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A subsurface irrigation system with ceramic emitters (SICE) without a pump has been developed to limit energy
consumption and reduce greenhouse gas emissions. Yet whether SICE can be used in low-pressure conditions has
not been tested; moreover, there is no index for evaluating the irrigation quality of SICE. Laboratory experi-
ments, with six treatments, were conducted to study ceramic emitter hydraulic characteristics in the air and soil
under different working pressure heads and emitter types. The results indicated that when H increased, the
emitter discharge increased linearly, and the discharge deviation decreased in the air. With increased H in the
soil, the emitter discharge, soil water content, and soil water content uniformity increased, and the discharge
deviation decreased. When H was greater than or equal to 20 cm, the discharge deviation in the soil was less than
that in the air, and the soil water content uniformity was higher than 80 %. The soil water content uniformity
could be used in the evaluation of the irrigation quality of SICE based on the reliability and convenience of
observation. To make the best use of soil water potential on the outflow of the emitter, reduce the discharge
deviation, and improve soil water content uniformity, the working pressure head of SICE should be higher than

20 cm.

1. Introduction

Water-saving irrigation technology could improve crop yields and
reduce labor intensity, but it also requires high energy inputs and may
cause environmental problems (Adu et al., 2019; Sampson and Perry,
2019; S. Wang et al., 2019; W. Wang et al., 2019). Kaltsas et al. (2007)
reported that irrigation energy demand accounted for approximately 21
% of the total energy consumption in conventional olive orchards.
Todde et al. (2019) found that the application of photovoltaic irrigation
systems would decrease energy consumption 41 % and 67 % in Mor-
occo and Portugal, and avoid the emission of large amounts of green-
house gases. Romero-Gamez et al. (2017) showed that the greatest
environmental impact was from an intensively irrigated-integrated
system and a super-intensive irrigated-integrated system because of the
electricity consumed during irrigation. Pumps consume most of the
electricity in irrigation systems (Powell et al., 2019). To reduce energy
consumption and greenhouse gas emissions, an irrigation system that
requires a lower working pressure head (H), and can function without a
pump, would benefit the industry.

Pitcher or pot irrigation is a traditional irrigation method used to
supply water to crops without external inputs (such as oil and elec-
tricity) under drought conditions in arid regions, for which H is usually
lower than 20 cm (Paredes and San Jose, 2019; Siyal et al., 2009). Singh
and Ghosal (2015) argued that the interaction of pitcher fertigation
brought a 106.9 % and 13.5 % increase in lac crop yield ratio of Ber
(Ziziphus mauritiana) in summer and winter, respectively. Pachpute
(2010) used a suite of water management practices, including a pitcher
irrigation method, as well as water conservation techniques of manure
application and mulching, in North-Eastern Tanzania, that led to an
increase (203 %) in total cucumber yield. Batchelor et al. (1996) found
that subsurface irrigation with clay pipes was particularly effective in
improving yields, crop quality, and water use efficiency, as well as
being inexpensive, simple, and easy-to-use (in southeast Zimbabwe and
northern Sri Lanka). However, irrigation of crops with pitchers or
ceramic tubes is seldom scaled up in modern field conditions
(Bainbridge, 2001). One problem is that pitchers are difficult to connect
to large-scale irrigation systems (Pachpute, 2010). The other is that
discharges and manufacturing deviations of devices are difficult to
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precisely control (Hajjaji and Mezouari, 2011; Naik et al., 2013).
Therefore, to meet modern irrigation requirements, optimized pitcher
structures and material properties are needed.

A subsurface irrigation system with ceramic emitters (SICE) recently
has been developed (Cai et al., 2017). Most of the components of SICE
are similar to a subsurface drip irrigation system (SDI) (Camp, 1998;
Lamm and Trooien, 2003); it eliminates the need for pumps, as irri-
gation water is supplied by a water tank of constant pressure. Such a
SICE works with low pressure, small discharge, and continuously,
which would maintain a suitable root-zone and soil-water content, thus
maintaining water availability to plants (Lazarovitch et al., 2006). The
H of a ceramic emitter is usually smaller than 100 cm, and it can be
close to zero or negative (Ashrafi et al., 2002). Li et al. (2019) found
that negative pressure water supply not only maintained a high fruit
yield but also significantly increased water use efficiency. Nalliah and
Ranjan (2010) stated that a capillary-irrigation technique (with porous
membranes with different negative pressures) offered precise water
delivery with minimal labor requirements, suitable for use in green-
house pepper production. However, in field environments, the condi-
tions in which an H of zero or negative seldom occur, unless there is a
special water supply to provide water for the emitter (Li et al., 2017).
Cai et al. (2018) suggested that the H of ceramic emitter should be
higher than 20 cm under field conditions to reduce system costs. Yet,
this conclusion was just assumed based on previous observations.
Therefore, a critical question remains: can a SICE be used with H lower
than 20 cm?

In a SICE, ceramic emitters are used in place of traditional plastic
emitters. There are many advantages of ceramic emitters over pitchers,
such as controllable emitter discharge and environmental safety (Cai
et al., 2017). However, large manufacturing deviations are a prominent
feature of ceramic products. To reduce manufacturing deviations of
ceramics, researchers have adopted various methods, such as droplet
jetting, slurry-curing procedures (Cai et al., 2019a), and frozen slurry-
based laminated-object manufacturing processes (Zhang et al., 2018).
However, in most developing countries, it is difficult to prepare ceramic
emitters (pitchers, pots) with low manufacturing deviation because
ceramic emitters are typically made by hand (Siyal et al., 2009;
Vasudevan et al., 2011). Much of the research on the performance of
SDI systems in the last two decades has focused on how the interaction
between the effects of emitter discharge and soil properties could affect
irrigation uniformity (Lazarovitch et al., 2006). Gil et al. (2008) found
that irrigation uniformity of SDI non-compensating emitters to be
greater than surface drip irrigation due to the interaction between the
effects of emitter discharge and soil pressure. Ren et al. (2017) stated
that the greater the initial water content, soil bulk density, and mass
fractal dimension, the smaller the deviation rate of lateral flow of an
SDI. The emitter discharge exponent of the ceramic emitter in the SICE
system is 1, and thus it is a non-compensating emitter (ASABE, 2006;
Cai et al., 2019b); however, the H and discharge of SICE are lower than
for SDI. As such, can soil properties affect irrigation uniformity of SICE,
especially for ceramic emitters with large manufacturing deviations?

The present study aimed to (1) compare emitter discharge, and
discharge deviations in the air and soils, under different H and emitter
types, (2) select a suitable indicator for evaluating irrigation quality of
SICE, and (3) identify a working pressure head for SICE.

2. Materials and methods
2.1. Emitter hydraulic characteristics in the air

2.1.1. Experimental setup

The experiment setup had eight major components: water tank,
pump, manometer, branch, lateral, ceramic emitters, beakers, and
manometer (Fig. 1). Five ceramic emitters were installed on one lateral,
and the emitter spacing was 0.20 m. Five laterals were connected by a
branch (total emitter n = 25), and the branch was fed by the water tank
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and pump. The emitter discharge under different H was observed and
recorded; emitter discharge was measured by the weighing method and
taken as the average of 25 replicates. The irrigation water used in the
experiment was urban domestic water from Yangling, and the water
temperature during the test was 20 + 3°C.

In the experiment, ceramic emitters with two different porosities
were employed, which were denoted as CE1 and CE2. The ceramic
emitters were made of silica, talc, and silica sol, and then sintered in a
tunnel furnace. The porosity of the ceramic emitters was controlled by
altering the grain size of the silica. The external diameter, internal
diameter, inner hole depth, and height of ceramic emitters were
39.37 mm, 19.82 mm, 4.97 mm, and 6.80 mm, respectively. The open
porosity of CE1 and CE2 were 0.36 and 0.28, respectively.

2.1.2. Calculated method

Flow velocity of the fluid through the porous materials can be cal-
culated by obtaining the relation between the pressure drop and hy-
draulic conductivity of the porous materials (Wu et al., 2018). As the
ceramic emitters are made of porous ceramics, and we assume that the
ceramic emitter is always saturated during irrigation. Therefore, la-
minar flow occurs in the pore, and Darcy's law, which describes a linear
relationship between pressure gradient and the fluid velocity is reliable
(Li et al., 2019a, 2019b):

Q dH

V=a TR )
where % is the pressure gradient along the fluid direction, v is the fluid
velocity calculated by the emitter discharge divided by seepage area, k
is the emitter hydraulic conductivity, Q is emitter discharge, A is
emitter seepage area.

For the fluid that cannot be compressed, the pressure gradient can
be calculated as:

d_H — I_Iin - Hom
dL L )]

where, Hj, is the pressure of water at the ceramic emitter entrance, and
in most cases, H;, is equal to the working pressure H,; Hy, is the
pressure of water at the ceramic emitter exit, when the ceramic emitter
is working in air, Hy, = 0; L is the seepage tracking.

Therefore, the emitter discharge in air could be expressed as:

kAH,
L 3

However, for some types of porous media with small pore size, such as
fine-grained soil, sandstones, fluids can flow through these porous
media only if the fluid force is sufficient to overcome the threshold
pressure gradient (Wang et al., 2019; Wang et al., 2019; Min et al.,
2018; Liu and Birkholzer., 2012). Prada and Civan (1999) studied the
permeability of saturated brine in eight typical sandstones and Brown
sandstones, and found the permeation of saturated brine was not con-
sistent with Darcy's law. There was an initial pressure gradient, which is
the function of the permeability of pore medium and the viscosity
coefficient of the fluid. Therefore, Eq. (3) would be:

kA(Hw - I_Il)
L @
where % is initial pressure gradient.

For ceramic emitter, the emitter discharge would not be negative
value, and for a certain porous medium, the initial pressure H; is con-
stant value, therefore, Eq. (4) would be:
Q=0

_ p(Hw—H)+A _
Q = kM=t

Q=

Q=

Hy, < H;
Hy+A . _ 3 Hy+A :
kT—l = kT+C Hy, > H; (5)
where, i and C are constant values.

For a ceramic emitter for which structure parameters and ceramic
characteristics are fixed values, the emitter seepage area A, seepage
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Fig. 1. The experimental setup of the emitter hydraulic characteristics test.

tracking L, and hydraulic conductivity k are constants, and therefore,
Eq. (5) can be re-written as:

Q=0 H, < H;
Q = KHy+C Hy > H; (6)

where K is the emitter discharge coefficient.

Due to various factors, such as manufacturing-specific processes and
material deformation, the emitter will inevitably produce deviations. In
the present experiments, the lateral length was just 2 m, the discharge
deviation caused by hydraulic deviation was negligible, so the emitter
discharge variation in the air would be equal to the emitter manu-
facturing variation. The calculation of manufacturing variation CV,, is
given in Eq. (7):

(Qx - QZ)

¢ @
where Q, is the xth emitter discharge in the air; Q is average emitter
discharge under the same H; and n is the total number of emitters (25).
The evaluation standards of CV,, listed by the American Society of
Agricultural and Biological Engineers, are shown in Table 1.

2.2. Emitter hydraulic characteristics in the soil

2.2.1. Experimental setup

The experiment setup had eight major components: constant pres-
sure water tank, pressure sensors, laterals, intake microtubules, drai-
nage microtubules, ceramic emitters, soil pots, and balance (Fig. 2). The
laboratory experiments were performed in five soil pots (Volume =
17.24 L) made of plastic, with the pot spacing 35 cm. Ceramic emitters
were fed by the constant pressure water tank. In each pot, only one
ceramic emitter was installed at a depth of 15 c¢m, and it was connected
to the lateral with a 4-mm rubber intake microtubule. At the beginning
of the experiment, a rubber drainage microtubule was connected to the
headcover of the ceramic emitter to exhaust air in the lateral and mi-
crotubule.

2.2.2. Soil sample
After sieving using a 2 mm mesh-sieve, the air-dried soil with an

Table 1
Classifications of manufacturer's coefficient of variation, CV,,, for emitters.

CVm/% <5 5-7 7-11 11-15 >15

Classification Excellent Average Marginal Poor Unacceptable

Adopted from ASABE (2006).

average soil bulk density of 1.3 g cm™ was used to fill the soil tank. Clay
loam (33.1 % clay, 26.8 % silt, and 40.1 % sand, USDA soil taxonomy)
was selected for the study. The procedure for filling the pots was first to
feed the ceramic emitter and rubber pipe through the right side and the
loading and compaction 5-cm layers of soil to each pot. To avoid soil
stratification, the upper surface of each layer was ensured to be suffi-
ciently rough. The cumulative infiltration of the emitter was obtained
by weighing the soil pot at intervals of 10 min for the first 1 h, and then
at intervals of 30 min for the last 5h. The cumulative infiltration of the
ceramic emitter may be affected by various parameters, but experi-
ments were implemented specifically to study the effect of H and
emitter type on emitter infiltration characteristics of the soil. The input
data of experiments are listed in Table 2.

2.2.3. Calculated method
The relationship between cumulative infiltration and time can be
described by a power function (Su et al., 2016):

I=att+¢ (€]

where I is the cumulative infiltration at time t, and a, b, and c are the
coefficients.

Therefore, the emitter discharge in the soil or infiltration rate could
be obtained by Eq. (7):

dar
=]jl=— = btb_l
== =" ©

System uniformity is ordinarily defined in terms of the variation of q
from emitter to emitter, and the coefficient of variation (CV,) of emit-
ters buried in the soil can also be calculated by Eq. (5). When ceramic
emitters are buried in the soil, emitter discharge is not easily measured,
and thus system uniformity is difficult to calculate. Therefore, soil
water content uniformity may be much easier to observe than that of
emitter discharge. Christiansen soil water content uniformity (CUs)
may be expressed by (Christiansen, 1941):

. i
Cp=1- Ly ezd
no 9 (10)

where 6, is the xth soil water content in the soil pot and 8 is the average
soil water content of a total of 5 pots.

The evaluation standards of CUy, listed by the American Society of
Agricultural and Biological Engineers, are shown in Table 3.
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Fig. 2. The SICE infiltration experimental setup.

Table 2

Parameters used in experiments.
Treatment 1 2 3 4 5 6
H (cm) 10 20 50 10 20 50
Emitter type CE1 CE1 CE1 CE2 CE2 CE2

Table 3

The evaluation standards of CUs.

CUg/% > 90 80—-90 70-80 60—70 < 60

Classification Excellent Good Moderate Weak Unacceptable

Adopted from ASABE (2006).
3. Results
3.1. Emitter hydraulic characteristics in the air

3.1.1. Emitter discharge in the air

Fig. 3 shows the emitter discharge at different H in the air. A linear
relationship is observed between the emitter discharge and H. For ex-
ample, as H increases from 10 cm to 70 cm, the discharge of CE1 in-
creases from 0.20 L h™! to 1.74L h™'. When H is higher than 3.26 cm,
H and Q conform to the relationship of Q = 0.027H - 0.088. Also, when
the porosity of the emitter increases, the emitter discharge increases.

CEl o (=0.0274-0.088 R’=0.989
251  CL2 0 (Q-0.009/1-0.031 R2-0.999

iy
et

—
<
!

Emitler discharge(Lh™')
&

=
th
!

0.0 T T T T T T T 1
0 10 20 30 40 50 60 70 80
Working pressure head(em)

Fig. 3. Relationship between emitter discharge in the air and H.

More importantly, the initial working pressure head of each emitter is
different, the initial working pressure head of CE 1 ranges from
—0.01 cm -6.56 cm, and -0.19 cm to 8.26 cm for CE2. This indicates
that the emitter discharge under low-pressure conditions may vary
substantially.

3.1.2. Discharge deviation in the air

Fig. 4 shows the CV,, at different H. As H increases, the discharge
deviation in the air of both emitters decreases, and the relationship
between CV,, and H is a logarithmic function. For example: when H
increases from 10 cm to 70 cm, the discharge deviation of the CE1 de-
creases from 38.90 % to 20.84 %, and they fit into a functional re-
lationship of CV,, = 61.61 —9.40In (1.33 + H). The ceramic emitter is a
porous structure. According to Eq. (6), only when the hydraulic gra-
dient exceeds the initial hydraulic gradient can the emitter seep nor-
mally. Under low-pressure conditions, the complex pore structure
causes the water flow inside the emitter to be chaotic, so a small pore
deviation may cause a large discharge deviation. However, when the
working pressure head is high, the porous medium can flow normally,
and the discharge deviation will not be particularly large.

The discharge deviations of these emitters are all higher than the
specified value (15 %) when H is smaller than 70 cm (Table 1); there-
fore, these emitters cannot be used according to ASABE regulations.
However, when H increases, the emitter discharge deviation decreases.
For example, when the working pressure head of CE1 is 411 cm, the
discharge deviation is 5.0 % and CEl can be considered as an

50+
Y CEl O CV,=61.61-9.40In(1.33+H) R*=0.98

-'\.,\ CE2 © C¥,=170.72-30.53In(76.59+H) £°=0.98

Manufacture deviation(%)

104

0 T T T T 1
0 20 40 60 80 100
Working pressure head(em)

Fig. 4. Relationship between CV,, and H.
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Fig. 5. Cumulative infiltration as a function of time at different H and emitter types ((a). CE1, (b). CE2).

“excellent” product according to ASABE regulations. When the working
pressure head reaches 151 cm, the discharge deviation can be 5.0 % for
CE2. Therefore, if the emitter discharge deviation smaller than 11 %,
the emitters can be used in the field. Based on Fig. 4, the working
pressure head must be higher than a specific value, 215 cm for CE1 and
110 cm for CE2.

3.2. Emitter hydraulic characteristics in the soil

3.2.1. Emitter discharge in the soil and soil water content

Fig. 5 shows the change of cumulative infiltration with time at
different H and emitter types over 360 min. As time and H increases, the
cumulative infiltration increases. For example, when the irrigation time
of CE1 is 360 min, the cumulative infiltration under H of 50 cm is 20.58
times than that of 20 cm; it is 5.88 times for CE2 under the same con-
ditions. As in the air, with the same H, the cumulative infiltration of
CEl is significantly greater than that of CE2. For example, when H is
20 cm, the cumulative infiltration of CE1 is 1.90L, and that of CE2 is
just 0.20 L. However, the cumulative infiltration of CE1 under 10 cm is
unusual—this may be due to the inadequate contact between the
emitter and the surrounding soil and then a large positive pressure is
generated by the irrigation water surrounding the emitter leading to a
smaller cumulative infiltration.

Eq. (6) is used to fit the relationship between cumulative infiltration
volume (I) and time (t) under different emitter types and H. The for-
mulas are shown in Fig. 5. As can be seen from these formulas, the
index b is in the range of 0.57-0.78, and it shows that the rate of cu-
mulative infiltration would gradually decrease with time. The re-
lationship of the emitter discharge (infiltration rate) in the soil over
time can be obtained by taking the derivative of these formulas (Fig. 6).

It can be seen from Fig. 6 that emitter discharge is larger than that in
the air at first. With increased time, the emitter discharge gradually
decreases and stabilizes. For example, when H of CE2 is 10 cm, the
discharge decreases from 0.41L h™! to 0.13L h™'. H has a strong in-
fluence on emitter discharge, but the emitter discharge is quite different
from that in the air and this is mainly due to the influence of soil water
potential. From Eq. (6), the emitter discharge in the soil could be cal-
culated by Eq. (11):

Q=K -9)+C (1)

where @ is the soil water potential around the ceramic emitter.
When H is greater than 0 cm, the emitter discharge is determined by
H and soil water potential around the ceramic emitter. Moreover, the

soil water potential changes from negative to zero, or even positive,
when irrigation water enters the soil. When irrigation begins, the soil
water content is less than the saturated water content, the soil water
potential is matric potential, and it is a negative value. Therefore, the
emitter discharge in the soil would be greater than that in the air, and
soil water potential could promote the outflow of the emitter.
Subsequently, the soil water potential increases gradually with in-
creasing soil water content. The relationship between soil matric po-
tential and soil water content is expressed by the V-G equation (van
Genuchten, 1980):

1
1 n
1 65 — 6, \"
=—=|=2==] -1
¢ (e—a)

12)
where 0 is soil water content, 6; is soil saturated water content, 6, is soil
residual water content, n and m are fitting parameters, m = 1—1/n,
and a is the parameter related to soil physical properties.

From Egs. (11) and (12), we can obtain the emitter discharge as:

1 i
q=K(HW+l (u)m—l )+ C
al\6-6 13)

It can be seen from Eq. (13) that higher the soil water content, lower
the emitter discharge. Fig. 6 shows the change of the average soil water
content in the soil pots at different H and emitter types over 360 min.
The changes in the soil water content are similar under different
treatments, and the soil water content increases gradually with time.
The higher the H, the faster the soil water content increases. When H of
CE1 is 50 cm, the soil water content reached the saturated water con-
tent in 360 min. In general, the soil water content of CE1 is higher than
that of CE2. However, the situation is reversed when H is 10 cm, as the
soil water content of CE2 is higher than that of CE1. This is because
there was a large discharge difference of CE1 when H is 10 cm, and the
discharges in the soil of the three emitters were almost equal to 0L h™ ™.
Therefore, the soil water content of these three replicates is slightly
higher than the initial soil water content.

At 360 min, the relationship between the emitter discharge in the
soil and air is shown in Fig. 7. It can be seen the larger H and discharge
coefficients, the larger the emitter discharge in the soil. However,
emitter discharge in the soil at 360 min of CE1 is less than its discharge
in the air; conversely, it is greater than in the air for CE2. When H is
10 cm, some emitters of CE1 and CE2 failed to flow normally, which
may influence experimental results.
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Fig. 6. Emitter discharge in the soil and soil water content as a function of time at different H and emitter types ((a). CE1, (b). CE2).
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Fig. 7. Emitter discharge in the air and soil at 360 min.

However, when the emitter discharge coefficient is larger (such as in
CE1), water would quickly enter the soil, and the soil water content
would reach saturated water content rapidly. Therefore, the matric
potential would become 0, and the soil hydraulic conductivity would be
the saturated hydraulic conductivity (K). If the emitter discharge per
unit area (Q’) is greater than Kj, positive pressure will be generated in
the soil around the emitter, and soil would inhibit the outflow of the
emitter. Therefore, the emitter discharge gradually decreases, and the
discharge in the soil would be a stable value less than the emitter dis-
charge in the air. According to Shani et al. (1996), based on the re-
search of subsurface drip irrigation, the positive pressure at the orifice
of emitter conformed to the following relationship:

2 —an , 1
@ = (—O)Q - =

87-Ks1y aG 14
where ry is the radius of the saturated zone and a is the parameter for
the unsaturated hydraulic conductivity from Gardner’s equation

(Gardner, 1958).
Combining Eq. (11) and (14), the steady emitter discharge is:

q:K(HW+i_ﬂ.@)+C
ag 87Ky S (15)
where S is the external surface area of the emitter.

According to Egs. (14) and (15), it can be seen the soil water content
outside the emitter is less than the saturated water content at the be-
ginning of infiltration, and the soil water potential is the negative
matric potential. Therefore, soil water potential can promote the out-
flow of the emitter, and the emitter discharge is greater than that in the
air. The soil water potential increases gradually with the increase of
water content, until reaching saturation. When the soil water content
reaches saturation, the soil water potential outside the emitter becomes
0, so the emitter discharge in the soil is equal to the discharge in the air.
When irrigation water continues entering the soil, K has been saturated
hydraulic conductivity. Therefore, a saturation zone is formed, positive
pressure generates around the emitter, and the emitter discharge would
continue to decrease and eventually stabilize. When the emitter dis-
charge coefficient is small (such as for CE2), Q’ is smaller than the
unsaturated hydraulic conductivity K(6) of soil, and soil would be no
longer restrain the outflow of the emitter. Therefore, emitter discharge
would be a function of soil water potential, and the emitter discharge in
the soil would be larger than that in the air.

3.2.2. Discharge deviation in the soil and soil water content uniformity
Fig. 8 shows the variation of the discharge deviation rate in the soil
over time under different types of emitters and H. It can be seen the
higher H of the emitter, the smaller the discharge deviation in the soil.
When H is 10 cm, discharge deviations in the soil are greater than 100
% for CE1 and CE2, especially the discharge deviation of CE1 that in-
creases gradually with time. Vasudevan et al. (2014) found that there
was an additional flow due to the water deficit in the soil. This is a
negative pressure or an equivalent negative hydraulic head. As a result
of soil water potential, the emitter discharge will produce certain
changes compared with that in the air. In the soil, the emitter discharge
is determined by both the working pressure head and soil water po-
tential (soil water content), as the water content increases, the effect of
soil will be weakened. However, the emitter discharge deviations of
CE1 and CE2 under 10 cm is different from other treatments. This may
be due to the inadequate contact between the emitter and the sur-
rounding soil. Some emitters would not work normally, the emitter
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Fig. 8. Discharge deviation in the soil as a function of time at different H and
emitter types.

discharge is nearly OL h™!, the emitter discharge deviation is much
bigger than others, and with time increases the discharge deviation
increases.

Fig. 9 shows the emitter discharge deviation in the air and soil under
different H. It can be seen that the emitter discharge deviations de-
crease with the increase of H, and the discharge variations in the air and
soil are different. When H is less than 20 cm, the discharge deviation in
the soil decreases rapidly with H, when H is higher than 20 cm, the
discharge deviation would change more smoothly. However, the dis-
charge deviation in the air will keep decreasing with increasing H.
When H of the ceramic emitter is higher than 19 cm, the discharge
deviation in the soil is smaller than that in the air. Therefore, when H is
smaller than a threshold value, the discharge deviation of the ceramic
emitter in the soil would be greater than that in the air. This means that
when H is higher than the fixed value, the soil will play a critical role in
balancing the outflow of the emitter, such that the discharge deviation
is reduced. To reduce the discharge deviation, the working pressure
head of the emitter should be higher than a threshold value (about
19 cm).

According to the regulations of ASABE, the discharge deviation
under H of 10 cm for both types of emitters is not acceptable. When H is
greater than or equal to 20 cm, the discharge deviations in the soil are
less than 30 %, and the discharge deviation in the soil is less than that in
the air. For example, when H is 50 cm, the discharge deviation of CE2 is
about 3.5 % in the soil, and the discharge deviation in the air is 22.7 %.

Fig. 10 shows the change of soil water content uniformity with time
under different treatments over 360 min. Soil water content uni-
formities are all higher than 80 % when H is 20 cm and 50 cm. The

180
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Fig. 9. Relationship between discharge deviation and H.
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Fig. 10. Soil water content uniformity as a function of time at different H and
emitter types.

higher the H, the higher the soil water content uniformity. However,
the soil water content uniformity decreases from the initial 100 % to
less than 80 % when H is 10 cm.

4. Discussion
4.1. The difference between SICE and SDI

Various features of SICE and SDI are relevant to compare. The dis-
charge of SDI might be affected by the soil water potential; however,
the working pressure head of SDI is generally 1000 cm, and the dis-
charge is greater than 0.4L h™!. Due to its large discharge and small
orifice of SDI, a positive pressure region would form at the orifice in
general. Shani et al. (1996); Warrick and Shani (1996) found that soil
water potential became positive in the soils with a lower infiltration
capacity (compared with the emitter discharge in the air), and a small
pressure difference across the emitter led to the discharge of the emitter
decreasing. Thebaldi et al. (2016) found that positive backpressure
reduced emitter discharge, and non-pressure compensating emitters
had a corresponding decrease in the discharge exponent; in the pres-
sure-compensating emitter, the emitter discharge increased. If the
emitter exponent of the ceramic emitter is 1, and the H is less than
50 cm, then positive backpressure builds in the soil, and the emitter
discharge changes substantially. Therefore, due to backpressure, the
discharge of non-pressure compensating emitters will change sig-
nificantly.

Saefuddin et al. (2019) designed a new ring-shaped emitter, and the
working pressure head was kept constant at 1 cm and 5 cm to avoid a
build-up in positive backpressure at the outlets of the emitter. The
ceramic emitter is a non-pressure compensating emitter. When the
emitter discharge coefficient is large (such as CE1), the emitter’s dis-
charge ratio of soil to air is 71 % and 75 % under H of 20 cm and 50 cm,
respectively. To avoid the influence of positive pressure on the emitter
discharge, H should be as small as possible. When the emitter discharge
coefficient is small (such as CE2), with the increase of H the emitter
discharge ratio of soil to air decreases from 190 % to 109 %. To make
use of the effect of soil water potential on the outflow of the emitter, H
also should have a smaller value. However, when H is 10cm, the
emitter cannot flow normally. Therefore, to reduce the inhibitory effect
of the soil positive pressure, and use the soil's promotion effect on the
emitter discharge, the working pressure head should be a relatively
small value (but higher than 10 cm).

4.2. The difference between SICE and pitcher irrigation

Pitcher irrigation is still widely used in arid and semi-arid regions,
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such as in Iran, India, and Jordan (Gopinath and Veeravalli, 2011;
Singh et al., 2011; Tesfaye et al., 2011). The irrigation water seeps
through micropores inside the pitcher and enters the soil near the roots
of the crop, therefore this irrigation method has very high water use
efficiency. Batchelor et al. (1996) conducted irrigation experiments
(1985-1995) and found that subsurface irrigation with clay pipes was a
particularly effective method in improving crop yields, quality, and
water use efficiency, as well as being inexpensive, simple, and easy to
use. Abu-Zreig et al. (2018) used seven ceramic pots with various di-
mensions to evaluate water seepage rates under various environmental
and hydraulic conditions. The experiments revealed that ceramic
pitchers can be used to supply water even under negative pressure
head, thus eliminating the need for pressurized flow inside irrigation
pipes.

Water is the main factor restricting the growth of crops in arid areas,
and increasing yield and saving water can even be achieved using a pot
with a large deviation. Siyal et al. (2016) used clay pots with perme-
ability coefficients 0.114 and 0.060 cm/d, with the surface area of both
pots close to 3000 cm?. Abu-Zreig and Atoum (2004) used 14 clay pots
that had a permeability coefficient in the range 0.022-0.237 cm/d, and
a surface area 1120—1835cm? The relationship between discharge
and the permeability coefficient was linear, the discharge of clay pots
generally low, and the water seepage area large; as such, a small dif-
ference in the permeability coefficient may lead to a substantial change
in the discharge of the clay pot. Therefore, to ensure the quality of
irrigation, smaller manufacturing deviations are needed and H of clay
pots need to be increased. In this study, when H of the ceramic emitter
is lower than 20cm, the discharge deviation in the soil increased.
Therefore, to reduce the discharge deviation and ensure the irrigation
quality, H of the ceramic emitter must be greater than 20 cm.

4.3. Irrigation quality index of SICE

Irrigation uniformity is one of the most important indexes in the
design and management of irrigation systems (Patel and Rajput, 2009).
Irrigation uniformity is calculated by measuring the emitter discharge
and using Christiansen's formula. It is also possible to measure the
pressure distribution on the capillary, calculate the discharge through
the pressure-discharge relationship of the emitter, and then calculate
uniformity (Gil et al., 2008). However, because subsurface irrigation
pipes and emitters are buried in the ground, discharge and pressure are
difficult to measure. Also, the emitter discharge in the soil is generally
different from that in the air, so evaluation of the uniformity of sub-
surface irrigation is difficult (Rodriguez-Sinobas et al., 2009). The ir-
rigation system delivers water to the soil through the emitter, and the
crop absorbs water from the soil, so the soil water content uniformity
can better represent irrigation quality. It can be seen from Fig. 10 when
H is higher than 20 cm, the soil water content uniformity is higher than
80 %, therefore the irrigation quality is “good” according to ASABE
standards. However, when the discharge deviation in the soil is
6.27-19.16 %, the performance of the emitter is unacceptable ac-
cording to ASABE standards. Therefore, soil water content uniformity
would be a suitable index to evaluate the irrigation quality of SICE.

Many factors affect soil water content uniformity, such as discharge
and manufacturing deviation of the emitter, soil spatial variability, and
spacing of emitters (Li et al., 2012; Ren et al., 2018, 2017; Wang et al.,
2016). Rodriguez-Sinobas et al. (2012) found that water application
uniformity was good for both drip and subsurface drip irrigation
methods. Zhou et al. (2018) found that drip lateral spacing and
mulching methods imposed no significant effect on uniformity. The
higher the H, the higher the uniformity. When H is less than 20 cm, the
soil water content uniformity shows a decreasing trend with time, and it
will be less than 80 % after a certain time interval. Therefore, to ensure
the uniform growth of crops, the working pressure head of SICE must be
higher than 20 cm.
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5. Conclusions

In this paper, laboratory experiments were conducted to study
ceramic emitter hydraulic characteristics in the air and soil under dif-
ferent working pressure heads and emitter types. The study demon-
strated that when H increased in the air, the emitter discharge increased
linearly, and the discharge deviation decreased. With increased H in the
soil, the emitter discharge, soil water content, and soil water content
uniformity increased, whereas the discharge deviation in the soil de-
creased gradually. When the emitter discharge coefficient was larger,
the emitter discharge gradually decreased, and the discharge in the soil
would stabilize and then eventually be less than the emitter discharge.
When the emitter discharge coefficient was small, the emitter discharge
in the soil would be larger than in the air. When H was greater than or
equal to 20 cm, the discharge deviation in the soil was less than that in
the air, and the soil water content uniformity was higher than 80 %.
The soil water content uniformity could be used in the evaluation of the
irrigation quality of SICE, as based on reliability and overall con-
venience of observation. To effectively use soil water potential on the
outflow of the emitter, reduce the discharge deviation, and improve soil
water content uniformity, the working pressure head of SICE should be
higher than 20 cm. This research should help inform future designs of
similar irrigation systems.
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