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a  b  s  t  r  a  c  t

Subsurface  irrigation  has  been  achieved  by using  ceramic  emitters,  pitchers,  pots  and  ceramic  tubes,
which  have  gained  a certain  degree  of  interest  in arid  regions  due  to  their  efficient  use  of  water.  Research
on  the  formation  of wetting  patterns  around  the  ceramic  emitter  is essential  for the design  of  irrigation
system.  In  this  study,  numerical  simulations  were  carried  out to investigate  the  effects  of  emitter  instal-
lation  method,  emitter  buried  depth,  emitter  structural  parameters,  irrigation  doses  and  initial  soil  water
content on  the  wetting  patterns  in clay  loam  with  Hydrus-2D.  Finally,  two  field  application  experiments
were  conducted  to test  the  practicality  and  reliability  of  simulation  results.  The  simulation  results  were
in  good  agreement  with  the  experimental  data.  Results  showed,  emitter  installation  method  had  the
least  effect  on  the  wetting  pattern.  A  25  cm  buried  depth  would  be  suit  for irrigating  vegetables,  a  45  cm
deep  buried  depth  would  suit for irrigating  fruit  trees.  The  structure  parameters  had  a  significant  effect
on  cumulative  fluxes  and  horizontal  wetting  front,  the  structural  parameters  (emitter  length  is 7.00  cm,
emitter  external  diameter  is  1.25  cm,  and  emitter  inner  diameter  is  0.60  cm)  would  be a better  fabricate
parameters  for  ceramic  emitter.  Wetting  front  increased  with  increasing  irrigation  doses  and  initial  water
content.  To  prevent  percolation,  when  the  initial  water  content  was  high,  it should  be better  to cut down
the  irrigation  duration  of ceramic  emitter.  The  field  results  indicated  that  Hydrus-2D  could  be  used  to
investigate  the  suitable  parameters  for ceramic  emitter  in subsurface  irrigation  systems  and  determine
the  suitable  arrangement  and  operation  mode  of  ceramic  emitter.

©  2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Sub-surface irrigation is an efficient traditional irrigation
method, which gains extensive interests in arid regions due to
its low manufacturing cost and high water use efficiency (Sheng,
1974; Bainbridge, 2001; Sammis, 1980; Ayars et al., 1999; Batchelor
et al., 1996). Sub-surface irrigation has been practiced commonly
by buried pots, pitchers and porous pipes which were made of
unglazed porous ceramics (Mondal, 1974; Siyal et al., 2013; Abu-
Zreig and Atoum, 2004; Stein, 1997). Porous ceramic emitter is
an improved version of the traditional method of subsurface irri-
gation, with good performance and low cost (Cai et al., 2015). In
porous ceramics, well-connected micro-pores form large amounts
of water transfer channels so that water permeating into the porous
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ceramics can seep out and arrive into soils by the well-connected
pore channels (Simonis and Basson, 2011; Salamon et al., 2010).
Compared with drip fertigation, the consecutive and stable water
supply of negative pressure fertigation with ceramic emitter
improved tomato fruit yield and water use efficiency (WUE) by
1.6–8.2% and 9.9–30.5% in the North China Plain, respectively (Li
et al., 2017). Similarly, Zhang et al. (2009) found that tomato irri-
gated by ceramic emitter under the working pressure of 0 cm got
the highest yield, about 1.17 kg pot−1, but the lowest WUE,  about
24.9 kg m−3.

In order to minimize wetting of soil surface (evaporation losses)
and deep percolation, increase the WUE, the proper design of irriga-
tion system with ceramic emitters as the core component requires
information of the soil wetting patterns around the ceramic emit-
ters. Furthermore, the size of the wetting pattern is an essential
factor governing the distribution of emitters along the pipelines.
Ordinarily, the soil wetting pattern under a ceramic emitter is
affected by soil hydraulic properties, emitter working pressure and
other factors. In the past two decades, several researchers have
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studied the factors affecting soil water movement of ceramic emit-
ter. Kato and Tejima (1982) researched the soil water movement
under a porous ceramic tube with different hydraulic conductiv-
ity in a condition of constant working pressure, which showed a
positive correlation between the wetting pattern and tube length.
Das Gupta et al. (2009) found that the discharge of porous clay pipe
was a function of the soil texture and the applied hydraulic head in
the soil. So as to effectively design, assessment, and use of ceramic
emitters, it is necessary to consider parameters as much as possible
to predict the soil wetting pattern accurately.

Hydrus-2D is a well-known computer software package that
could accurate and efficient analysis of water flow and solute trans-
port in variably saturated porous media (Naglič et al., 2014; Abou
Lila et al., 2013; El-Nesr et al., 2014), such as subsurface irrigation
and pitcher irrigation. The soil wetting patterns under a porous
ceramic pipe were investigated by Siyal et al. (2009a), they showed
that predictions of the soil water content made with Hydrus were
in good agreement with the observed data, and the depth of wet-
ting pattern increased with installation depth, installation depth
also affected the upper position of wetting front. In addition, the
effect of pitcher sizes on the zone of wetting, water content distri-
bution was also demonstrated by Siyal et al. (2009b), they found
that the volume of small pitcher was near half of the large one, but
with double hydraulic conductivity, would produce approximately
the same wetting front as large one. However, there are two dif-
ferences between porous ceramic emitter and pitcher or clay pipe.
One is ceramic emitter is much smaller than traditional pitcher and
clay pipe, the other is installation method, pitchers were all buried
in the soil down to their neck, the clay pipe was all buried in the
soil and water was conveyed and applied through the same pipe.
Therefore, the soil water movement of the ceramic emitters may
be different from that of the pitchers and the clay pipes.

In this study, the wetting patterns obtained by Hydrus-2D sim-
ulation were compared with the experiments data from soil tank
experiments. And then Hydrus-2D model was used to investigate
numerically the effect of installation method, buried depth, struc-
tural parameters, irrigation doses and initial soil water content
on wetting pattern of porous ceramic emitter. And thus, the suit-
able installation method, buried depth and structural parameters
were given out. In addition, field application experiments were con-
ducted to valid the practicality and reliability of simulation results.

2. Materials and methods

2.1. HYDRUS simulations

2.1.1. Numerical modelling theory
Soil water from the porous ceramic emitter into the soil

was simulated using HYDRUS-2D software package (version 2.03)
(Šimůnek et al., 2006, 2016). Assuming a homogeneous and
isotropic soil, the governing two-dimensional flow equation is
described by Richards equation (Richards, 1931; Celia et al., 1990),
and the equation is solved by the Galerkin finite-element methods:

∂�
∂t

= ∂
∂x

[K(h)
∂h
∂x

] + ∂
∂z

[K(h)
∂h
∂z

] + ∂K(h)
∂z

(1)

where � is the volumetric water content [L3L−3], t is the time [T], x is
the horizontal coordinate [L], z is the vertical coordinate that is pos-
itive upward [L], h is the pressure head [L], K(h) is the unsaturated
hydraulic conductivity [LT−1].

The soil water retention, �(h), and hydraulic conductivity, K(h),
were described using the analytical functions of van Genuchten
(1980) as follows:
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Fig. 1. Location of the ceramic emitter and the transport domain with applied
boundary conditions (I, Lip; II, Emitter-circular tube; III, Emitter-bottom).
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where Se is the relative saturation; Ks is the saturated hydraulic
conductivity; �r and �s are the residual and saturated water con-
tents [L3L−3], respectively; and � is an empirical parameter [L−l]
inversely related to the air entry value, n and m are all van
Genuchten-Mualem shape parameters.

The HYDRUS model inputs for simulating water flow included
flow domain geometry, soil hydraulic parameters and initial and
boundary conditions. Geometry and boundary conditions for defin-
ing the physical problem of this study are shown in Fig. 1.

2.1.2. Modeling domain geometry
In actual situation, the emitter spacing is large than 50 cm,  so the

simulated domain for water flow was  rectangular, 100 cm wide and
100 cm deep, i.e., large enough so that an overlap in water content
profiles from neighboring emitters do not have to be considered.
The ceramic emitter with a lip is located in the central of the domain
(buried deep was  d). The domain was  discretized into 9978 finite
triangular elements with a very fine grid within the ceramic emitter
wall and in the soil near the ceramic emitter (0.2 cm), and gradually
increasing elements farther from ceramic emitter (up to 5 cm in the
bottom boundary, up to 2 cm in the surface boundary).

2.1.3. Boundary conditions
The ceramic emitter internal boundary nodes were assigned

a constant pressure head (0 cm), were identical to the pressure
head implemented in the soil tank laboratory experiments. The
left and right boundary was  set as a “zero flux” condition. The bot-
tom boundary was  set as a “free drainage boundary condition”. The
surface boundary condition was also set as a “zero flux boundary
condition” when compared the results of measuring and simu-
lating, the water evaporates rate was  considered to be 0 mm d−1,
because when compared the results of measuring and simulating,
the test duration is only 5 h, and the surface of soil is cover with
plastic sheeting, so the evaporates rate is negligible. In order to
simulate the situations closer to the real situation, an “atmospheric
boundary condition” was used when the simulation duration was
120 h, the water evaporates rate was  considered to be 0.4 mm d−1,
daily variations of evaporates rate were not considered.
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