigation strategies still do
not offer clear cut solutions to the users of such waters
(MOLLE et al., 2012). The application efficiency requires
limiting drift because the smallest droplets are poorly
characterized (MOLLE et al., 2016; TOMAS et al., 2019)
and generated by the sprinklers, often in interaction with
wind.

For jets with large diameters, such as those used
for sprinkler irrigation, primary atomization is slightly
affected by aerodynamic effects when the liquid to gas
density ratio is higher than 500. The atomization in this
case is governed by the turbulence of the liquid; the liquid
surface is disturbed by the scales of turbulence having
sufficient energy to overcome surface tension forces.
It is the smallest of these scales that form ligaments
on the surface of the liquid at the nozzle outlet. Then,
as the distance of the jet from the nozzle increases and
small turbulent scales are dissipated, the liquid column
is deformed by increasingly large turbulent scales. The
deformation of the column gives rise to three-dimensional
structures (SALLAM; FAETH, 2003). The aerodynamic
forces acting on them augment until column fragmentation
occurs via secondary atomization mechanisms (HOYT;
TAYLOR, 1977; SALLAM et al., 2002). The spray
produced is composed of droplets resulting from primary
and secondary atomization mechanisms, and larger
elements stemming from the fragmentation of the liquid
column. These fragments progressively break up as they
move in the air.

Recent measurements and simulations (FELIS
et al., 2020; STEVENIN et al., 2016) have shown that
the turbulent droplet motion in the spray is strongly
anisotropic, with values of the anisotropy coefficient
(ratio of transverse to longitudinal velocity variances)
lower than 0.2. This anisotropy is unexpected because
other studies on sprays (generally concerned with engine
applications) show a relatively low anisotropy. This strong
anisotropy is responsible for the poor radial dispersion of
the spray, but it may also have other consequences on the
spray properties (in terms of droplet sizes, for instance).

In some situations (for x/d < 1000), the “equivalent
single-phase fluid” approach (STEVENIN et al., 2016)
provides a general description of the water-air jet under
some assumptions. Its main advantage is the limited
numerical resources and good agreement between the near
and intermediate fields. In this description, the droplet
sizes are provided through the Sauter mean diameter and
the transport is considered based on the average droplet
size. For the far field, the latter assumption is unrealistic.
The mixture model is a simpler alternative to the previous
model because the fluids are considered as a continuum.

Other irrigation equipment

Finally, other applications of CFD simulations
were found for direct-acting pressure-regulating valves
and in Venturi injectors.

A numerical simulation of the flow in a direct-
acting pressure-regulating valve for irrigation purposes
was performed by Zhang and Li (2017). Numerical
simulations considering the movement of the regulating
plunger were run using ANSYS Fluent. The effects of the
geometrical and spring parameters and their interactions
on the preset pressure and the slope of the performance
line of the unregulated segment were revealed.

The hydraulic characteristics of four \Venturi
injector prototypes have been studied using CFD ANSYS
Fluent (MANZANO et al., 2014). According to the
authors, CFD techniques appear to be a suitable tool for
the analysis of Venturi injector operation, but validation
with experimental data is recommended.

CONCLUSIONS

1. Computational fluid dynamics uses in irrigation
engineering must be encouraged, particularly for
innovation purposes resulting from cooperation between
academia and irrigation companies;

2. The applications briefly described indicated that CFD
modeling can be an accurate, quick, and less expensive
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method for investigating flow parameters in irrigation
pipes, fittings, emitters, and accessories. The CFD
simulations can be useful for designing new products as
well as for improving and optimizing existing products.
For development purposes, CFD may reduce the number
of prototypes manufactured for preliminary evaluations,
decreasing investment, time, and labor needs. Although
experimental data are always essential for validation
purposes, CFD might reduce laboratory trials and their
corresponding investments.
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