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Abstract

:

The backwash expansion rates and headloss evolution of single- and dual-media granular filters of Filtralite® expanded aluminosilicate clay were compared with fine and coarser sand, as well as anthracite. Filtralite is manufactured in Norway, Årnesvegen 1, N-2009 Nordby. Abbreviations used for Filtralite is; N = Normal density, H = High density, C = Crushed. Each material had different particle densities and grain size distributions. The scope of the investigation was narrow: a clean-bed test was executed once for each parameter on single samples. As temperature affects the viscosity of water, tests were carried out within two temperature ranges (13–17 °C and 21–26 °C), and the effect on the fluidization of the materials was observed. The trial established that although the three types of materials have different physical properties, the expansion behaviors generally correlate with the grain sizes and particle densities of the media. To reach the expansion target of 15%, sand 1.2–2.0 mm (particle density 2656 kg/m3) required a flow rate of 67 m/h, Filtralite HC 0.8–1.6 (1742 kg/m3) required 34 m/h, and anthracite 0.8–1.6 mm (1355 kg/m3) required 15 m/h. The headloss peaks that indicate fluidization were found to correspond with the onset of expansion with increasing flow rate. This was for the example observed by fluidization of 0.4–0.6 mm sand (particle density 2698 kg/m3) at 0.94 m/m, fluidization of Filtralite HC 0.5–1 (1873 kg/m3) at 0.46 m/m and anthracite 0.8–1.6 mm (1355 kg/m3) at 0.21 m/m. Tests of dual-media filters of two types of Filtralite, i.e., Mono Multi and Mono Multi Fine, were also included. The backwash column used for the experiment consisted of extruded acrylic pipes with digital pressure sensors, an electronic flowmeter, a stepless pump and a water cycling system. A laminar water flow was provided by a mesh and a diffusor fixed above a single nozzle. No air was used. The trial was comparative, and its purpose was to shed light on the required water flow rates needed to fully expand different materials, and hence indicate requirements for performing proper filter backwashes.
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1. Introduction


Granular filtration is a traditional water treatment step, and sand and anthracite are classical media, but alternative products are also used. For example, Filtralite, an expanded aluminosilicate clay, has been in use worldwide for more than 30 years [1].



Filtralite is made by the high temperature treatment (~1200 °C) of certain raw clays, and this results in strong and porous grains. This process allows control over physical properties, such as size and density. The filters can be further tailored by the crushing and sieving of the expanded grains into defined fractions. The crushing of the grains opens up the macroporous structure of the expanded clay, affects the sphericity-factor, and exposes a specific surface area (SSA) of up to 23 m2/g [2].



The large specific surface of Filtralite available for biofilm growth makes it an ideal carrier in biological treatment processes [3]. Testing of Filtralite NC 0.8–1.6 (through standard EN 1097–6, Annex E) shows a porosity of 62%, which is higher than sand or anthracite and provides extra storage capacity for suspended solids, which results in slower pressure build-ups during operations [4]. This trait makes Filtralite usable for direct filtration and coagulated water filtration processes [5].



When comparing filter run-times to reach terminal headloss, it has been found that expanded clays of 1.2 mm size can operate 2.3 times longer than anthracite, while expanded clays of 1.0 mm size or GAC (Granular Activated Carbon) can achieve 1.5 times longer filter run times than anthracite. When considering headloss development, the use of expanded clays such as Filtralite can extend overall filter runs two- to four-fold when compared with anthracite [6].



In relation to the durability of the materials, Phillip D. Davies analyzed results from different attrition tests, demonstrating that Filtralite material presents a volume loss 4.25 times lower than sand, 3 times lower than limestone and 5.5 times lower than slate [7].



By using expanded clays, increased production stability and longer production cycles could translate into potential savings in terms of lower energy and water requirements with respect to filter operations [8]. For each treatment plant, the backwashing processes has to be understood independently before applying a new filter. The data from clean-bed backwashing with novel materials such as Filtralite should be available as performance indicators prior to full-scale testing. The objectives of this trial were to show how grain size and particle densities can affect the expansion and headloss regimes for clean-bed granular filter materials of sand, anthracite and expanded clay, as well as to observe the effect on viscosity of temperature variations.



This study was initiated to provide research for operators that assesses the requirements for proper backwashes to achieve correct filter cleaning, avoid filter media losses and optimize energy use.




2. Materials and Methods


2.1. Materials


A selection of Filtralite, sand and anthracite with various densities and grain sizes was made. The characteristics are given in Table 1.



For Filtralite, the particle densities range from 1050 kg/m3 to 1800 kg/m3, and Filtralite can consequently be used in both single- and dual-media set-ups [9]. For sand and anthracite, the densities vary, but are respectively around 2600 kg/m3 and 1400 kg/m3. The typical effective sizes are for sand 0.3–0.7 mm and are for anthracite 0.7–1.7 mm [10]. This was the basis for the selection of sand grain size, which were accordingly Rådasand 0.4–0.6 mm and anthracite 0.8–1.6 mm. In order to compare sand to Filtralite 1.5–2.5, the Rådasand 1.2–2 mm was chosen.



Mono Multi and Mono Multi Fine are composed of 50–50 mixtures of normal and high-density Filtralite that constitutes a dual-media filter that can be used as an alternative to anthracite–sand dual-filters [11]. Alternatively, replacing anthracite, Filtralite can act in combination with sand in a dual-media filter set-up [12].



Filtralite appears as brown–grey, crushed grains with a sharp geometry and an open, porous internal structure. The anthracite was silvery grey, with a similar grain size distribution to that of the Filtralite 0.8–1.6. “Rådasand” is quartz filter-sand. Figure 1a–d show photos of selected materials.




2.2. Methods


British Water test standard BW:P.18.93 First revision was the main guideline when carrying out the bed expansion experiments [13]. Apparent particle densities were measured by standard EN 1097-6, Annex E. Effective size D10 was measured by standard EN 12905. As described and illustrated in Figure 2, a transparent filter-column was constructed.



A bottom nozzle was covered with a mesh floor and a diffuser to prevent jetting. Outlets for pressure sensors (manometers) were connected to the tubing. The bottom pressure sensor outlet was placed just above the mesh, i.e., at the bottom of the filter media. The top measuring manometer was above the material bed and remained above the fluidized material during the measurements. The internal column diameter was 150 mm. Prior to the tests, all materials were submerged in water for 2 weeks to be completely saturated. There were no floating grains.



Tap-water at two different temperatures was used for the tests; nominally room-temperature water and cold, fresh tap water. Temperatures were registered by a thermocouple in the inlet water chamber. Since the setup lacked precise temperature control, data were grouped in the following ranges: (1) 13–17 °C and (2) 21–26 °C, see Table 2 and Table 3. The filters were too loosely packed after initial gravitational settling, so all samples were completely compacted by knocking on the column until the material could not be further compacted. This was done to ensure consistent initial states, and the procedure is explained in a test method for filter materials [14]. Filtralite compacts very readily using this method. The depth of all filter materials in the compacted state was about 500 mm. Figure 3 below shows photos of the filter column.



No sediments or coagulants were added, as the purpose was to investigate clean-bed expansion at different temperatures. Air was not used. All tests were firstly carried out with increasing water flow, starting at 0 m/h and ramping up with 5–15 m/h steps (dependent on media type) until the flow rate needed to obtain an expanded bed depth of 1.5 times the initial height (HC) was reached. After full fluidization, the process was repeated, but with decreasing the rate until the surface of the materials had ceased to move. Manometer levels (h1 and h2) and bed height (H) were recorded for each flow rate.



The headloss gradient value required was the difference between the levels of the digital manometers divided by the initial (compacted) depth of the filter bed (HC). In a basic form, headloss can be expressed as meter headloss per meter bed depth (m/m). The headloss increased with the flow rate up to the minimum fluidization flow rate (Vmf), where a maximum headloss (fluidization headloss plate) was reached. Headloss gradient (m/m), m headloss per m bed depth:


    (  h 2  −  h 1  )  H    =   m / m  



(1)







The expansion (%) of the filter bed is calculated as the percentage increase in depth over the compacted depth (HC):


     (  H −  H c   )     H c      ×   100  %    =      %    expansion    



(2)







During backwash, friction forces act on the grains and expand the media. The state of fluidization is reached when the friction drag or the pressure drop across the filter bed is just enough to support the weight of the media [15].



Figure 4 shows a graphical illustration of the generalized expected results for headloss and expansion as a function of water flow rate (m/h). The minimum fluidization rate and fluidization headloss plate should be later recognized, as shown in this theoretical model [16].





3. Results


The results are presented in Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10, Figure 11, Figure 12 and Figure 13. The plots represent the volume expansion (%) of the relative height difference. At 15–20% expansion, all media are in a fluidized state and scouring should be in effect [17]. The expansion target was set to be 15%, and the corresponding flow rates were recorded along with peak headlosses at partial fluidization. A 15% expansion is a typical target, as this rate usually signifies the transition from partial to full fluidization. Sphericity effects were not considered.



Due to time limitations, only one test per batch of material was executed, and consequently deviations could not be recorded, although tests were performed prior to the trial to establish consistent repeatability. As recommended by standards [13,14], the measurements were done with increasing flow and decreasing flow rate. For simplicity, decreasing flow plots were omitted, as they did not significantly differ from the increasing flows plots.




4. Discussion


Selected backwashing properties of common granular filter media were analyzed according to standardized tests [13,14].



Firstly, the purpose of the experiments was to compare filter materials with different physical properties, and secondly, to indicate the dependence of backwash expansion on water temperature. Raw water may seasonally vary above and below 20 °C, hence temperature conditions are highly relevant to treatment plants that need to adapt water production to viscosity.



The overall results suggest that both filter density and media size can be adjusted to suit backwash regimes and operational limitations for a unique treatment train. Increasing grain size and porosity will act towards maintaining hydraulic permeability, and the filters will resist high pressure drops during backwashes, especially when compacted. Furthermore, the finer grained materials expand more readily as a result of the induced pressure, i.e., headloss, acting on the grains during backwash.



Listed in Table 2 are the corresponding flow rates necessary for 15% expansion in the two temperature ranges. Partial fluidization is sufficient to cause the rubbing of grains, whilst avoiding full fluidization, as full fluidization provides negligible rubbing and may cause filter wash-out [17].



A key consideration is media particle grain size distribution and size range. Comparisons of effective sizes and fluidization headlosses at different temperatures are summarized in Table 3.



In the dissertation of T. Saltnes (2002), a linear increase in headloss with an increasing flow rate before fluidization, as well as a constant headloss pattern after bed expansion, are seen [4]. Saltnes observed that the fluidization of anthracite–sand starts at about 12 m/h, and at about 28 m/h for the Filtralite filter, a result that correlates fairly well with the current study.



For further reference, Table 4 provides a list of backwashing requirements from an extensive case study on granular filtration media, with regards to biological aerated filters (BAF) [18].



The final backwashing requirements and duration are often developed via cooperation between designer and user. For example, the backwash sequence for an upflow sunken media BAF can include drain down, air scour, air and water scour (and may also include cycling between air only and air/water scour), water-only rinse, and a filter-to-waste step when the filter bed is placed back in operation, and the whole process is adjusted during long-term operation [18]. It follows that backwash rates are highly dependent on the configuration of a treatment train and the filter-bed hardware, and must be considered when assessing plant-specific data on the performance of a new material or a specific filtering process for a full-scale pilot test.



Possible continuations of this study could be abrasion, settling rates, turbidity performance and filter run-times for ripening and breakthrough, as well theoretical calculations for examining further dependencies.




5. Conclusions


It was established that differences in fluidization rates could be attributed to density and grain sizes, as also seen in earlier research [7].



For the two established temperature ranges (13–17 °C and 21–26 °C), the temperature dependency of water viscosity could be observed, as all expansion rates were higher at the lower temperatures.



A clear temperature dependency of headloss at the fluidization plate was not demonstrated, as the fluidization headlosses were not consistently suppressed at higher temperatures, and vice a versa.



To illustrate the dependencies, the following conclusions refer to the temperature range 13–17 °C.



The corresponding flow rates for achieving the expansion target (15%) increased with particle density. This was seen when comparing sand 1.2–2.0 mm (2656 kg/m3) with a 67 m/h flow rate, HC 0.8–1.6 (1742 kg/m3) with a 34 m/h flow rate, and anthracite 0.8–1.6 mm (1355 kg/m3) with a 15 m/h flow rate.



Anthracite 0.8–1.6 had lower headloss and expansion rate (respectively, 15 m/h and 0.21 m/m vs. 22 m/h and 0.24 m/m for the slightly lower particle density of 1250 kg/m3 for NC 0.8–1.6). This conflicts with the hypothesis, and the effect may be due to the high amount of undersized grains (7%) in the anthracite, over-packing in the column, or an unaccounted-for characteristic of anthracite.



Sand 1.2–2 (2656 kg/m3), with its higher particle density compared with the less dense NC 1.5–2.5 (1042 kg/m3), required a higher flow rate to achieve the expansion target—respectively 67 m/h and 38 m/h. This supports the conclusion that increasing particle density requires increasing the corresponding flow rate to reach the expansion target.



The fine sand 0.4–0.6 had an early expansion at 22 m/h, but at the cost of high headloss (0.94 m/m) due to its narrow grain size distribution. As HC 0.5–1 (1874 kg/m3) and sand 0.4–0.6 (2698 kg/m3) both have comparatively early expansion regimes, respectively 14 m/h and 22 m/h. Between the materials, the main difference was the headloss plate, as the sands 0.4–0.6 vs. HC 0.5–1 differed in performance by 0.46 m/m and 0.94 m/m, respectively. Thus, it can be concluded that lower fluidization headlosses can be attributed to particle density as well [19].



The expansion regimes of the Filtralite dual-layer combinations Mono Multi and Mono Multi Fine performed as expected when intermediately compared with their single-layer components—respectively 38 m/h and 18 m/h—and presumably operated with the added benefit of increased solids capacity [20].
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Figure 1. (a) Filtralite Pure HC 0.5–1, (b) Filtralite Pure NC 1.5–2.5, (c) anthracite 0.8–1.6 mm, (d) sand 1.2–2.0 mm “Rådasand”. 
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Figure 2. Principal illustration of the filter column and the placement of sensors for measuring the water pressures for the headloss calculations. 






Figure 2. Principal illustration of the filter column and the placement of sensors for measuring the water pressures for the headloss calculations.



[image: Water 12 02790 g002]







[image: Water 12 02790 g003 550] 





Figure 3. Photos of the filter column: (a) The sensor positions. During the tests, only the second sensor from the bottom and the top sensor were used; (b) Filtralite at about 20% fluidization during backwash. 
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Figure 4. Illustration showing the expected theoretical expansion and headloss behavior for increasing water flow. The evolution of headloss is dependent on the point of minimum water fluidization rate and expansion. 
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Figure 5. (a) Expansion vs. water flow rate for Filtralite HC 0.5–1; (b) headloss vs. water flow rate. 
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Figure 6. (a) Expansion vs. water flow rate for Filtralite HC 0.8–1.6; (b) headloss vs. water flow rate. 
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Figure 7. (a) Expansion vs. water flow rate for Filtralite NC 0.8–1.6; (b) headloss vs. water flow rate. 
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Figure 8. (a) Expansion vs. water flow rate for Filtralite NC 1.5–2.5; (b) headloss vs. water flow rate. 
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Figure 9. (a) Expansion vs. water flow rate for Filtralite Mono Multi; 50% NC 1.5–2.5 and 50% HC 0.8–1.6; (b) headloss vs. water flow rate. 
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Figure 10. (a) Expansion vs. water flow rate for Filtralite Mono Multi Fine; 50% NC 0.8–1.6 and 50% HC 0.5–1; (b) headloss vs. water flow rate. 
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Figure 11. (a) Expansion vs. water flow rate for 0.4–0.6 mm filter-sand (Rådasand); (b) headloss vs. water flow rate. 
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Figure 12. (a) Expansion vs. water flow rate for 1.2–2.0 mm filter-sand (Rådasand); (b) headloss vs. water flow rate. 
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Figure 13. (a) Expansion vs. water flow rate for anthracite 0.8–1.6 mm; (b) headloss vs. water flow rate. 
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Table 1. The filter materials, their size ranges and density.
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	Filter Product
	Fraction 1 (mm)
	Particle Density 2 (kg/m3)
	Bulk Density 2, (kg/m3) Compressed





	Filtralite Pure HC 0.5–1
	0.4–1.0
	1874
	779



	Filtralite Pure HC 0.8–1.6
	0.8–1.6
	1742
	712



	Filtralite Pure NC 0.8–1.6
	0.8–1.6
	1250
	422



	Filtralite Pure NC 1.5–2.5
	1.5–2.5
	1042
	424



	Filtralite Pure

Mono Multi
	50% NC 1.5–2.5

50% HC 0.8–1.6
	n/a
	n/a



	Filtralite Pure

Mono Multi Fine
	50% NC 0.8–1.6

50% HC 0.5–1
	n/a
	n/a



	Filter-sand 1
	0.4–0.6
	2698
	1554



	Filter-sand 2
	1.2–2.0
	2656
	1508



	Anthracite
	0.8–1.6 3
	1355
	698







1 As stated by manufacturer [1], 2 single sample measured in lab, 3 7% undersized material.
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Table 2. Sizes and densities compared with constant 15% expansion flow rate.
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	Filter-Product
	Particle Density (kg/m3)
	Effective Size, D10
	15% Expansion Flow Rate (m/h), 13–17 °C
	15% Expansion Flow Rate (m/h), 21–26 °C





	HC 0.5–1
	1874
	0.5 1
	14
	20



	HC 0.8–1.6
	1742
	0.9 1
	34
	41



	NC 0.8–1.6
	1250
	0.8 1
	22
	25



	NC 1.5–2.5
	1042
	1.4 1
	38
	42



	Mono Multi
	n/a
	n/a
	38
	43



	Mono Multi Fine
	n/a
	n/a
	18
	27



	Filter-sand 0.4–0.6
	2698
	0.3
	22
	24



	Filter-sand 1.2–2.0
	2656
	1.2
	67
	73



	Anthracite 0.8–1.6
	1355
	0.8 2
	15
	17







1 As stated by manufacturer, 2 7% undersized grains for anthracite.
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Table 3. Size ranges and densities compared with filter headloss peaks.






Table 3. Size ranges and densities compared with filter headloss peaks.





	Filter-Product
	Particle Density (kg/m3)
	Effective Size, D10
	Headloss (m/m) at Fluidization Peak, 13–17 °C
	Headloss (m/m) at Fluidization Peak, 21–26 °C





	HC 0.5–1
	1874
	0.5 1
	0.46
	0.44



	HC 0.8–1.6
	1742
	0.9 1
	0.49
	0.46



	NC 0.8–1.6
	1250
	0.8 1
	0.24
	0.26



	NC 1.5–2.5
	1042
	1.4 1
	0.25
	0.30



	Mono Multi
	n/a
	n/a
	0.40
	0.39



	Mono Multi Fine
	n/a
	n/a
	0.42
	0.48



	Filter-sand 0.4–0.6
	2698
	0.3
	0.94
	1.00



	Filter-sand 1.2–2.0
	2656
	1.2
	0.98
	0.95



	Anthracite 0.8–1.6
	1355
	0.8 2
	0.21
	0.21







1 As stated by the manufacturer, 2 7% undersized grains for anthracite.
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Table 4. Summary of biologically active filter (BAF) backwashing requirements.






Table 4. Summary of biologically active filter (BAF) backwashing requirements.











	
	Backwash Rate (m/h)
	Air Scour Rate (m/h)
	Total Duration (min)





	Upflow, sunken media
	
	
	



	Normal BW
	20
	97
	50



	Energetic BW
	30
	97
	25



	Downflow, sunken media
	15
	90
	20–50











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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