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Abstract: Drip irrigation technology has obvious advantages in solving the shortage of agricultural
water. The demand for using low-quality water sources for irrigation is becoming urgent. Research
on the physical blockage formation has become the main part of solving the emitter blockage in China.
The purpose of this study is to investigate the blockage characteristics of the emitters in the drip
irrigation system with a low-quality water source and to provide some basis for the anti-clogging
measures. Therefore, we configured different concentrations (1.8 g/L, 2.8 g/L, 3.8 g/L) and different
particle sizes (0-0.054 mm, 0.054-0.075 mm, 0.075-0.1 mm) of low-quality water sources and carried
out drip irrigation tests. The holistic and local characteristics of the physical blockage occurrence
and distribution were compared under the sand-laden water source irrigation, then the structure and
element composition of the blockage material were analyzed. The results show that the clogging
characteristics are related to the emitter types, sediment content, and sediment particle size. The
higher sediment concentration means that the single emitter is more likely to be blocked completely,
and the whole clogging development is short and quick. However, at lower sediment concentration
treatments, the probability of complete clogging decreases, and the clogging process is uniform and
slow. The blockage position of large flow channel emitters (E1) appears at the head and middle of
the drip irrigation tape, and the internal blockage usually occurs at the inlet. The small size channel
emitters (E2 and E3) are concentrated in the head and end of drip irrigation tape, and the internal
blockage usually occurs in the low-speed zone of the labyrinth channel such as the inlet fence. The
internal blocked material is the accumulation structure formed by sediment particles and the coupled
precipitation aggregate formed by the reaction of various chemical ions. Among them, the mixing of
large and small sediment particles is more inclined to form a stable blocking skeleton structure.

Keywords: low-quality water irrigation; drip irrigation; emitter; clogging characteristics; physical
clogging

1. Introduction

As a water-saving irrigation technology, drip irrigation significantly improves water
use efficiency [1], grain yield, and quality [2,3], and has obvious advantages in solving
agricultural water shortage [4,5]. However, the blockage reduces the irrigation quality of
drip irrigation projects, increases the maintenance cost, and shortens the service life of drip
irrigation systems [6-8]. Emitter clogging can also lead to uneven water distribution in the
soil and reduced crop yield [6,7]. Therefore, emitter clogging is the key restriction to the
use of drip systems for low-quality water applications.

Existing studies have shown that to ensure stability and efficiency, irrigation systems
are usually equipped with filters of 120 to 200 mesh [9-11]. Even after filtration, there are
still particles smaller than 0.1 mm that get into the drip irrigation system. Due to the mixing
of suspended solids in the labyrinth channel, the contact probability between particles
increases [12], and the emitter is easily clogged [13,14]. In addition, some farmland along
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the Huanghe river (such as northwest China) mainly uses the Huanghe river as an irrigation
water source [15] and the demand for irrigation with low-quality water sources becomes
more urgent [16]. According to research, the study about physical blockage formation
process has become the main part of emitter studies in China [2,10].

Many scholars have discussed and tested the possibility of low-quality water source
irrigation. Irrigation sources including reservoir water sources [17,18], urban wastewa-
ter [19], sewage [20,21], recycle water [22,23], saline water [24], and brackish water [15] are
mainly low-quality water sources with biochemical reactions and blockage, but there are
few studies on physical clogging. The few studies mostly focus on the influence factors
on clogging performance [25], sediment particle motion state [26], adaptive selection [27],
and optimal design [28] of emitters. Wen [29] carried out periodic intermittent irrigation
tests, studied the clogging influence process of sediment-water, compared the clogging
degree, and proposed the structure coefficient index, but the research and discussion on the
structure and component characteristics of the clogging material are not mentioned. The
research on clogging characteristics of high sediment content water is not comprehensive.
It is of great significance to study and discuss the clogging characteristics of emitters under
sand-water source irrigation. This paper tested and analyzed the clogging performance
and the main clogging composition under the sand-water irrigation to provide a theoretical
basis for low-quality irrigation.

In addition, the composition of the suspended particles in water may lead to different
degrees and forms of emitter blockage [13]. Moreover, the different shapes and surface
charge of mineral particles may produce different sedimentation processes. Therefore, we
selected quartz sand as the test sediment, which is similar to sand in chemical composi-
tion, particle shape, and surface charge. However, in the irrigation process of the sand
water, the number, activity, and organic matter content of microorganisms are all at a low
level [26]. Moreover, only a few microorganisms and organics may have a non-negligible
influence on the blockage formation and growth [30], so microorganisms and extracellular
polymers (EPS) can be temporarily ignored in the sedimentation and flocculation process
of suspended solids.

2. Materials and Methods
2.1. Emitters

Three non-pressure compensation emitters were selected. The structure schematic
diagram of tested emitters is shown in Figure 1. Rated pressure and rated flow are given
by the manufacturer, and all hydraulic performance indexes (Table 1) are determined
according to the specification (GB/T 17187-2009).

(b) E2

%ﬁﬁﬁﬁﬁﬁl

(c) E3

Figure 1. Emitters. (a) The internal channel structure of the E1; (b) The internal channel structure of
the E2. (c) The internal channel structure of the E3.
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Table 1. Types and fundamental dimensions of the emitters.

Rated Rated Flow  Length x Width x Depth Discharge Manuf.act.urlng
Types Pressure Flow Index/x . . Deviation
(L/h) (mm) Coefficient/k o
(kpa) (%)
El 100 3 224 x 0.63 x 1 0.5245 0.2909 4.07
E2 100 1.5 100 x 0.68 x 0.33 0.4842 0.1687 4.63
E3 100 3.5 170 x 1.2 x 0.5 0.5995 0.2433 321
2.2. Irrigation Source
Due to the large amount of sand required, and the pure composition of quartz sand
(more than 98% silica), it is more conducive to analyze the clogging process and reduce
the interference caused by other substances. Therefore, the tested sand was selected as the
sifted quartz sand particles (hereinafter referred to as the sand), and the particle size of
the sand was 0-0.054 mm (a), 0.054-0.075 mm (b), and 0.075-0.1 mm (c), respectively. The
sand is divided into three gradations into pairs according to different mass percentages
(Table 2), and the clogging degree under different gradations is tested. Yangling tap water
was selected for the test, and the components and ions in the water were from the water
quality inspection report of Yangling District in 2021, as shown in Table 3.
Table 2. Levels and factors.
Sediment Grain Size Sediment Concentration (g-L—1)
Levels Combinations Labels Combinations Labels
1 35% b—65% a S1 1.8 C1
2 35% c—65% a 52 2.8 C2
3 35% c—65% b S3 3.8 c3
Table 3. Water quality parameters of Yangling tap water.
Parameter Value  Parameter  Value  Parameter Value Parameter  Value  Parameter  Value
NH,* CO3%~ K* Cl-
H 7.89 0.22 60.82 1.09 11
P (mg/L) (mg/L) (mg/L) (mg/L)
Conductivity Mg?* PO,3~ Na* Ca%
243 2.89 0.02 5.70 28.80
(uS/cm) (mg/L) (mg/L) (mg/L) (mg/L)
Cu?* Zn* Total N Fe?* Mn*
0.03 0.03 1.33 0.25 0.04
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

2.3. System Layout and Test Design

The layout of the indoor irrigation test system is shown in Figure 2. The experiment
was a short-cycle simulation experiment, using the intermittent muddy water drip irrigation
method. The irrigation event occurred twice a day for 2 h each time, and each treatment
was repeated twice. The irrigation cycle duration of each test (excluding the repeated test)
was 20 days. The water temperature was measured by an industrial-grade temperature
thermometer (range —30 °C to 100 °C, accuracy 0.1 °C) before the irrigation event. When
the number of irrigation events reaches 40 times or the relative average flow is less than
75% (ISO/TC 23/SC 18/WG5 N4), it is regarded as the signal to stop irrigation. After each
treatment, the pipes were cleaned, and the drip irrigation tapes were replaced.

2.4. Flow Measurement and Clogging Matter Sampling

The flow rate was measured by the weighing method. When the irrigation event
is carried out for 1 h 50 min, the plastic measuring cup is placed under each emitter for
10 min after ensuring that the working pressure of the test system is stable at this stage. We
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measured the water weight within 10 min and converted it to the emitter flow (L/h). The
flow measured in the test was corrected by the temperature difference formula [22].

6
Figure 2. Test system layout. Note: (1). Water supply tank; (2) mixer; (3) water pump; (4) fil-
ter; (5) water inlet valve; (6) water source drain valve; (7) pressure sensor; (8) water outlet valve;
(9) emitters; (10) measuring cup. Description: 1. The filter (4) is used to avoid accidental larger
particles entering the system, which would affect the test results. 2. After the sand is added, the water
supply system is thoroughly stirred to ensure the uniform distribution of quartz sand particles in
the water. 3. After each treatment, the tested emitters were removed. 4. During flushing, the inlet
valves (5) were opened to clean the lateral, then the inlet valves were closed, and the drain valve was
opened (6) to clean the water supply tank (1).

After irrigation, the sediment in emitters was sampled and tested. All emitters were
removed from the drip irrigation tape, collected, and numbered. The selected emitters were
stored in a zip-lock bag for later use and dried, and thereafter the emitters were peeled
to observe the surface topography using field-emission scanning electronic microscopy
(FSEM) at a magnification of 200-1000x. The sediment fouling was stripped using an
ultrasonic cleaning machine (model: KQ-600KDE; manufacturer: Kunshan Shumei, Jiangsu,
China; working power: 600 kW; oscillation frequency: 100 Hz). The dry weight (DW) was
weighed using a high-precision electronic balance (accuracy: 1073 g).

2.5. Evaluation Index and Determination Method
2.5.1. Relative Average Discharge

To reduce the error caused by pressure fluctuation in the test process, the percentage
of the average flow to the rated flow was defined as the average relative flow (Dra) of
the emitter.

n
Dra = —lnl L /q,

where Dra is the relative average flow of the emitter, %; q. is the rated flow calculated
according to the pressure—flow relationship curve, and L/h; q; is the flow of each drip
irrigation tape, L/h.

2.5.2. Christiansen Uniformity

Cu=1— EA—q _ Yisglq; _q‘q _ Yis1 g
q n n
where, El is the average deviation of flow, L/h; q is the average flow rate, and L/h; q; is
the flow rate, L/h. In actual field irrigation, the irrigation uniformity coefficient Cu should

not be less than 0.8 (GB/T 17187-2009).
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3. Results and Analysis
3.1. Physical Blockage Occurrence
3.1.1. Whole Blockage Occurrence

Figure 3 shows the Dra and CU during the drip irrigation system operation. As can be
seen from the figure, the clogging characteristics of emitters are related to their types, sand
concentration, and particle size. The Dra and CU of E1, E2, and E3 decreased gradually
during operation and had a worse trend with the increase of sand concentration and particle
size. At the beginning of the system operation, the Dra of the emitters fluctuates around
the rated flow and gradually decreases.

In the C1 treatments, the Dra and CU of the emitters showed a trend of slow decline,
and the decline of CU was more obvious than that of Dra. The Dra of E1 decreased slowly
with a small range, while that of E2 and E3 decreased rapidly with a large range. Under
C1S3 treatment, the Dra of E2 and E3 decreased by 31% and 32%, and the CU decreased by
48% and 56%, respectively, until 400 min. However, the Dra of E1 was 98% and the CU was
93%, both of which remain in a safe state.

With the deterioration of the sand-water source, the blockage became more serious,
and the service life of the emitters was shortened. Particularly, the blockage of E2 and E3
showed a short and sudden trend, which was more obvious under C3S3 treatment. The
Dra of E2 and E3 reached 73% when the system ran 360 min and 240 min, respectively,
which was lower than the drip irrigation system standard requirement. From the Dra and
CU, the operation condition of E1 was better than the other two. In addition, the Dra of
emitters fluctuated and decreased because of “the blockage recoverability”. After blockage
was formed in the internal channel of the emitters, the channel section would be closed,
which would lead to an increase in local water pressure and the flow rate. It was easy
to destroy and erode the blockage structure that was formed. As the system ran, more
sediment settled, and new clogs formed. Thus, the flow rate fluctuated up and down,
which was especially obvious in the Dra change of E3. This phenomenon could also be
observed in the clogging characteristics of a single emitter. Under C1S51 treatment, the head
emitters were blocked, and then the flow sudden growth occurred in the middle emitters,
which was also caused by the above reason.

C181
100% 2o clst 100% 2 -
0% | m co% |
s 60% o 60%
O
S 40% f 40% |
20% —+—E] ——E2 E3 20% r —+—El ——E2 E3
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C182
100% ¥ C182 100% *
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& 60% | 8 60% |
S 0% t 40% |
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Figure 3. Cont.
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Figure 3. Flow and evenness of emitters during the system operation period.

3.1.2. Local Blockage Occurrence

The occurrence of local blockage is similar to macroscopic blockage. With the increase
of the system running time, the number of clogged emitters gradually increases. The num-
ber of blocked emitters under the smaller particle size treatment was less than that under
the larger particle size treatment. The ratio of the clogged emitter to unclogged emitter was
2:5. Taking E1 as an example, when the sand concentration is 1.8 g/L, 2.8 g/L and 3.8 g/L,
the total number of clogged emitters was 4, 6, and 6, respectively, which is lower than that
of large sediment size (6, 8 and 10). As can be seen from Table 4, with the increase in sand
concentration, the number of clogged emitters gradually increased. With the decrease of the
sand concentration, the number of completely clogged emitters decreased, and the number
of partially clogged emitters increased, so the clogging process was even and slow. While
under the high sand concentration treatment, the number of completely clogged emitters
was more, and the clogging characteristics tended to be rapid. It could be seen that the
lower sand concentration usually leads to the stronger recoverability and less congestion
probability. Therefore, considering the number of clogged emitters, it is beneficial to reduce
the sediment in the water source by filtration and sedimentation.

Table 4. Number of blockages in each treatment.

Treatments

Clogged Emitter Number

E1l
E2
E3

C1S1

o o0 o o0 o0 1 1 1 0 O 0 1 4

E1l
E2
E3

C152

E1l
E2
E3

C1S3

OO | RRO|lOOCO

_ W | =R =)o O OO

WW—L | O WO | O
N[ WWOoO|l OO
o
o]

N
N
N
N
N
N
N
N
N
(68}
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Table 4. Cont.

Treatments Clogged Emitter Number
E1l 0 1 3 3 6
C251 E2 1 2 2 5
E3 0 0 2 4
E1l 0 0 1 1 3 4 5
C252 E2 2 0 3 3 3 6
E3 0 2 5
E1l 0 0 0 0 1 4 3 8
C253 E2 0 1 3 3 9
E3 0 7
E1l 0 0 3 6 6
C3S1 E2  2(0.25) 8(0.5)
E3 1 4 7
E1l 0 2 5 10
C3S2 E2  0(0.25) 1(0.5) 1(0.75) 1 6(1.25)
E3  0(0.25) 4(0.5) 7(0.75)
E1 0 0 3 7 10
C353 E2 2(0.5) 8
E3 2 3 7

Note: 1. Items 3 to 20 in the table are the number of plugged emitters under different irrigation times under
the treatment; from left to right, from the first irrigation to the 19th irrigation; 2. The parentheses indicate that
the irrigation time is not in the order of the above. Because the high concentration of sediment causes the fast
blockage, which causes the blockage to occur within 2 h, and the irrigation times (2 h) cannot scientifically indicate
the rules. The values in the brackets are the values of irrigation times corresponding to the system running time
within 2 h. For example, 0 (0.25) indicates that the number of the clogged emitters is 0 at 30 min.

3.2. Physical Blockage Distribution
3.2.1. Whole Blockage Distribution

The emitter blockage is mainly characterized by the cross-section area decrease of the
channel and the settlement of solid particles in the channel. The analysis of the clogging
characteristics at different positions in different periods is helpful to establish the dynamic
process of particle accumulation effect in the flow passage. To analyze the clogging charac-
teristics and the influence of each factor on the emitter clogging, the Dra of drip irrigation
tapes was selected for analysis (Figure 4).

With the increase in irrigation times, the number of blocked emitters increased. The
higher the sediment concentration is, the larger the sediment particle size is, and the more
easily the tipper is blocked. When the emitter flow began to decrease significantly, the
emitter blockage began to occur, and the blockage locations of different emitters were
slightly different. E1 emitters are concentrated in the head and middle of the drip irrigation
tape. The blocked parts of the E2 were concentrated at the head and end of the drip
irrigation tape. The blockage of the E3 is mainly concentrated in the head.

Under the C3 treatments, the blockage usually occurred within the range of 10~40%
tape length from the head. However, when the sediment concentration is low, the blockage
usually occurred at the position of 10~60% pipe head. This is because the high sediment
concentration promotes the blockage to occur quickly. When the blockage develops rapidly,
the overall Dra of drip irrigation tape decreases relatively quickly, resulting in blockage,
while the middle emitter has not formed blockage. At the same time, the sediment entered
from the tape head and settled or discharged along with the drip irrigation tape, which
also means that it is more likely to accumulate a large amount of sediment and form the
blockage at the head. It can be seen from the figure that E2 and E3 were similar in their
blocked locations, mostly appearing at the head of the drip irrigation tape, while there was
a small amount at the end of the drip irrigation tape under E2 irrigation. The reason is that
under the same particle size, sediment settlement in the flow passage is mainly determined
by the flow velocity and sediment concentration. At the end of drip tape, the flow velocity
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Irrigation events

Irrigation events

is low, and the capacity of water-carrying sediment decreases, which increases the blockage
probability. The internal flow channel size of E1 was larger, which enhanced sand discharge
capacity. At the same time, due to the tubular structure of drip irrigation tape, there was
no great gradient difference in the flow rate, and the sediment concentration in the water
became the main factor affecting blockage. The sediment content in the head and middle
was higher than that in the end, so the blocked parts were concentrated in the head and
middle.

In terms of time scale, blockage of E1 occurred at the head initially, followed by the
middle, and finally at the end. Meanwhile, blockage of E2 starts from the head, then the
end, and finally the middle. Blockage of E3 first occurred at the head, and then a small
amount occurred at the end, which also proved the above reasons indirectly.
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Figure 4. Clogging distribution of drip irrigation tapes. (a) The distribution is the flow along the drip
irrigation tape 1. (b) The distribution is the flow along the drip irrigation tape 2. (c) The distribution
is the flow along the drip irrigation tape 3.

3.2.2. Local Blockage Distribution

After the irrigation test, all the emitters were dissected, the internal blockage was
observed and counted, and a camera (Canon PowerShot SX500IS, 16MP; Manufacturer:
Canon Branch, Shaanxi, China) was used to take photos of typically blocked emitters
(Figure 5). It can be seen from Figure 5 that there is sediment deposition and adhesion
in the flow passage, and the adhesion layer formed by white material can be seen on the
inner wall of the flow passage. E1 (Figure 5A) has a labyrinth flow channel as its main
internal structure. The blockage occurred mostly at the inlet of the flow channel, accounting
for 70-80% of all cases. Flow inlet structure with a certain length forms a narrow water
channel, and the flow velocity near the wall is low and the turbulence is insufficient, which
leads to solid adhesion in the inner surface. It can be seen that the flow velocity is high,
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the turbulence is violent, and the attachment layer is not suitable for development at the
corner, so there is less congestion here.

(a) E1 (c) E3

Figure 5. Clogging distribution of emitters. (a) The clogging distribution E1. (b) The clogging
distribution E2. (c) The clogging distribution E3.

For E2, the main internal structure includes two parts: an inlet fence and the labyrinth
channel. The blocked parts were concentrated at the fence and the head, as shown in
Figure 5b. Although the cross-section of the inlet fence did not form a long and narrow
passage, it still led to serious blockage because of the small cross-section size (0.33 mm).

E3 also includes a water fence and labyrinth channel structure, but blockage can be
seen at the head and corner of the flow passage after the inlet fence (Figure 5c). This is
because there was a low-speed area. According to Wei (2005), particulate matter is easy to
deposit and adhere in this area and causes flow channel blockage.

In conclusion, the blockages occurred in the smaller section and the low-speed area,
such as the narrow flow passage structure and the sharp corner of the section. These are
also the two problems that should be avoided in the design of the emitters.

3.3. Structure and Elemental Composition of Clogging Material
3.3.1. DW

Figure 6 shows the dry weight (DW) of blocked matter in the emitters when irriga-
tion finished under different treatments (under the same emitter irrigation treatments,
different water treatments had significant differences at o = 0.05). It can be seen from
Figure 6 that DW changed differently with different emitters. The dry weight is mainly
determined by the cross-sectional area of the channel, sand concentration, and gradation.
The cross-sectional area determines the maximum amount of sediment stored, the sand
concentration determines the clogging speed, and the gradation determines the clogging
structure. Overall, the DW of emitters was slightly different with the change of concentra-
tion. Under C2 treatment, the DW was 0.522 g, 0.849 g, and 0.786 g, respectively. This is
because the clogging speed is moderate under C2 treatment, which can not only quickly
form the blockage, but also ensure that the emitter would not be blocked completely before
the stable structure formation.

For E1, the DW of blocked matter under C1 treatment was the highest, which was
13.307 g, 13.731 g, and 10.809 g, respectively. This is due to the large cross-sectional area
of E1, which slows down the clogging process, and the silt in the flow passage could
form the blockage structure slowly and stably. For E3, which has a narrow cross-sectional
area and a long flow passage, the treatment with higher dry weight was concentrated in
lower concentration and higher concentration. This is because the clogging matter mainly
consists of aggregates and large sand produced by flocculation at the faster clogging rate. In
terms of gradation, the performance of the emitters was consistent, and the peak appeared
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in the S2 treatment. The reason is that only one particle size is shaped into a loosely
homogeneous accumulation structure easily. However, S2 included both large particle sand
(0.075-0.1 mm) and fine particle slit (0-0.054 mm), which were more inclined to form a
stable skeleton structure.
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Figure 6. Dry weight of clogging in emitters under different treatments. (a) Dry weight of clogging
in E1. (b) Dry weight of clogging in E2. (c) Dry weight of clogging in E3.

3.3.2. Surface Morphology

Figure 7 shows the surface morphology of clogging matter in the emitter obtained
by field-emission scanning electronic microscopy (FSEM). It can be seen that the surface
morphology of the blocked matter attached to the inner wall of the emitters was basically
similar and the surface of the blocked matter was distributed in scales. It was obvious
that irrigation events had a significant effect on the surface of the blocked matter. The
surface of the original blocked material was smooth, and only a local bulge appeared.
After the irrigation event, the local protrusion of the blocked material was higher than the
original state, indicating that the initial content of sediment particles in the irrigation water
source was high. The sediment was easy to precipitate, adsorb, and adhere to the medium
using microorganisms. As a result, the surface of the blocked material became rougher,
the bulge increased, and the surface structure of the blocked material became closer, with
fewer voids and more gullies. Moreover, the average thickness is thicker than that before
the irrigation event. Because the water contains nutrient salts, organic matter and a large
number of ions and the cations and anions in the water react chemically to form insoluble
precipitated materials.
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": (b) E1

(c) B2 o " (d) E3

Figure 7. Surface morphologies of the clogging matter. (a) Surface morphologies of the sand that has
not been irrigated. (b) Surface morphologies of the clogging matter in E1. (c) Surface morphologies
of the clogging matter in E2. (d) Surface morphologies of the clogging matter in E3.

3.3.3. Elements

To judge the composition of the clogging material reasonably, the elements in the
clogging material were further analyzed. Figure 8 shows the elemental composition under
different treatments obtained by EDS surface energy spectrum analysis. The water source
was Yangling tap water, which mainly contains Ca?*, K*, Mg?*, CO32~ and HSO,2~. The
PH value is between 7.3 and 9.5, which is neutral and slightly alkaline. Clogging material
elements were consistent under all treatments. The most abundant were O and Si because
the main input elements were quartz sand (5iO,). However, O and Si atomic ratios were
slightly larger than the quartz sand atomic ratio (2:1), and the silicate minerals that had a
larger atomic ratio may be generated (Figure 7). In the samples, except for E2, there were
more Ca, but P, Ca, and Mg in the other samples were less, which was speculated to be
caused by calcium and magnesium precipitates (CaCO3-O, CaCO3-R, and CaMgCOs3) and
phosphate (Cas(PO4)3(OH)) formed by the ions in tap water. More Ca in the sample of E2
came from calcium carbonate precipitation (CaCQOjz). The proportion of C element in the
three types of emitters is small, mainly as the composition of other precipitation and salt
minerals. A small number of other elements, such as N and C, were from tap water and
were used to form nitrate (R-NOj3) and copper salts (CuCO3). It is worth pointing out that
Pd and Pt, which belong to noble metals, are used as developing coatings for field-emission
scanning electron microscopy, and have no influence on the results.
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Figure 8. Elemental composition of clogging. The bars in the figure represent three repeated samples.
Wt (%) is the mass ratio of each element, and At (%) is the atomic ratio of each element.

4. Discussion

An experimental study was carried out on the emitter blockage in sand-water drip
irrigation. According to the results, the clogging characteristics are the combined results
of type, sand content, sand particle size, and gradation. The conclusion has been con-
firmed [31] that Dra fluctuates and decreases gradually around the rated flow. Among
three kinds of emitters, the emitter with a larger flow channel performs better, which is also
reflected in the study of Wu et al. [32], but with slight differences. They consider the year
demand, system costs, and carbon footprint and state that E2 and E3 are more appropriate
compared to E1. The reason is that using E1 would lead to excessive system investment
for single-season crops. However, considering the anti-clogging performance and sand
transport performance [33], emitters with larger flow channels may be more suitable for
crops requiring long-term or rotational planting.

Zhang et al. [12] studied the influence of sediment particles on the blockage and the
irrigation uniformity by continuous and intermittent irrigation and proved that the proba-
bility of sudden complete blockage was greater when the sediment content was within the
sensitive range. This result is consistent with this study that with the deterioration of the
water source, the emitters with the smaller cross-sectional areas are blocked quickly, and
the trend is short and sudden. Congestion characteristics can also be indicated in the single
emitter clogging. Low sediment concentration and large flow channel size would lead
to a decrease in the completely blocked emitters and an increase in the partially blocked
emitters [20]. Under the treatment of a water source with high sediment concentration, com-
plete blockage is more likely to occur, which is consistent with the blockage characteristics
of the smaller cross-sectional area.

For the large flow channel, the blockage position was usually distributed within
10~40% of the tape length from the tape head, and the decrease of the cross-sectional area
or sand concentration would lead to the blockage extending to 60% of the tape length. The
research results of Milstein and Feldlite [34] and Wu et al. [32] also show that according
to the types and flow channel shapes of drip irrigation tapes, the clogging extended from
the head or end to the middle gradually. The internal blockage mainly occurred in the
section with a small cross-sectional area and the low-speed zone where solid particles were
deposited and attached easily, such as the long and narrow channel [22] and the section
with an acute angle shape.

The surface morphology of clogging material is the overall embodiment of multiple
environmental factors. Multiple substances such as solid particles, organic matter, and
chemical precipitation in water sources are attached to the surface of blocked substances
through collision, flocculation, and biological adhesion (Paul et al., 2012) under hydrody-
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namic conditions [35]. The adsorption or capture of solid particles results in the formation
and development of membrane structures [36]. On the one hand, the water flow in the
flow passage transports substrate for the formation of the membrane structure. On the
other hand, the formed membrane sheds because of constant hydraulic shear force [37].
At the same time, the chemical reaction occurs gradually, the deposition and flocculated
aggregates attach to the inner wall of the flow channel, the roughness of the inner wall
increases, the collision characteristics of solid and inner wall change, and the adhesion of
particles and chemical precipitation intensify.

5. Conclusions

Based on the systematic study and observation of clogging characteristics, the structure
and element composition of the clogging material were analyzed. The results showed that
the clogging characteristics were related to the types, sand content, sand particle size, and
other factors. With the increase in sand concentration and particle size, the Dra and CU
decreased seriously during operation. With the increase of sand concentration, the number
of blocked emitters increased gradually and was more inclined to complete blockage.
However, at lower sand concentration, the ability to recover the fluctuation enhanced, the
probability of complete blockage decreased, and the blockage process were uniform and
slow. In addition, the blockage position of the three kinds of emitters was slightly different.
The blockage position of E1 appeared at the head and middle, and the internal blockage
usually occurred at the inlet. However, that of E2 and E3 concentrated on the head and
end, and their internal blockage usually occurred in the low-speed zone. The large-flow
emitters may be more suitable for crops requiring long-term or rotational planting. For
quarterly crops, the relationship between clogging resistance and system input cost should
be measured to determine the appropriate type of emitter. Finally, the internal clogging
material was the accumulation of sediment particles and various chemical precipitation.
The gradation treatment of mixing large and fine silt was more inclined to form a stable
blocking skeleton structure, which is not conducive to the prevention and control of the
blockage. It is suggested to take measures such as sedimentation and filtration to avoid
this situation.
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