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Abstract

:

The sand media filter is a crucial component of micro-irrigation filtration systems. Investigating the effects of various factors on filtration performance and the migration patterns of sediment particles within the filter can enhance the healthy operation of sand media filters. This study, based on a sand media filter model, conducts indoor hydraulic experiments, selecting different experimental factors and observation indices for research under varying conditions. Results indicate that filter thickness and raw water concentration are positively correlated with the turbidity of filtered water samples, while changes in filtration rate have no obvious impact on turbidity. When filter thickness is large, particle content differs obviously from other filter thicknesses, and the effect of raw water concentration changes on particle content is similar to that of filter thickness changes. Sediment particle size distribution within the filter layer is primarily concentrated in the upper region. By focusing on the area situated 20 cm below the filter layer surface, the sediment retention rate reached 80% or higher at a depth of 20 cm below the filter layer surface. As the depth of the filter layer increases, the sediment retention characteristics show a decreasing trend for larger particle sizes and an increasing trend for smaller particle sizes. Head loss is positively correlated with filtration rate, raw water concentrations, and filter thickness changes. It is suggested that, when meeting micro-irrigation water quality requirements, the filter material particle size can be appropriately increased to improve filtration efficiency and reduce energy consumption. These research findings are highly significant for sand media filter material selection and working condition design.
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1. Introduction


Micro-irrigation is widely used around the world on the basis of its high irrigation water utilization and low energy consumption, and it also improves crop quality and yields [1]. However, this economic and environmental potential can be put at risk by inadequate treatment of the water used. The flow channel of the emitter is very narrow, and it is easily blocked by impurities such as sediment particles and organic matter in the water, which affects the hydraulic performance of the system and the uniformity of irrigation [2,3,4,5]. Filtration is essential for the successful operation of micro-irrigation systems because it helps prevent emitter clogging caused by organic and inorganic particulate matter [6]. Sand media filters are widely used in different irrigation water treatment methods, based on their high efficiency in filtering organic matter and algae [7]. The main factors in micro-irrigation system clogging caused by suspended solid particles include sediment, clay, organic matter, and mineral particles; the sand media filter performs well in filtering suspended solid particles [8,9]. The three-dimensional pores formed by the sand media filter layer are conducive to the interception of impurities, and they have the advantages of a strong pollution absorption capacity and easy automatic backwash [10,11,12,13]. At the same time, the problem of large head loss with sand media filters has plagued producers and users [14]. The main factor affecting the filtration efficiency and head loss of sand media filters is the condition of the filter layer, filter cap, backwash valve, water distributor, and other components [15,16].



Large head loss has always been a disadvantage of gravel filter applications, and it is important to study how to reduce head loss during the operation of sand media filters for the popularization and application of micro-irrigation technology. Some scholars carry out physical modeling experimental research and believe that a pressure drop in sand media filters is mainly generated when water flows through the internal structure and filter layer [17]. There are obvious differences in the flow resistance characteristics and filter layer surface displacement under different water separators, and changing the water separator structure can produce vortices and tangential flow on the filter layer surface, which can improve the uniformity of water flow distribution on the filter layer surface. Based on the experimental results, combined with the CFD method to simulate the influence of a filter cap on the distribution of the surrounding flow field law to determine the optimization direction of the filter cap structure, a new type of filter cap has been designed to reduce the head loss [18,19]. Mesquita et al. analyzed the impact of different filter caps, water distributors, and filter layer configuration parameters on cleaning pressure drops in agricultural filters [20]. Pujol et al. analyzed the influence of the number and location of filter seams on the filtration performance of the filter cap, using an actual experimental model [21]. These predecessors have done a lot of research on the influence of the water separator, filter cap, and filter layer on the head loss of filters. There is limited research on the impact of sediment blockage within the filter layer on head loss, and this topic warrants further investigation. In the future, it is also of great significance to carry out a study of sediment blockage in the filter layer and head loss, which could provide a new research direction for the study of head loss.



Zhai Guoliang et al. used coal ash to prepare raw water and successively conducted model experiments on the effect of homogeneous filter media on the solid particle mass fraction and turbidity of coal ash water. The study found that the impurity removal ratio was negatively correlated with the filtration rate and positively correlated with the particle mass fraction of sand-containing water [22]. Analyzing the effect of sand media filters on filtering fly ash can provide a theoretical reference for sediment filtration research. Garcí a Nieto et al. conducted experiments on the changes in the turbidity, conductivity, dissolved oxygen, and other indicators of regenerated water after filtration using quartz sand media filter material. A prediction model of effluent quality was established using the Gaussian process regression method [23]. In order to study the filtration process of sand media filters, some scholars have combined porous media models with fractal theory models to construct the filtration performance function of quartz sand media filters and explored methods for the calculation of filtration rates and cleaning pressure drops [24]. Soyer et al. established the function of turbidity, particle interception, solid particle number, filtration efficiency index, and head loss over time, which has a better theoretical basis than other methods for evaluating the filtration effect [25]. Cui et al. analyzed the separation characteristics of particles deposited in porous media. The results show that adsorption and desorption phenomena existed simultaneously in the filter layer. Studying the desorption characteristics of particles is helpful in understanding the deep migration law of particles [26]. The aforementioned research has advanced the understanding of the hydraulic performance, filtration efficiency, and filtration mechanisms of sand medium filters. However, there is a scarcity of studies focusing on the transport and distribution characteristics of sediment in the filter layer. The development of a filtration performance model for sand medium filters under sediment conditions would further enrich the fundamental theoretical research in filtration.



Based on the above research results, the author believes that the sand media filter layer is a typical porous medium structure. The skeleton structure constructed by filter material particles is filled with tiny, interconnected pores of different shapes, forming a flow channel for gas, liquid, and impurity particles. In various fields, numerous investigations have been conducted to examine the transport and distribution of solid particles. However, the direct application of these research findings to the study of micro-irrigation sand media filters is challenging due to the substantial differences in raw water types, impurity particle size distributions, and porous media structural parameters across domains. Consequently, it has become increasingly crucial to conduct research focused on the transport of solid particles within sand media filters specifically under micro-irrigation conditions. This targeted approach will contribute to a better understanding of the underlying mechanisms and inform the development of effective strategies for optimizing filtration performance in micro-irrigation systems. This paper carries out experiments with the help of an indoor filter model, analyzes the impact of different experimental factors on the indicators of filtered water samples, and focuses on the study of sediment particles deposited inside the filter layer. At present, the sediment content and particle size distribution in the filter layer after filtration of the sand media filter are still unclear; by carrying out this experimental study, we can better grasp the sediment transport law and distribution characteristics in the filter layer, clarify the mechanism of the impact of different factors on the filtration performance, provide a reference for the mechanism study of the filtration process, and provide technical support for the operation of the sand media filter.




2. Materials and Methods


2.1. Equipment and Experimental Setup


The model experiment was conducted at the Water Saving Equipment Research and Development Center, Institute of Agricultural Irrigation, Chinese Academy of Agricultural Sciences. The filtration system adopted a variable frequency and constant pressure water supply method, with valves (South Asia Plastics Industry Co., Ltd., Taiwan, China) and electromagnetic flow meters (Hangzhou Meikong Automation Technology Co., Ltd., Hangzhou, China) installed on the pipeline for flow rate regulation and monitoring. The filter column model was proportionally scaled based on the sand media filter product, using a transparent organic glass column with inner diameter of 220 mm and height of 1200 mm (Xiamen Sanli Plastic Pipeline Co., Ltd., Xiamen, China) for easy observation of internal water flow and blocking conditions. The interior of the filter column was filled with uniform quartz sand media, and filter caps were installed at the bottom. The pressure-measuring hole was set on the side of the organic glass column to observe the internal head loss of the filter. The water separation plate was installed at the top of the filter chamber to prevent water flow from scouring the filter layer. Under the action of the water separation plate, sand-containing water entered the model, and filtered water flowed out through the filter cap. The supporting facilities for the experiment included frequency conversion cabinets (Delixi Electric Appliance Co., Ltd., Shanghai, China), paperless recorders (Hangzhou Liance Automation Technology Co., Ltd., Hangzhou, China), pressure sensors (Hangzhou Liance Automation Technology Co., Ltd., Hangzhou, China), etc. The overall layout of the model experiment is shown in Figure 1.




2.2. Experimental Design


Yellow River sediment was used to configure the raw water; sediment was taken from the New Magnetic Irrigation Canal section of the People’s Victory Canal in the Yellow River irrigation area Diversion Irrigation Area, and it was used after drying and screening. In practical applications, for water sources containing large-size sediment particles, centrifugal filters are usually selected for pretreatment, with sediment-containing water then entering a sand media filter for secondary filtration. Centrifugal filters are usually able to dispose of large particles above 150 μm, but large particles may still enter the sand media filter during the start and stop stages of the micro-irrigation system. Therefore, in this experiment, the selection of sediment was carried out by sampling multiple sections in the irrigation channel and mixing them. The range of sediment particle size was controlled below 350 μm; the particle size and volume percentage of the Yellow River sediment used are shown in Table 1. The main factors influencing filtration in the experiment included filter material particles, filter thickness, filtration rate, and raw water concentration. The level of the specific factors is shown in Table 2. We studied the variation pattern of effluent quality, controlled so that the particle size of filter material remained unchanged, and set different levels for other factors. Further, we studied the interception of sediment by the filter layer, controlled so that the filter thickness remained unchanged, and set different levels for other factors. Turbidity and particle content directly affect the clogging of emitters, and head loss directly determines the cost of filters. The turbidity and particle content of the filtered water samples, as well as model head loss, were measured.




2.3. Experimental Procedure


According to the experimental treatment procedure, filter material was placed in the organic glass column, and different concentrations of sand-containing water were configured in the sand-containing water tank. Then, water and sand were fully mixed using a mixer. The sand-containing water was pressurized with a submersible pump and made to enter the model. The filter cycle was determined by the head loss at the inlet and outlet of the model, and we observed the pressure sensor readings during the filter cycle. The filtered water sample was extracted from the downstream outlet pipeline of the model device at a sampling frequency of 2 min. To ensure reliable results, each treatment group was replicated three times, and the average of the repeated measurements was calculated to represent the performance of each treatment group in the subsequent data analysis. In order to analyze the sediment deposition characteristics inside the filter layer, it was necessary to conduct a stratified sampling of the filter layer. In this experiment, the surface of the filter layer was defined as 0 mm, and the bottom plate for installing the filter cap was −600 mm. The filter layer was divided into 6 sections along the direction of the filtered water flow, namely, P1 (0–100 mm), P2 (−100–200 mm), P3 (−200–300 mm), P4 (−300–400 mm), P5 (−400–500 mm), and P6 (−500–600 mm). The filter material containing sediment particles was poured into a barrel for cleaning. During the flushing process, the filter material was intercepted with a sieve, and the sediment entered the barrel. After separation was completed, 2000 mL of uniform muddy water was dried to extract sediment particles. The remaining water in the muddy bucket was filtered with medium-speed filter paper (filter holes of 30–50 μm); filter paper and beaker were dried before use.




2.4. Experimental Indicators and Methods


We used a turbidity meter to measure the turbidity of the filtered water samples. Considering the deposition of sediment over time, the time from sampling to measurement was controlled within 30 min, and each water sample was measured twice. The particle content was measured with the drying method, and the sediment concentration per unit volume of the filtered water samples was obtained. Pressure sensors were arranged at the inlet and outlet of the model, and the pressure was observed using a paperless recorder to analyze the head loss of the model. After the end of the filtration cycle, different filter layer sections were sampled. The sediment in the filter layer was obtained with the test method of taking, separating, and drying, and the amount of material intercepted by each filter layer section was measured. The BT-9300 H laser particle size distribution instrument (Dandong Baxter Instrument Co., Ltd., Dandong, China) was used to analyze the sediment intercepted by the filter layer and determine its particle size distribution characteristics.





3. Results


3.1. Influence of Different Factors on Turbidity


The variations in the turbidity of the filtered water samples over time under different filter thickness, raw water concentration, and filtration rate conditions are shown in Figure 2. From the figure, it can be seen that, when the raw water concentration and filter thickness were kept unchanged and the filtration rate was changed, the trends of the turbidity of the filtered water samples over time were similar, and the overall trend gradually increased. As the filtration rate increased, the difference in the turbidity changes of the water samples was not obvious. The change in filtration rate did not significantly affect the turbidity of the water samples filtered by the sand media filter, and it is believed that the influence of the filtration rate on turbidity is relatively weak. The turbidity of the filtered water samples showed a dynamic trend over time and fluctuated within a certain range. When the filtration rate and raw water concentration were fixed, the turbidity of the filtered water samples showed a decreasing trend as the filter thickness increased. The turbidity of the water samples with a filter thickness of 60 cm was significantly lower than that of the samples filtered using the other two filter layer thicknesses. When the filtration rate and filter thickness were kept unchanged, the turbidity of the filtered water samples fluctuated around a fixed value under different raw water concentration conditions, presenting a relatively stable state. The turbidity dispersion degree of each treatment was low, and the filtration process and effect of the sand media filter were relatively stable, as determined according to the turbidity index, which further verified the unique three-dimensional filtration process of the sand media filter. From the figure, it can be seen that, when the raw water concentration continued to increase, the turbidity of the filtered water samples showed an increasing trend; finally, it was found that the turbidity of the water samples was positively correlated with the raw water concentration.




3.2. Influence of Different Factors on Particle Content


The variations in particle content in water samples over time under different filter thickness, filtration rate, and raw water concentration conditions are shown in Figure 3. As shown in the figure, with an increase in filtration rate, there were no significant differences in particle content in the filtered water samples under different treatment conditions. The particle content in water samples showed dynamic changes over time and fluctuated within a certain range. By assuming the particle content in the filtered water samples as an indicator to evaluate the filtration effect, different filtration rates did not significantly impact the filtration effect, and changes in filtration rate had a weaker impact on particle content in the filtered water samples. When the raw water concentration and filtration rate were the same, as the filter thickness increased, the particle content showed dynamic change over time. The particle content in the water samples with a filter thickness of 60 cm showed an obvious difference compared with the samples filtered using the other two filter layer thicknesses, while the difference in particle content between the latter water samples was not obvious. When the raw water had a particle concentration of 0.8‰, the particle content in the filtered water samples was obviously higher than that under the other two raw water particle concentration conditions. When comparing the dispersion degree of particle content values in water samples under different treatment conditions, it was found that there was a significant difference in the standard deviation of particle content values in the filtered water samples as the raw water concentration increased. It is assumed that the more stable the particle content index of a filtered water sample is, the better the filtration effect is. It was determined that the filtration effect was significantly different with an increase in raw water concentration.




3.3. Analysis of Sediment Quantity Deposition in Filter Layer


The results of the interception of sediment by the filter layer under different conditions are shown in Table 3. From the table, it can be seen that the distribution trends of cumulative sediment interception are the same. Sediment was mainly distributed in the upper half of the filter layer, concentrated 20 cm below the surface of the filter layer, and the amount of sediment interception in the lower part of the filter layer was relatively small. It was found that the smaller the particle size of the filter material, the smaller the amount of sediment deposited in the filter layer; the interception of sediment mainly occurred in the surface filter material, which usually refers to 10 cm below the surface of the filter layer, indicating that this study is consistent with previous research on surface filtration [27]. As the particle size of the filter material increased, the mass distribution of sediment particles in the filter layer changed, and more sediment migrated along the filter layer towards the bottom layer. According to Table 3, under the same filtration rate conditions, as the particle size of the filter material continued to increase, the cumulative sediment retention showed a gradually decreasing trend, but the decrease was not obvious. The research found that the retention rate reached 80% or higher at a depth of 20 cm below the filter layer surface, and when the filter material particle was 1.0 mm, it was over 98%. As the filtration rate increased, 93% of the sediment was retained 10 cm below the surface of the filter layer. It is believed that the smaller the filter material particle is, the higher the filtration rate is, and the more likely it is that the surface filtration phenomenon occurs. The cumulative pollutant amount intercepted by the filter layer was above 340 g, and the difference was not obvious. It is believed that filter material particle size and filtration rate have little impact on the interception by the filter layer.




3.4. Analysis of Sediment Particle Size Distribution in Filter Layer


In order to analyze the distribution characteristics of intercepted particles in the filter layer, we referred to the sediment particle size classification standard formulated by the United States Department of Agriculture (USDA): clay particles (d ≤ 2 μm), powder particles (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 ≤ 2000 μm) [28]. None of the sediment particles used in this test were coarse sand, so only the remaining four types of particles were analyzed. The distributions of sediment particle sizes in the filter layer under different filter particle size conditions are shown in Figure 4. From the figure, it can be seen that the particle size distribution trend of sediment in the upper half of the filter layer was the same as that of raw water, with the highest content of fine sand, medium content of medium sand and powder particles, and the lowest content of clay particles. As the depth of the filter layer increased, the distribution of sediment particle sizes changed: the content of fine sand gradually decreased, and the content of powder particles gradually increased, while the content of medium-sized sand did not change. As the depth of the filter layer increased, the characteristics of the intercepted sediment showed an increasing trend for large-sized sediment, a decreasing trend for small-sized sediment, and an increase in the content of powder particles and fine sand. The sediment distribution trends at the same depth under different filter particle size conditions were relatively similar to each other, but the sediment distributions were quite different at different depths of the filter layer. Under the condition of the same filter particle size, the distributions of sediment particle sizes in the filter layer are shown in Figure 5. From the figure, it can be seen that the particle size distributions of different filter layer sections with the same particle size are compared: the greater the depth of the filter layer section was, the lower the contents of fine sand and medium sand were, and the higher the content of powder particles was; the change in clay content was not obvious.




3.5. Influence of Different Factors on Head Loss


The variations in head loss with filtration rate under different raw water concentration conditions are shown in Figure 6. As shown in the figure, the trends of head loss changes under different filter thicknesses were similar. As the filtration rate increased, head loss showed an increasing trend, indicating that there was a positive correlation between filtration rate and head loss. Under the same filter thickness and filtration rate conditions, as the raw water concentration decreased, head loss also decreased. The raw water concentration was positively correlated with head loss, as head loss was obviously reduced when the raw water concentration was 0.3‰ compared with when it was 0.8‰. When raw water concentration and filtration rate were fixed, as the filter thickness gradually increased, head loss just showed a corresponding increasing trend. When the filter thickness and filtration rate were fixed, it was observed that, as the raw water concentration increased, head loss gradually increased.





4. Discussion


1. As the thickness of the filter layer increases, the sand-containing water comes into contact with a larger amount of filter material throughout the filter layer, enhancing the interaction between the water and the filter material. The filter material effectively captures impurities through various filtration mechanisms, such as precipitation, pore interception, and adsorption on its surface. Consequently, the turbidity of the filtered water sample is considerably reduced compared to that of the raw water [29]. Here, the turbidity dispersion degree of each treatment was low, and the filtration process and effect of the sand media filter were relatively stable, as determined according to the turbidity index, which further verified the unique three-dimensional filtration characteristics of the sand media filter used. When raw water concentration and filter thickness were kept unchanged, with the change in filtration rate, the amount of sand-containing water entering the filter layer increased per unit time. However, the filtration ability of the filter layer itself has its limitations, as the pores can become clogged or saturated with captured particles over time, and the difference in turbidity changes of the filtered water samples was small. Particles in the effluent are generally evaluated through an analysis of turbidity. Turbidity is the most common parameter used for monitoring particles; however, it is insensitive to particles in the size of a few microns, and does not provide information on the size and concentration of the individual particles in the water [30].



2. Filter thickness obviously influences particle content. Analysis shows that, as the thickness of the filter layer increases, a structurally robust pore structure is formed inside the filter layer, which increases the interception rate of sediment particles and effectively intercepts more sediment particles [31]. As a result, the particle content in the filtered water samples remains stable. A small filter thickness makes it difficult for a stable pore structure to form, and sediment undergoes uncertainty during transportation, making it easier for sediment to pass through the filter layer and increasing the content of particles in the final filtered water sample, a conclusion that is consistent with previous research results on turbidity. Solid particle content is less affected by the filtration rate, as this analysis showed that increasing the filtration rate did not accelerate the sediment passing through the filter layer. An increase in filtration rate represents an increase in flow velocity per unit cross section; however, as there is not a simple linear correlation between the two, the process of sediment transport through pores is complex. In water samples, temporal trends of particle content and turbidity exhibit variations. The author posits that, during the analysis of particles in filtered water samples, turbidity should not serve as the sole evaluation criterion. Instead, a comprehensive assessment should incorporate both turbidity and particle content. This approach ensures a more accurate evaluation of filtered water sample quality.



3. Enlarging the particle size of the filter material is advantageous, as it mitigates the surface filtration phenomenon, reduces head loss within the filter layer, and enhances the filtration rate. However, with an increase in filter material particle size, the migrated sediment particles gradually increase, and the feasibility of sediment penetrating the filter layer increases. This analysis showed that the larger the filter material particle size was, the larger the pore diameter of the filter layer was. Under the action of high-speed water flow, the movement activity of sediment particles increases, and they are more likely to migrate. This analysis shows that, when the filtration rate was large, sediment was easily deposited on the surface of the filter material in a short time. As sediment accumulates, sediment migration is hindered, and the filter layer filtration function is not fully utilized.



4. This analysis demonstrates that, as the particle size of the filter material increases, both the average pore diameter and the maximum pore diameter formed within the filter layer also experience an increase. After sediment passes through the surface of the filter layer, large-particle sediment can move along the pores of the filter material. Under the impact of high-speed water flow, the movement activity of sediment particles increases, and sediment moves to the bottom of the filter layer more easily. In the initial stage of filtration, the degree of clogging is relatively light, and most large-grained sediment particles move to the bottom of the filter layer. The phenomenon of surface filtration leads to an increase in filter head loss, and the lower part of the filter material is subjected to increasing extrusion pressure, with the pore diameter decreasing accordingly [32]. An increase in filter material particle size can alleviate the occurrence of surface filtration, but with the increase in migrating sediment particles, some of them flow out with the water. Surface filter material is first exposed to the sediment in muddy water, and small pores are gradually blocked by sediment, while large pores gradually become small pores. As time goes by, it becomes more difficult for large particles of sediment to break through the pores of the surface filter material [33,34].



5. This analysis demonstrates that the filtration capacity of unit volume filter material in sand media filters is limited. As the filtration rate increases, the filter layer experiences greater resistance due to the accumulation of sediment and particles within the pores and on the surface of the filter material. This increased resistance results in a corresponding rise in head loss, as the water has to overcome the additional challenges posed by the filter layer. As the filter thickness increases, the sediment-laden water needs to overcome the larger pore resistance and surface tension of the filter material through the filter layer. This increased challenge contributes to greater head loss as the water passes through the filter layer. The analysis indicates that an increase in raw water concentration leads to a higher filtration load per unit volume of the filter layer during the initial stage of filtration. As the water’s sediment and particle concentration increases, the filter layer is required to intercept and adsorb a significant amount of contaminants through the filter media’s pores and surface within a limited time frame. This added strain on the filtration material contributes to a higher head loss, as the water must exert more effort to traverse the increasingly obstructed filter layer [35].



In this paper, by exploring the sediment mass distribution, particle size distribution, and head loss of the filter layer after filtration through filter media of different particle sizes, the deposition and migration rules of sediment in filter media were preliminarily analyzed, and some research conclusions were obtained. The findings of this research have significant implications for optimizing filtration systems and enhancing their accuracy and backwash efficiency. By identifying the factors that influence sediment deposition and migration, it becomes possible to develop strategies for mitigating these effects and maintaining optimal filter performance. This, in turn, can lead to more efficient water treatment processes and improved water quality. However, the study acknowledges a limitation in its scope, as it did not take into account the raw water configuration of sediment deposition in different irrigation channels. This is an important factor to consider, as the characteristics of raw water can significantly influence the filtration process and the distribution of sediment within the filter layer. In future research, it would be beneficial to incorporate this variable and explore its impact on sediment deposition and migration patterns.




5. Conclusions


1. The turbidity of the filtered water samples was negatively correlated with filter thickness and positively correlated with raw water concentration. The turbidity of the water samples showed a stable trend over time. As the filtration rate increased, the difference in the turbidity of the water samples over time was not obvious. Using turbidity as an indicator to evaluate filtration efficiency, we found that the filtration rate is not a key influencing factor.



2. A change in filtration rate had a weak influence on particle content in the water samples. By taking particle content as the evaluation index for the filtration effect, we found that the filtration rate is not the key influencing factor, which is consistent with conclusion 5.1. A change in filter layer thickness showed the same trend of influence on particle content in the water samples and showed that the particle content in the 30 cm filter layer was the largest. Under the condition of a raw water concentration of 0.8‰, the particle content in the water samples was obviously different from that obtained using other raw water concentrations.



3. The trends of the distribution of sediment intercepted by the filter layer under different filter particle size conditions were the same, with sediment being mainly distributed in the upper half of the filter layer. The smaller the particle size of the filter material was, the more easily the surface filtration phenomenon occurred. Filter material was more concentrated on the surface of the filter layer and failed to enter the interior of the filter layer. As the particle size of the filter material increased, the sediment that migrated to the bottom continuously increased. Filter material particle size and filtration rate had little effect on the interception of pollutants by the filter layer.



4. The distribution trend of retained sediment in the upper half of the filter layer was the same as that of the raw water particle size. With an increase in the depth of the filter layer, the content of fine sand and medium sand decreased, and the content of powder particles increased. The overall trend was that the content of large-particle-size sediment gradually increased, and the content of small-particle-size sediment gradually decreased. Head loss was positively correlated with filtration rate, raw water concentration, and filter thickness.
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Figure 1. Experimental device schematic. 
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Figure 2. The turbidity of water samples varies with time under different filtration rate, filter thickness, and raw water concentration conditions. 
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Figure 3. The content of water particle content with time under different filter thickness conditions, filtration rates, and filter thickness and raw water concentrations. 
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Figure 4. Distribution of sediment particle size in the filter layer under different filter material particle conditions. 
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Figure 5. Distribution of sediment particle size in the filter layer under the same filter material particle conditions. 






Figure 5. Distribution of sediment particle size in the filter layer under the same filter material particle conditions.



[image: Water 15 04303 g005]







[image: Water 15 04303 g006] 





Figure 6. Effects of different filter thickness and raw water concentrations on head loss. 
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Table 1. Volume percentage of Yellow River sediment with different particle sizes.
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	Particle Size/μm
	Interval/%
	Grand Total/%
	Particle Size/μm
	Interval/%
	Grand Total/%





	0.1~2.00
	3.10
	3.10
	117.1~145.10
	8.32
	84.82



	2.00~32.41
	9.16
	12.26
	145.1~161.50
	5.21
	90.03



	32.41~49.74
	19.55
	31.81
	161.5~200.06
	2.60
	92.63



	49.74~61.62
	10.68
	42.49
	200.0~249.83
	2.71
	95.34



	61.62~94.56
	24.08
	66.57
	249.83~307.00
	3.95
	99.29



	94.56~117.13
	9.93
	76.50
	307.0~341.69
	0.71
	100.00










 





Table 2. Experimental treatment factor.
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	Serial Number
	Filter Material Particle

(mm)
	Filtration Rate

(m.s−1)
	Raw Water Concentrations (‰)
	Filter Thickness

(cm)





	1
	1.0 mm
	0.030
	0.8‰
	60



	2
	1.5 mm
	0.022
	0.5‰
	40



	3
	2.0 mm
	0.017
	0.3‰
	30










 





Table 3. Sediment retention of filter layer.
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Depth

	
Particle Size (1.0 mm)

	
Particle Size (1.5 mm)

	
Particle Size (2.0 mm)




	
Mass Content (g)

	
Percentage (%)

	
Mass Content (g)

	
Percentage (%)

	
Mass Content (g)

	
Percentage (%)






	
Filtration rate (0.017 m/s)




	
10 cm

	
315.48 a

	
87.46%

	
287.14 a

	
81.59%

	
243.86 a

	
71.44%




	
20 cm

	
25.88 b

	
7.17%

	
32.97 b

	
9.37%

	
30.84 b

	
9.03%




	
30 cm

	
12.2 c

	
3.38%

	
15.86 b

	
4.51%

	
19.56 bc

	
5.73%




	
40 cm

	
3.78 c

	
1.05%

	
5.85 c

	
1.66%

	
20.87 c

	
6.11%




	
50 cm

	
3.15 c

	
0.87%

	
6.67 c

	
1.90%

	
18.32 c

	
5.37%




	
60 cm

	
0.24 c

	
0.07%

	
3.44 c

	
0.98%

	
7.89 c

	
2.31%




	
Accumulate

	
360.73

	
100.00%

	
351.93

	
100.00%

	
341.34

	
100.00%




	
Filtration rate (0.030 m/s)




	
10 cm

	
342.88 a

	
93.06%

	
305.68 a

	
84.13%

	
247.56 a

	
70.78%




	
20 cm

	
19.55 b

	
5.31%

	
28.33 b

	
7.80%

	
45.22 b

	
12.93%




	
30 cm

	
4.58 c

	
1.24%

	
17.48 bc

	
4.81%

	
30.81 bc

	
8.81%




	
40 cm

	
1.03 c

	
0.28%

	
5.14 c

	
1.41%

	
10.65 c

	
3.05%




	
50 cm

	
0.28 c

	
0.08%

	
3.74 c

	
1.03%

	
8.12 c

	
2.32%




	
60 cm

	
0.13 c

	
0.04%

	
2.99 c

	
0.82%

	
7.39 c

	
2.11%




	
Accumulate

	
368.45

	
100.00%

	
363.36

	
100.00%

	
349.75

	
100.00%








Note: Different letters in a column of data represent significant differences at the 0.05 level.
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