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Abstract

In this paper, we propose a fast and efficient numerical tech-
nique based on the Lattice Boltzmann method (LBM) to model the
flow through a reference drip emitter geometry. The aim of the
study is to demonstrate the applicability of the LBM as a reliable
simulation tool for the hydraulic optimisation of irrigation sys-
tems. Results for the water flow through a rectangular drip emitter
are in good agreement with literature numerical and experimental
data. Furthermore, we demonstrate the feasibility of the proposed
model to simulate a multi-component flow that could be used to
simulate the presence of additives, contaminants, and suspended
particles.

Introduction

As shown in several studies, drip emitters play a major role in
the hydraulic performance of drip irrigation systems (Glaad, 1974;
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Ozekici et al., 1991; Carraro et al., 2006; Li et al., 2006). Glaad
(1974) reports several results obtained under laboratory conditions
and highlights the effect of structural form, dimension and mate-
rial of emitter channels on the overall performance of the dripper.
In Ozekici et al. (1991), pressure losses during water flow are
related to the shape of the emitter channel.

However, a detailed experimental observation of the flow pat-
tern through emitter channels has proven to be practically unfea-
sible, due to their complex shape and very small size (less than 1
mm? of cross sectional area). This provides the typical framework
in which computational fluid dynamics (CFD) can be proficiently
employed (Xia and Sun, 2002; Lee, 2013; Lee et al., 2013), to
allow an experimental-based optimisation of drip irrigation sys-
tems. To date, a few CFD applications to drip emitters can be
reported in the scientific literature, all based on well established
numerical techniques such as the finite volume method (FVM) or
the finite element method (FEM) (Palau-Salvador et al., 2004;
Wei et al., 2004, 2006; Provenzano et al., 2007; Li et al., 2008;
Wu et al., 2013; Yurdem et al., 2015). In Palau-Salvador et al.
(2004), a finite volume laminar flow model is employed to inves-
tigate the pressure vs discharge rate correlation in a straight chan-
nel design, showing a good agreement with experimental data. In
Wei et al. (2004) a novel channel design is simulated numerically,
confirming that the use of CFD can effectively reduce the number
of experimental samples and measurements. The FEM method is
applied in Wei et al. (2006), under a turbulent flow assumption, to
explore its reliability in the comparison of several labyrinth chan-
nel designs. Wu ef al. (2013) analyse the effectiveness of the stan-
dard k-¢ model and the large eddy simulation (LES) method in
simulating the fluid dynamics inside drip irrigation emitters and
concluded that the LES model is more effective.

A potential candidate for the direct simulation (i.e., without
turbulence modelling) of fluid flow in the micro-channels of drip
emitters is the Lattice Boltzmann method (LBM), a powerful tech-
nique for the computational modelling of a wide variety of com-
plex fluid flow problems (Benzi ef al., 1992; Succi, 2001). The
LBM philosophy consists into solving the macroscopic fluid
dynamics through a mesoscopic (i.e., between micro and macro)
kinetic approach, in which molecular details are neglected except
those necessary to ensure mass, momentum and energy conserva-
tion at the macroscopic level. The method is then based on a very
elegant and simple equation [Lattice Boltzmann equation (LBE)],
which simulates transport phenomena through the evolution of
density distribution functions (or populations).

Thanks to several improvements made in the last two decades,
the LBM has revealed to be an accurate and efficient tool for mod-
elling several complex fluid dynamics problems that could be of
interest also for agricultural engineering, such as multiphase and
multi-component flows, free-surface flows, flows in porous
media, fluid-structure interaction, and micro-fluidics (Succi ef al.,
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1989; Ubertini et al., 2004; Falcucci et al., 2007; Colosqui et al.,
2012; De Rosis et al., 2013; Falcucci et al., 2010, 2013; Zarghami
et al., 2014a, 2014b; Chiappini et al., 2015; Di Francesco et al.,
2015; Di llio et al., 2016, 2017; Krastev et al., 2016), including
applications to complex geometries (Chiappini, 2015; Di Ilio et al.,
2016; Krastev et al., 2016) and LBM extensions to non-regular and
unstructured grids (Ubertini et al., 2004; Zarghami et al., 2014a,
2014b; Di Ilio et al., 2017).

The main advantage of LBM with respect to conventional CFD
is represented by its simpler dynamics, which enables a straightfor-
ward and intrinsically parallel numerical implementation, and its
second order accuracy without the need of a time marching proce-
dure (Ubertini et al, 2010). Additionally, its molecular basis
allows to easily incorporate the microscopic effects underlying
macroscopic fluid phenomena, as opposed to numerical solvers
derived from the Navier-Stokes equations.

In the present work LBM is applied for the first time, to the
best of our knowledge, to the study the fluid dynamics of agricul-
tural drip emitters. The paper is organised as follows: first, the
numerical method is briefly explained, including the special proce-
dure required for the definition of the computational domain; then,
the method is applied to simulate a reference labyrinth channel pat-
tern, comparing the results obtained with previous numerical and
experimental findings; finally, results and future developments are
briefly discussed.

Numerical method

In the Lattice Boltzmann approach the fluid flow is described
by tracking the evolution of density distribution functions (¥, ¢,
7) that describe the probability to find a system of particles at site
X, at time ¢ and with a velocity ¢, discretized over a given stencil
in ¢ space. The general form of LBE reads as follows:

S, 2 FAED-fi&e)
fil® + ¢At, t + At) — %

ﬁ(il t) = (1)
in which the velocity space is reduced to few discrete points, i = 1,
N. Such a discretization derives from the assumption that at each
site the particles can only move along a finite number of directions,
N, described by a finite set of discrete particle velocity vectors, €. In
order to recover the correct fluid dynamic equations in the macro-
scopic limit, the set of discrete speeds is constructed to satisfy
mass, momentum and energy conservation, and rotational symme-
try. In this paper we refer to a 9 speeds discretization in 2 dimen-
sions, called D2Q9.

The right hand side of Equation (1), called Bathnagar-Gross-
Krook (BGK) collision function Succi (2001), describes particles
interaction through a single-time, <, relaxation toward the local
equilibrium.

The local equilibrium fulfilling hydrodynamic conservation
laws is described through the following second order polynomials
in the velocity field:

@) = pw; [1+ & -+ EL2 — prap] @)

where 8= 1/c%;, being cs the lattice sound speed, p is the fluid den-
sity, # is the fluid speed and w; the associated weight coefficients.

The macroscopic quantities describing the fluid flow, such as
density and velocity, are determined as hydrodynamic moments of
the particle distribution functions:

p(E,t) =YL, fi(%t) (3)

[page 176]

[Journal of Agricultural Engineering 2017; XLVIII:649]

CPress

E! s cifi(Eit)
ux,t) = SRl C))
The above formulation recovers incompressible hydrodynam-
ics in the limit of weak departures from local equilibrium and near
the incompressible limit (i.e., small Knudsen and Mach numbers),
as shown through a Chapman-Enskog analysis in Succi (2001).
Pressure and kinematic viscosity are calculated as follows:

p(Et) = cip(£,t) ©)

v=ci(z-A%,) ©)

The LBM is computationally very efficient, as the streaming
step moves explicitly the updated distribution functions to neigh-
bouring nodes and the collision step is completely local, as it does
not require any spatial or temporal derivatives. Moreover, thanks
to the linear convection term and the linearized collision operator,
the LBM can be easily parallelized. In several applications LBM
has shown a clear superiority, in terms of computational perfor-
mances, compared to FVM and FEM (Succi et al., 1989; Benzi et
al., 1992; Succi, 2001; Falcucci et al., 2007, 2010, 2011; Colosqui
et al, 2012; De Rosis et al., 2013, 2014; Falcucci et al., 2013; Di
Francesco et al., 2015).

It is worth noting that the water flowing inside the drip emitters
has also suspended particles inside, which may lead to channels
clogging (Qingsong et al., 2008). As a first step towards particles
modelling, our LBM model also incorporates multi-component
transport, thus enabling the simultaneous description of species
with different properties (e.g., different viscosity).

Multi-component flow

To account for the presence of different species, Eq. (1) can be
rewritten in the following:

fE(F + CALt+ At) — fF(FE L) = M (7
in which the index o spans on all the considered species: in our
case, we have o =2, corresponding to a carrier fluid and a passive-
ly transported second component.

In Eq. (7), the relaxation towards the local equilibrium of each
species takes place on a distinct time scale, provided by 7*.

The dynamical evolution of all the different species is coupled
according to the equilibrium populations. Equation (2), in the
multi-component formulation, is rewritten in the following form
(Pfahler er al., 1990; Harley et al., 1995; Qisu and Xiaoyi, 1997;
Kandilikar et al., 2003; Biscarini et al., 2013; Falcucci et al., 2016;
Montessori et al., 2016):

(ﬁfg )?

e =plw |1+ g -1 — BIii|?|, for the carrier,

®)

£ = p® wy[1 + BE; - ii], for all the other species,

in which , # is the mean value of the macroscopic velocity, provid-
ed by:

oG )

u(i,f)- 4

30 ®
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According to Eq. (7), it is possible to set different values for
the species viscosities, in order to evaluate the behaviour of the
passively advected species for different values of Peclét non-
dimensional number, defined as:

Pe=— (10)

in which L is a characteristic dimension and U is the species
macroscopic velocity magnitude.

According to the different values of species viscosity, different
relaxation times 7 are retrieved, providing distinct behaviour of
diffusion of Species 2 through the carrier, as reflected by the values
of Peclét numbers of the transported species.

Boundary conditions

In the BGK scheme each fluid node receives information from
the adjacent nodes (streaming step), but if one or more of the adja-
cent nodes belong to solid or open boundaries some populations of
the fluid node are undetermined.

Most boundary conditions in the lattice Boltzmann method are
based upon the so-called bounce-back scheme (Succi, 2001): when
a particle collides with a stationary wall, it simply reverses its
momentum. Therefore the particle distribution functions that
stream from the fluid nodes to the wall nodes scatter back to the
fluid node. The model presented in this paper uses the halfway
wall bounce-back that can better simulate a no-slip or free-slip
boundary by fictitiously placing the wall half way between a
boundary site and an adjacent non-boundary site (Succi, 2001).
Such a boundary treatment attains second-order accuracy Wei et al.
(2004).

Bounce-back rules are also applied to the open boundaries, fol-
lowing the Zou and He approach (Qisu and Xiaoyi, 1997).

Simulation setup

In this section we report the results of the simulation of the
hydrodynamics inside a rectangular drip emitter, whose 2D repre-
sentation, together with its main geometrical dimensions, is shown
in Figure 1.

The computational domain has been reconstructed starting
from the details reported in Wei ef al. (2006). We define the num-
ber of rectangular obstacles inside the 2D domain (i.e., 8 obsta-
cles): such obstacles are created at fixed distances, then a free pas-
sage corresponding to 1/10 of the computational domain length is
left at the beginning and at the end of the computational domain,
for stability purpose.

Simulations have been performed at different Reynolds num-
bers (Re), defined as follows:

Re=iY (1)
i

where U is the average velocity within the channel and L is the
inlet height, which is chosen to be the characteristic length.

In the present simulations Re is varied between 50 and 250 by
changing the relaxation parameter between 0.62 and 0.65 (in lat-
tice units) and the characteristic length at the domain inlet. By
changing the value of L in lattice units, we vary the scale of con-
version between lengths in lattice units and in physical units, keep-
ing the Reynolds similitude between the simulations and the real
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phenomenon. Finally, the water density has been assumed equal to
1000 kg/m3.

At the upper limit of the considered Reynolds number interval,
the flow through labyrinth-type channels could start exhibit a tran-
sitional behaviour (Pfahler et al, 1990; Harley et al, 1995;
Kandilikar et al., 2003). As discussed above, some of the previous
CFD studies on this matter are based on fully turbulent modelling
assumptions, which is arguably an oversimplification of the actual
flow physics.

Due to its inherent efficiency, LBM allows employing high
fidelity computational grids (Biscarini ef al., 2013), such that more
flow details can be effectively captured. In this paper we employed
different lattices for the different Reynolds number, as summarised
in Table 1 which also reports the values of the Peclét number for
the passively transported species.

Results and discussion

First we validate our approach by considering the mass conser-
vation and evaluating the goodness of our modular reconstruction
of the drip emitter.

Figure 2 shows the total mass evolution over time and shows
that, after a first transient due to the initial conditions, the total
mass reaches a constant value, as expected. This clearly indicates
that mass conservation is ensured.

The performances of a drip emitter are usually measured
through the relationship between the water flow rate and the pres-
sure drop inside the labyrinth channels. Here we consider such a

Figure 1. Schematic diagram of the labyrinth channels of a rec-
tangular drip emitter. The width w between the obstacles is
retrieved from the total length of the emitter divided by the num-
ber of obstacles (i.e., 8).

Table 1. Lattice dimension for the different Reynolds and Peclét
numbers.

800x100 50 50
960x120 150 150
3600x450 250 250
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relationship by means of a non-dimensional pressure coefficient
defined as follows:

__ o DPin—Pou 12
C, = 2 BinFout (12)

pu?

where pin and pour are the pressure values at the channel inlet and
p outlet, respectively, and p is the density of the water at ambient
conditions.

Figure 3 shows the variation of the pressure coefficient with the
Reynolds number. Present numerical results are compared to
experimental and numerical data available in Wei et al. (2006). The
agreement with the experiments remains remarkably good in the
whole range of the Reynolds number, including the highest consid-
ered Re values. Figure 4 shows the temporal evolution of a pas-
sively transported species with different levels of viscosity com-
pared to the flow carrier (i.e., water). These results highlight the
potential of the proposed method for the numerical modelling of
drip emitters. The transported species, in fact, could be applied in
several cases for drip emitters, as water for irrigation may contain
additives, contaminants and suspended particles. For additives it is

75000 T T T T T T
74000
73000
72000
71000

70000
69000
68000
67000

BB000 1 1 1 1 1 1
0 5000 10000 15000 20000 25000 30000 350000

time steps

total mass [l.u.]

Figure 2. Check on mass conservation for the simulation corre-
sponding to Re=150. L.u., lattice units.

400 T T T T T
P experimental )
Q. Weietal. & 4
LBM e

0 1 1 1 L L
0 50 100 150 200 250 300

Reynolds number

Figure 3. Comparison between the pressure coefficient and the
Reynolds number. Our simulations are compared to the numeri-
cal and experimental results in Wei ez al. (2004, 2006). LBM,
Lattice Boltzmann method.
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crucial to understand how they transport inside the channel and if
they reach homogeneously the channel exit. On the other hand, for
suspended particles it is important to understand if they concen-
trate somewhere in the channel and cause channel clogging.
Finally, contaminants may affect the irrigation or may damage the
channels due to corrosion.

Results evidence how the species with the higher viscosity
tends to spread out and accumulate behind the solid obstacles in
the labyrinth channel, especially during the transient pass-through.
Conversely, the low viscosity species tends to move across the
channel in a smoother way, with less diffusion and local accumu-

A

Figure 4. Density and velocity field of the passively transported
species 2; A) t=200 time steps; B) t=500 time steps; C) at regime,
t=20,000 time steps. In each panel, we report from top to bottom
the cases corresponding to: i) same viscosity between the species;
ii) species 2 with higher viscosity; and iii) with lower viscosity.
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lation. This is in line with what expected, as the low viscosity
species experiences a reduced drag in the interaction with the car-
rier and with the solid obstacles. This provides an interesting pre-
dictive tool for the development of new-generation agricultural
sprinklers, designed in order to avoid the clogging for the accumu-
lation of solid particles.

Conclusions

This work presents the first application of the Lattice
Boltzmann method to the simulation of drip irrigation systems. In
particular, we simulate the flow inside a rectangular labyrinth-type
drip emitter channel at different Reynolds numbers. The numerical
method revealed to be efficient and reliable. The comparison with
literature data shows a good agreement between present and inde-
pendent results, both numerical and experimental, for a Reynolds
number ranging from 50 to 250. Moreover, given that present sim-
ulations regard a multi-component flow, the model allows a
detailed analysis of a passively transported specie, which could
represent an additive, a contaminant or suspended nanoparticles.
Future studies will include applications to different channel
designs, as well as a further extension of the method to include sus-
pended particle flow modelling.
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