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Abstract

:

The quartz sand filter medium used in micro-irrigation media filters has the disadvantages of short filtration cycle, surface filtration, and mining pollution. Selecting resources as new filter media is essential to improve the performance of the media filter and boost sustainable development. In this study, the traditional quartz sand filter medium and two new filter media were selected, and their corresponding filtration performances were comparatively studied. The influence of the type, particle size, and height of the filter medium on filtration performance was evaluated. The sediment content and distribution based on the size of particles in quartz sand, crushed glass, and glass bead filter layers was measured and analyzed. The hydraulic performance of different filter columns was analyzed. The results showed that for a given particle size, quartz sand exhibits the best sediment retention ability. This promoted the aggregation of small sediment particles into larger ones, whereas the crushed glass and bead glass filter layers promoted the splitting of large sediment particles into smaller ones, which enabled the reduction of blockage during the micro-irrigation process. The filtration rate of the quartz sand filter column exhibited the least fluctuation relative to crushed glass and glass bead filter media, and the pressure in each column exhibited a linear incremental change. In summary, glass microbeads are not suitable as filter material, crushed glass is suitable for general micro-irrigation systems, and quartz sand is suitable for micro-irrigation systems with elaborate filtration requirements. The findings of this study can provide theoretical guidance for the selection of the micro-irrigation filter material.
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1. Introduction


With the increasing instances of weather extremes and water scarcity [1,2], micro-irrigation has become more reliant on sandy water sources, particularly in the Yellow River irrigation areas in China, where sandy Yellow River water is used as a micro-irrigation source [3]. This inevitably leads to the problem of sediment clogging in the irrigator [4]. Because emitter clogging is one of the primary reasons for the failure of micro-irrigation systems [5], the use of filters to separate sediment and other impurities from water is essential for preventing the clogging of micro-irrigation systems [6]. Filter columns with three-dimensional pores have good impurity interception and are widely used as filters in micro-irrigation systems worldwide [7].



Quartz sand is primarily used as a filter medium in media filters; however, it is a mineral resource, and its mining and processing increases pollution [8], which is detrimental to the sustainable development of society. The surface of quartz sand particles is rough and acts as a filter layer that performs a surface filtration operation in a short time by adsorbing and intercepting sediment [9,10]. This can lead to a significant increase in pressure in the filter column in a short period of time and an increase in head loss in the micro-irrigation system, resulting in energy wastage [11,12]. Using renewable resources with smoother surfaces as filter media is an alternative that can reduce pollution and water loss [13].



Glass has a smooth surface that does not produce harmful substances, making it an environmentally friendly material and one of the best choices to replace the quartz sand filter medium. Recycled waste glass as glass filter medium [14] can contribute to the sustainable development of society. Several scholars have been investigating the use of glass filter media for water purification. Salzmann et al. [15] concluded that broken glass has a high potential for wastewater filtration. Soyer et al. [16] and Hunce et al. [17] reported that a broken glass filter medium produces less head loss, whereas Zhao et al. [18] explored the use of glass balls as a medium in micro-irrigation filters for sediment filtration. Bové et al. [19] compared the pressure losses during filtration using silica sand, crushed glass, and modified glass. Ramezanianpour et al. [20] concluded that the removal rate of broken glass for various elements in a septic tank was lower than that of quartz sand. These studies show that glass filter media exhibit good filtration performance in the treatment of polluted municipal water, septic water, and sandy water. The filtration performance of filter media is directly related to particle size and shape; however, there are no studies on the filtration performance of glass filter media on the basis of particle shapes.



Previous studies on the filtration performance of micro-irrigation media have focused on turbidity [21,22] and filtered water quality fractions, which have been used to measure the filtration performance of different media. However, it is known that turbidity is only a proxy parameter to indicate the particulate content in water, and it does not accurately reflect the concentration of sediment impurities in the filtered water [23]. The filtered water that has passed through a porous medium layer is clear; therefore, the accuracy of measuring the mass fraction in the filtered water requires discussion. By contrast, micro-irrigation places certain requirements on the concentration [24] and particle size [25,26] of the sediments in filtered water. The above indicators are not sufficient to evaluate the filtration performance of the filter medium; for this, the sediment concentration in water should be clarified and the sediment particle-size distribution in filtered water should be further analyzed. Therefore, to assess the performance of the glass filter medium when filtering sandy water, the performance indices must be updated.



Based on cited research by other authors and our detailed analysis of alternative options, this study employs the quartz sand filter medium as the reference medium and used glass with two different grain sizes as the filter medium. The filtration performance of the three types of filter media with different grain sizes was investigated using 0.4% sandy water. This provides a theoretical reference when selecting an appropriate type of filter medium, the particle size of the medium, and the height of the filter layer, according to the condition of the water, in practical applications.




2. Materials and Methods


2.1. Filtration Media


Three types of filter media were selected for this study: quartz sand, crushed glass, and glass beads (Figure 1), to represent conventional filter media, new filter media with regular and irregular shapes, and filter media with rough and smooth surfaces, respectively. In addition, each filter medium was separated into three particle-size ranges of 0.9–1.25, 1.25–1.6, and 1.6–2.0 mm using a vibrating screen to evaluate the effect of particle size on the filtration and hydraulic performances. Before filtration, all filter media were loaded into a column of a height of 40 cm. The size ranges 0.9–1.25, 1.25–1.6, and 1.6–2.0 mm of the quartz sand, crushed glass, and glass bead filter media were denoted as FC1, FC2, FC3, BC1, BC2, BC3, GC1, GC2, and GC3, respectively.




2.2. Experimental Setup


The experiment was conducted in the filtration laboratory at the Institute of Farmland Irrigation, Chinese Academy of Agricultural Sciences, Xinxiang City, Henan Province, China. The experimental setup is shown in Figure 2. The filter consisted of a plexiglass column of 19 cm diameter and 120 cm height. The hollow of the filter column was filled with filter material up to a height of 40 cm, and four filter caps were installed underneath. There were two water inlet channels in front of the filter; the clear water channel was connected to a reservoir with a capacity of 4.5 m3, and the sand injection channel was connected to a sand mixing tank with a capacity of 200 L. The water inlet channels were filled with water using pumps, and the rated water supply flow rates of the two pressurized pumps were 5 and 2 m3·h−1. A manual turbo butterfly valve was installed in front of the water inlet of the pumps to control the flow rate.




2.3. Sandy Water Configuration


Yellow River sediment was used in the sand mixing bucket with a mass fraction of 2% of sand water. The sediment, taken from the new magnetic irrigation canal section of the People’s Victory Canal, was dried, sieved, and prepared for use after drying. The BT-9300H laser particle-size distribution meter (0.1–716.0 µm) from Dandong Baxter was used to analyze the sieved sediment.




2.4. Filtration Steps


Before filtering the sandy water, clean water was introduced into the filter layer to wash it, after which the sand injection flow rate was adjusted to 0.4 m3/h and the water injection flow rate was 1.6 m3/h. The mass fraction of the water–sand mixture reached 0.4%, and the water flow rate in the filter column reached 0.02 m/s. In each test, the water was filtered for 30 min, the flow meter and pressure gauge recorded every 1 min, and the process was repeated three times for each filter material.



After the filtration ended, the filter was opened. The 40 cm filter medium was divided into four layers, each of 10 cm in height, which were recorded as H1 (−10–0 cm), H2 (−20–−10 cm), H3 (−30–−20 cm), and H4 (−40–−30 cm), and each layer of the filter medium was taken out in turn and put in a bucket for purification. Then, the filter medium was separated from the sandy muddy water using a sieve. After separation, 2000 mL of uniformly muddy water was dried to extract the sediment particles. The remaining water in the muddy water bucket was filtered using 600 × 600 mm medium-speed filter paper (pore sizes of 30–50 μm); the filter paper and beaker were dried and weighed separately before use.



After drying, the filter paper and beaker containing the sediment particles were removed from the oven and weighed. The particle sizes of the H1, H2, H3, and H4 layers of the nine-filter media were tested using the BT-9300H laser particle-size distribution meter (0.1–716.0 µm), and the percentage of sediment particles in each particle-size range was analyzed and compared with the particle-size distribution of the original Yellow River sediment.




2.5. Test Indices and Measurement Methods


	(1)

	
Sediment retention in the filter layer: The sediment retention quality of each of the four filter layers in the nine columns was assessed using the test method involving collecting, separating, and drying.




	(2)

	
Sediment retention uniformity: The uniformity of sediment retention in the filter layer was obtained by calculating the standard deviation of the sediment retention in the four filter layers of a single filter column.




	(3)

	
Particle-size distribution of the filter-layer sediment: A BT-9300H laser particle-size distribution meter (0.1–716.0 µm) was used to analyze the particle size of the sediment samples retained by the filter layer. The particle-size distributions of the sediments retained in the four filter layers of the nine columns were obtained.




	(4)

	
Pressure and flow rate: A pressure gauge and flow meter were arranged at the inlet and outlet of the filter model, respectively. Readings were recorded once every minute during the test to calculate and analyze the changes in the flow rate of different particle sizes as well as the changes in the pressure drop of the filtration system.









3. Results and Discussion


3.1. Quality Analysis of the Sediment Retained in the Filter Column


A single-factor variance analysis was conducted on the quality of the sediment with particles of different sizes, trapped by the filter columns. As shown in Table 1, the differences in the quality of the sediment trapped by each filter column and the particle sizes of the filter material were statistically significant (p < 0.05). The average sediment retention ratios of the 0.9–1.25, 1.25–1.6, and 1.6–2.0 mm filter columns were 94.04%, 81.40%, and 64.59%, respectively. The larger the size of the filter particle, the lower the sediment interception ratio. There was a significant difference between the interception ratios of the 0.90–1.25 and 1.60–2.00 mm filter columns. Therefore, in a micro-irrigation system with high water quality requirements, a filter material with a small pore size should be used.



The sediment retention ratios of the quartz sand, modified glass, and glass bead filter layers are shown in Figure 3. It is clear that within the same particle-size range, the interception ratio of quartz sand is the highest, followed by that of crushed glass, and the interception ratio of the microbead glass is the lowest. Quartz sand has an irregular shape and rough surface with many small pores, crushed glass has an irregular shape and smooth surface, and microbead glass has a spherical shape and smooth surface. Comparing the physical structures of the three filter materials, for the same size range of the filter material, an irregular shape and rough surface can enhance intercepting ability; spherical and smooth surfaces reduce the intercepting ability to a certain extent. Therefore, within the same size range, the intercepting ability of quartz sand is the strongest and that of the glass bead is the weakest. Thus, glass beads should be avoided in micro-irrigation systems with high water quality requirements.





 





Table 1. One-way ANOVA of sediment retention ratio of filter media with different particle sizes.






Table 1. One-way ANOVA of sediment retention ratio of filter media with different particle sizes.





	Medium Size (mm)
	0.90–1.25 (n = 3)
	1.25–1.60 (n = 3)
	1.60–2.00 (n = 3)
	F
	LSD





	Sediment retention ratio (%)
	94.04 ± 3.32
	81.40 ± 11.02
	64.59 ± 12.13
	7.026 *
	[0.9, 1.25] [1.6, 2.0]







Note: The data in the table are mean ± standard deviation; * indicates significant difference between different filter media at 0.05 level. F is the statistic of the F-test, which is the ratio of the sum of squared deviations to the degrees of freedom between and within groups. LSD represents the groups with significant differences tested by the least significant difference method.












3.2. Analysis of Sediment Uniformity of Filter Column Interception


The sediment distribution in each filter column is shown in Figure 4. The sediment retention ratio of the H1 filter layer was the highest in the same column. The sediment retention ratios of the H2, H3, and H4 filter layers decreased with the depth of the filter layer. For example, the sediment retention rates of the H1–H4 filter layers are 97.87%, 0.80%, 0.72%, and 0.61% in the FC1 column and 44.85%, 23.72%, 15.72%, and 15.71% in the GC3 column, respectively. Based on the ANOVA of the three factors (types, particle size, and the depth of layers) of trapped sediment quantity, it can be seen that for the significance of variable hierarchy F test (p < 0.001), the depth of layers has a significant effect on sediment quality, and there is a major effect. According to the analysis, for a filter column with strong pollution interception capacity, such as FC1, the filter layer thickness should be reduced based on the actual situation to save resources. For a filter material with a weak pollution interception capacity, such as GC1, the thickness of the filter layer should be increased to ensure that the water quality after filtration meets the set standards.



For the FC2, BC2, and GC2 filter columns, the standard deviations of the sediment interception ratios for the H1–H4 filter layers were 155.80, 127.29, and 97.94, respectively. For filter columns with the same particle-size range, the surface filtration phenomenon of the quartz sand filter column was the most significant, that of the crushed glass filter column was reduced, and sediment distribution in the glass beads column was the most uniform. The analysis showed that the bending channel of the quartz sand unit was the longest within the same grain-size range. For the same porosity, the migration space of a quartz sand filter is narrower than that of other types of filters, even if they have the same porosity, because quartz sand particles have more microscopic pores, which allows them to adsorb more sediment. This increased adsorption capacity makes the possibility of filter clogging or “jamming” more likely.



In a microbead glass filter layer with a regular shape and smooth surface, the sediment can be carried by water to a deeper level, and the filter column as a whole can perform the filtering function. Therefore, to improve the overall efficiency of the filter column, in case the filtered water quality of each medium can meet the requirements of micro-irrigation, a medium with a smooth surface should be prioritized as the filter material.



The standard deviation of the sediment retention ratios of the BC1, BC2, and BC3 filter columns are 144.98, 127.29, and 54.83, respectively. It is found that for the same type of filter column, the larger the particle size of the medium, the more evenly distributed the sediment in the filter column. Media filters are automatically back-washed by setting a pressure difference between the upper and lower parts of the filter columns [27]. However, the surface filter blocks the upper filter material in a short time, increases the pressure difference in the filter column, and significantly limits the overall filtration efficiency of the column. Therefore, to prolong the filtration period to ensure water quality after filtration, it is preferable to select a larger size range of filter medium.




3.3. Analysis of the Sediment Mass Fraction in Water after Filtration


In the water quality requirements section of the China Technical Standards for Micro-Irrigation (2020), an evaluation of emitter plugging showed that the risk of emitter plugging was low when the concentration of suspended solids in the filtered water was below 50 mg/L; for concentrations above 100 mg/L, the risk was high. Figure 5 shows the variation in the sediment concentration in the filtered water with the depth of the filter layer in the nine columns. The value of 50 mg/L is the upper limit of the suspended solid concentration to ensure a low risk of irrigator clogging (SI), and 100 mg/L is the lower limit for the suspended solid concentration to ensure a medium risk of irrigator clogging (SH). The medium risk of irrigator clogging is between SI and SH. The ideal filtration medium should give full play to the filtration potential of each layer of media, so that the concentration of filtered water gradually decreases along the filter layer, and when the filtered water reaches the filter outlet, the impurity concentration and particle size of the water meet the water quality requirements of micro-irrigation.



As shown in Figure 5, at a filtration speed of 0.02 m/s and a muddy water mass fraction of 0.4%, the filtered water–sand concentrations of FC1 and FC2 are always lower than SI for each filtration layer height range, FC3 is lower than SI in the −30–−20 cm filtration layer height range, and BC1 is lower than SI in the −30–−20 cm filtration layer height range. BC2 is always in the medium-risk-of-blockage zone, whereas BC3, GC1, GC2, and GC3 are always in the high-risk-of-blockage zone.



A suitable filter-layer thickness can save resources [28]. According to the experimental results, when the FC1, FC2, FC3, and BC1 columns of 10, 10, 30, and 30 cm height, respectively, were used for filtration, the particle concentrations of the filtered water and sediment were less than 50 mg/L, which met the requirements of suspended solid concentration for micro-irrigation. According to the trend of decreasing sediment content with the thickening of the filter layer, the BC2, BC3, GC1, GC2, and GC3 filter columns still require a thicker filter layer so that the filtered water quality can meet the standards of water quality for micro-irrigation. In practical application scenarios, in order to ensure the filtration accuracy, some manufacturers often fill the sand filter with a thickness of more than 50 cm, and some manufacturers often use a thickness of about 25 cm filter medium in order to reduce the cost. In the actual application process, the specific filling thickness should be determined according to the water source, the type of filter medium, the medium particle size, and the operating conditions.




3.4. Analysis of Sediment Particle Size in Filter Layers


According to the particle-size classification standard of the United States Department of Agriculture [13], the classification of particle sizes of sediment particles is defined as follows: clay, d ≤ 2 µm; powder, 2 µm < d ≤ 50 µm; fine sand, 50 µm < d ≤ 250 µm; medium sand, 250 µm < d ≤ 500 µm; and coarse sand, 500 µm < d ≤ 1000 µm.



As shown in Figure 6, the particle-size distribution of sediment trapped by filter columns can be obtained. It is observed that for the same particle sizes of medium quartz sand and modified glass, the proportions of clay and powder increase with the depth of the filter layer, whereas the proportions of fine, medium, and coarse sands decrease. However, the distribution of the sediment particles in the microbead glass filter column was insignificant. Several domestic and international studies [29,30] have focused on the impurities blocking micro-irrigation systems and found that the larger the particle size of the impurities, the more likely it is that a blockage will occur. Therefore, comparing the sediment particle-size distributions of the three filter columns, the sediment particle size of the water filtered through the quartz sand and crushed glass filter columns is smaller, which offers a greater advantage during filtration.



For the same type of filter column, with the increase in filter particle sizes, the pore diameter of the corresponding filter layer increases, the existence of surface pores can be extended, and larger particles of sediment can pass through pores in the filter layer. Thus, the increase in filter particle size increases the filter-layer size, which is the predominant nature of the filter material of the porous medium [31,32]. Based on the ANOVA of three factors (species, particle size, and the depth of layers) for the trapped sediment clay (0~2 µm), silt (2~50 µm), fine sand (50~250 µm), medium sand (250~500 µm), and coarse sand (500~1000 µm), respectively, it can be seen that, the particle size of the filter material has a significant effect on the distribution of clay, powder, fine sand, and medium sand, the level of the filter material has a significant effect on the fine sand and medium sand, and the type of the filter material has a significant effect on the distribution of medium sand. In practical applications, the relationship between the filter particle size and filter-layer thickness should be comprehensively considered to ensure that the impurities are evenly distributed in the filter column, the mass fraction of sediment in the filtered water is low, and the particle size is small.



Based on the above analysis, although the sediment is most evenly distributed in the glass bead filter column, the particle-size distribution pattern of sediment in this medium is chaotic. Therefore, it cannot effectively intercept the large sediment particles; in addition, the presence of larger size sediment particles in the filtered water causes emitter clogging, thus making it unsuitable for use in areas where the sandy water source has large sediment particles. However, crushed glass relieves the phenomenon of surface filtration and effectively intercepts large sediment particles in the lower filter layer, which is the ideal filter medium for general field micro-irrigation systems.




3.5. Analysis of the Particle Size of Sediment Deposited in the Filter Layers


The masses of clay, powder, fine, medium, and coarse sands in the sediment retained by each filter column are shown in Figure 7, where the straight line of the original soil represents the masses of impurities artificially added to the filtration system before the start of the experiment. The clay particle diagram in Figure 7 shows that the mass of the retained clay particles in the BC1, BC2, GC1, and GC2 columns increased to different degrees compared to the original soil, among which GC1 increased the most by 15.43 g. As observed in Figure 7b, the mass of the retained powder particles in columns BC1, BC2, BC3, GC1, and GC2 increased to different degrees compared to the original soil, among which BC1 and GC1 increased by 114.82 and 118.84 g, respectively. As observed in Figure 7c, the content of fine sand retained in each column was lower than that of the original soil. As seen in Figure 7, the content of medium and coarse sand retained in the quartz sand column increased to different degrees compared with the original soil, and the mass of the coarse and medium sand retained in the crushed glass and glass bead columns was much lower than that in the original soil. According to the above analysis, the quartz sand filter layer promoted the polymerization of small sediment particles into large ones, so the measured large particle impurities are more than the initial addition. And the crushed glass and glass bead filter layers promoted the fragmentation of large sediment particles into smaller ones, so that more small particles are measured than were initially added.



Based on these results, it is presumed that during filtration, sediment is transported downward under the pressure of water flowing through the pores and curved channels of the porous medium; the sediment particles appear to aggregate and split under the action of various stresses. In the quartz sand filter column, there were more small sediment particles that aggregated into larger sediment particles, and in the modified glass and glass bead columns, there were more large sediment particles that split into smaller sediment particles. Accordingly, it is concluded that the larger the sediment particle size, the higher the risk of clogging. Crushed glass filter and glass bead filter media are more suitable for use as filters in micro-irrigation systems.




3.6. Analysis of Filtration Hydraulic Performance


The variation in the flow rate in the filter column affects the filtration efficiency, and the analysis of the variation in the filtration velocity is key to evaluating the hydraulic performance of the filter [33]. A two-factor (type and particle size) ANOVA was carried out on the filtration flow rate, and it was found that both type and particle size had significant effects on the flow rate. The standard deviations in the filtration speeds in the entire filtration cycles of FC1, FC2, FC3, BC1, BC2, BC3, GC1, GC2, and GC3 were 9.04 × 10−5, 5.29 × 10−5, 3.20 × 10−5, 19.09 × 10−5, 11.42 × 10−5, 5.07 × 10−5, 26.83 × 10−5, 12.09 × 10−5, and 9.94 × 10−5 m3/s, respectively. Figure 8 shows that the fluctuation in the filtration rate decreases with time; the smaller the filter particle size, the more drastic the fluctuation. The quartz sand filter column showed the best hydraulic performance and a more stable flow rate in the filtration cycle compared with the other two materials; the glass bead filter column showed the greatest fluctuation in flow rate, the greatest decrease in filtration rate, and the most unstable flow field.



The speed at which the pressure rises in the filter column directly affects the head loss during the filtration period [34], and the pressure variation is another key indicator for evaluating the hydraulic performance of filtration [35,36,37]. A two-factor (type and particle size) variance analysis were conducted for filtration pressure, and it was found that both type and particle size had significant influence on pressure variation. During the filtration process, the pressure difference changed at the inlet and outlet of each filter column, as shown in Figure 9. As shown in Figure 9, the larger the particle size for a given filter medium, the slower the pressure increase, and the stronger the clogging resistance of the filter layer. The coefficient of determination, R2, and the slope of the linear fit of the pressure change with time, K, for each filter column within a 95% confidence interval are listed in Table 2. As seen in Table 3, the pressure change of each column linearly increased during the filtration process; the modified glass pressure increased the fastest, and the glass bead pressure changed the least in the particle-size range of 0.90–1.25 mm; the quartz sand pressure increased the fastest, and the glass bead pressure changed the least in the particle-size range of 1.25–2.0 mm. Evidently, the more uniform the distribution of impurities in the filter column, the slower the increase in pressure. In other words, the smoother the surface of the filter material and the more regular the shape, the slower the increase in pressure.



The head loss of the filter usually accounts for more than 40% of the total head loss of the micro-irrigation system [38], and the energy consumption is high. Therefore, to meet the standard for filtered water quality, increasing the filter media particle size and replacing the traditional filter medium with a glass medium can extend the filtration cycle, reduce the filter backwashing frequency, and promote energy and water savings in micro-irrigation.




3.7. Evaluation of the Filtration Performance of Different Filter Media


The definition of the level of good filtering performance is fuzzy and is often not sufficiently accurate to evaluate the filtering performance using only a certain index. According to the results discussed in Section 3.1, Section 3.2, Section 3.3, Section 3.4, Section 3.5 and Section 3.6, filtration performance is related to the sediment retention rate of the filter column, the uniformity of the distribution of sediment in the filter column, the concentration of sediment in the water after filtration, the distribution and transformation of sediment particle size in the filter layer, and the change in filtration velocity and pressure. However, there are significant differences in the above indices for the different types of filter materials and different particle sizes. Therefore, the fuzzy comprehensive evaluation method (FCEM) was used to evaluate the filtration performance of the six filter materials of different sizes and types, except for glass beads. According to the factors influencing filtration performance, the evaluation indices were divided into five categories: uniformity of sediment distribution, particle-size transformation of the filter layer, hydraulic performance, sediment retention rate of the filter column, and environmental protection characteristics of the medium. In this study, the fuzzy approach in FCEM comprised the following steps:



Step 1: Construct object sets. X = {x1, x2, x3, x4, x5, x6} = {FC1, FC2, FC3, BC1, BC2, BC3}



Step 2: Provide factor sets. U = {U1, U2, U3, U4, U5} = {uniformity of sediment distribution, particle-size transformation of the filter layer, hydraulic performance, sediment retention rate of the filter column, environmental protection of the medium}.



Step 3: Create membership function.



(1) Uniformity of sediment distribution VU1



The maximum standard deviation of sediment mass distribution in the four filter layers in each filter column was 164.38, and the minimum was 54.83.


    V   U 1   =       1 ,     x < 54.83                       164.38 − x   109.55   ,     54.83 < x   ≤   164.38       0 ,     x ≥ 164.38        



(1)







(2) Hydraulic performance VU3



The maximum pressure increase rate of the filter column was 3.97 × 10−3, and the minimum was 0.43 × 10−3.


    V   U 3   =       1 ,       x   1000   ≤   0.4         3.97 − 1000 x   3.54   ,     0.43 <   x   1000   ≤   3.97       0 ,       x   1000   > 3.97        



(2)







(3) Filter-column sediment retention rate VU4



The maximum sediment mass of the filter column was 388.31 g, and the minimum sediment mass was 276.3 g.


    V   U 4   =       1 ,     x ≥ 388.31                     x − 276.3   112.01   ,     276.3 < x ≤   388.31       0 ,     x < 276.3        



(3)







(4) As for the VU2 index of the particle-size transformation of the filter layer, the sediment in both the quartz sand and broken glass filter columns showed a trend of decreasing particle size with the deepening of the filter layer. According to the different materials and particle sizes, different membership degrees were assigned to the six filter materials according to the subjective weight method.



(5) Considering the environmental protection index VU5, because the glass material can be recycled indefinitely and quartz sand is a mineral resource, much pollution results; therefore, based on the subjective weight, the six types of filter media were assigned different environmental protection indices. The evaluation of each filter material factor is shown in Table 3.



The following evaluation matrix is determined based on the contents of Table 3:


  R =      0   0.08   0.41   0.18   0.34   1     1   0.9   0.8   0.8   0.70   0.6     0.16   0.31   0.8   0   0.53   1     1   0.91   0.77   0.76   0.56   0     0   0.1   0.2   0.8   0.9   1       











Step 4: Weight vector.



Based on several of the main filtration performance parameters tested in this study, the weight coefficients of the filtration performance indices were determined as follows:


A = (a1, a2, a3, a4, a5) = (0.1, 0.1, 0.2, 0.4, 0.2).











Step 5: Establish the object set.



The object set can be expressed by multiplying the index weight set by the factor evaluation matrix, as shown in Equation (4).


B = AR = (0.532, 0.523, 0.588, 0.601, 0.633, 0.560)



(4)







Evidently, BC2 has the best filtering performance, followed by BC1, BC3, FC3, and FC1, whereas FC2 has the worst performance. When considering the aforementioned five factors, the filter performance of broken glass filter material is better than that of quartz sand filter material.





 





Table 3. Membership degree of evaluation indices.






Table 3. Membership degree of evaluation indices.





	Membership
	FC1
	FC2
	FC3
	BC1
	BC2
	BC3





	VU1
	0.00
	0.08
	0.41
	0.18
	0.34
	1.00



	VU2
	1.00
	0.90
	0.80
	0.80
	0.70
	0.60



	VU3
	0.16
	0.31
	0.80
	0.00
	0.53
	1.00



	VU4
	1.00
	0.91
	0.77
	0.76
	0.56
	0.00



	VU5
	0.00
	0.10
	0.2
	0.80
	0.90
	1.00










4. Conclusions


The primary purpose of this study was to evaluate the filtration performance of different filtration media for micro-irrigation filters and explore their respective mechanisms. Filtration tests were performed on three types of filtration media—quartz sand, crushed glass, and glass beads—using an independent innovative test device. The following conclusions were drawn from the analysis of the physical parameters and experimental results of the porous media:



① The surface layer of the quartz sand filter column exhibited the most severe filtration phenomenon, and the distribution of sediment quality in each layer of the microbead glass filter column was the most uniform.



② The filter thicknesses of the BC2, BC3, GC1, GC2, and GC3 filter columns must be increased to ensure that the filtered water meets the requirements of micro-irrigation in terms of water quality.



③ In the quartz sand and crushed glass filter columns, the lower the filter layer, the finer the sediment particles trapped by the filter layer. The distribution of sediment particles in each filter layer of glass beads was not obvious; therefore, they were not suitable for use as a filter medium.



④ The quartz sand filter layer promoted the polymerization of small sediment particles into large ones, and the crushed glass and glass bead filter layers promoted the fragmentation of large sediment particles into smaller ones.



⑤ The fluctuation in the filtration velocity of the quartz sand filter column was the least, and the fluctuation of the filtration velocity of the microbead glass filter column was the greatest. The pressure changes in each filter column increased linearly, and the pressure changes in the column with glass beads were the lowest.



Compared with traditional quartz sand filter materials, glass can alleviate the surface filtration phenomenon, promote the uniform distribution of sediment in the filter column, trap large sediment particles, promote the separation of large sediment particles into smaller sediment particles, and reduce the risk of blockage in micro-irrigation systems. In addition, the pressure of the crushed glass filter column slowly increases. It has good hydraulic performance and is suitable for the filtration of agricultural micro-irrigation water in areas with sand-bearing water sources. The quartz sand filter material has a strong purification capacity and is suitable for meeting the fine water quality requirements of micro-irrigation systems. However, the glass bead filter medium is not suitable for micro-irrigation.



Finally, it is worth mentioning that this study mainly investigated the sediment filtration performance of the filter material. However, for ordinary micro-irrigation systems, the long-term application of filter media may cause different degrees of wear, resulting in changes in media porosity and other parameters, and can yield varied filtration performances. Therefore, it is necessary to further study the long-term filtration performance of filter media under different wear conditions.
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Figure 1. (a) Quartz sand. (b) Crushed glass. (c) Glass beads. 
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Figure 2. (a) Layout of the equipment. (b) Picture of the equipment. 
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Figure 3. Distribution of sediment quality retained by the different filter columns (the error lines are SE). 






Figure 3. Distribution of sediment quality retained by the different filter columns (the error lines are SE).



[image: Sustainability 16 03256 g003]







[image: Sustainability 16 03256 g004] 





Figure 4. Sediment retention quality of each filter layer in the different filter columns (the error lines are SE). 
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Figure 5. Variation in concentration of filtered water and sediment with the depth of filter layer (the error lines are SE). (a) Changes in water quality after filtration with quartz sand filter layer. (b) Changes in water quality after filtration with crushed glass filter layer. (c) Changes in water quality after filtration with glass bead filter layer. 






Figure 5. Variation in concentration of filtered water and sediment with the depth of filter layer (the error lines are SE). (a) Changes in water quality after filtration with quartz sand filter layer. (b) Changes in water quality after filtration with crushed glass filter layer. (c) Changes in water quality after filtration with glass bead filter layer.
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Figure 6. Grain-size distribution of trapped sediment in filter layers with different grain-size ranges (the error lines are SE). (a) Sediment particle-size distribution in each filter layer of a filter column for the particle-size range of 0.90–1.25 mm. (b) Sediment particle-size distribution in each filter layer of a filter column for the particle-size range of 1.25–1.60 mm. (c) Sediment particle-size distribution in each filter layer of a filter column for the particle-size range of 1.60–2.00 mm. 






Figure 6. Grain-size distribution of trapped sediment in filter layers with different grain-size ranges (the error lines are SE). (a) Sediment particle-size distribution in each filter layer of a filter column for the particle-size range of 0.90–1.25 mm. (b) Sediment particle-size distribution in each filter layer of a filter column for the particle-size range of 1.25–1.60 mm. (c) Sediment particle-size distribution in each filter layer of a filter column for the particle-size range of 1.60–2.00 mm.
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Figure 7. Quality of sediment retained by filter columns with different particle sizes; the error lines are SE. (a) Quality of clay particles trapped by different filter columns. (b) Quality of intercepted powder in different filter columns. (c) Quality of fine sand retained by different filter columns. (d) Quality of medium sand retained in different filter columns. (e) Quality of coarse sand retained by different filter columns. 
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Figure 8. (a) Changes in filtration rate of quartz sand filter column. (b) Changes in filtration rate of crushed glass filter column. (c) Changes in filtration rate of glass microbead filter column. 
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Figure 9. (a) Pressure variation of quartz sand filter column. (b) Pressure variation of crushed glass filter column. (c) Pressure variation of glass microbead filter column. 
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Table 2. Linear fitting parameters for each filter column pressure variation with time.
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	Filter-Column Type
	FC1
	BC1
	GC1
	FC2
	BC2
	GC2
	FC3
	BC3
	GC3





	R2
	0.9844
	0.9816
	0.9826
	0.984
	0.9855
	0.9539
	0.9665
	0.9653
	0.9596



	K (×10−3)
	3.39
	3.97
	3.28
	2.86
	2.1
	1.74
	1.15
	0.43
	0.67
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