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ABSTRACT
Conventional water treatment technologies require electricity to provide safe drinking water to people.  The reliance on electricity can be especially problematic in developing countries where delivery is often unreliable and its use cost-prohibitive.  The stacked rapid-sand filter (SRSF) was developed as a sustainable alternative to conventional rapid-sand filtration.  The SRSF contains two major innovations that give it advantages over conventional rapid-sand filters and that allow the SRSF to operate without requiring any electricity:  (1) inlet and outlet pipes embedded within the sand bed to create multiple layers, and (2) the use of a backwash siphon and novel hydraulics to control mode transition.
This paper describes data collection that was carried out to verify the performance of the first-ever full-scale SRSF, as well as lab-scale experiments to develop equations to characterize the backwash siphon and to verify the control system hydraulics.  Field data shows the performance of the municipal-scale filter meets the US EPA standard of a monthly average of 0.3 NTU and the World Health Organization recommendation of a median less than 0.1 NTU. Laboratory characterization of the siphon pipe and hydraulic controls validated these novel systems for use in the field-scale SRSF, and provide a sound design basis for future stacked filters.
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INTRODUCTION
Conventional water treatment technologies require electricity to provide safe drinking water to people.The reliance on electricity can be especially problematic in developing countries where delivery is often unreliable and its use cost-prohibitive (Whittington and Hanemann, 2006).  The stacked rapid-sand filter (SRSF) was developed as a sustainable alternative to conventional rapid-sand filtration.  The global-scale implementation of rapid-sand filtration technology, especially for small cities, has been limited by the need to backwash the sand bed once it is full of particulates.  In conventional rapid-sand filtration, backwash utilizes one of three sources to provide the velocity and flow rate required: electrical pumps, large elevated tanks, or a battery of filters in parallel.  The SRSF has an advantage over each of the aforementioned options because it uses the same flow rate for filtration as backwash.  

The SRSF has been proven both at the lab scale and in small-scale field demonstrations (Adelman et al., 2012), leading to the design and construction of a full-scale filtration unit.  The full-scale SRSF was constructed as an addition to an AguaClara municipal scale water treatment plant that uses only gravity as its source of energy in Támara, Fransico Morazán, Honduras (Will et al., 2012).  The full-scale filter will be studied to optimize its performance as part of a complete treatment process so as to produce effluent of the best possible quality.  Due to its higher flow rates, changes were made from the lab-scale filter to the full-scale filter raising questions about the best operating practices.  Thus, experiences from the field will be used as a basis for improvements in design, construction, and operation of the filter to achieve the best quality effluent.  The result of these improvements will be reported and incorporated into future stacked rapid-sand filters.

The SRSF design incorporates two innovations to overcome the disadvantages of the aforementioned technologies, increase ease of operation, and make it easily replicable. Will et al. (2012) described these key innovations:  (1) inlet and outlet pipes embedded within the sand bed to decrease the required filter area by a factor of six and allow the same flow rate to be used for both filtration and backwash, and (2) the use of a backwash siphon and novel hydraulic controls to allow for easy transition between filtration and backwash using only one valve.
The filter was designed with the goal of making it easily replicable.  The structural components were designed using brick, cement, and reinforcing bar with the hydraulic elements made from PVC, all of which are available globally.  Both the hydraulic and structural designs are produced with the goal of making each process easily accessible, visually observable, and readily adjustable to facilitate the best performance of the filter.

Methodology Utilized

SRSF Process Description

The technology employed in this research depends on a novel configuration of inlets and outlets throughout the bed of a rapid-sand filter.  Conventional rapid-sand filters generally apply water to the sand in the downflow direction, and a flow rate roughly six times greater is used to backwash the filter in the upflow direction (Reynolds and Richards, 1996).  In the SRSF, there are four vertically-spaced inlets with three outlets in between to create six layers (Figure 1).  During a filtration cycle, flow is divided among these six layers; during the backwash cycle, the entire flow enters through the bottom inlet and exits above the sand bed into a backwash system.  This creates a velocity six times higher for the backwash cycle with the same incoming flow rate, thus eliminating the need for pumps or other expensive infrastructure to create high backwash velocities (Adelman et al., 2012).  

This novel geometry of inlets and outlets required certain innovations in the hydraulic design of the SRSF.  The inlets and outlets consist of manifolds of slotted well-screen pipe, with slots sized to allow water to readily enter or exit the sand bed while excluding grains of sand.  The backwash outlet is a siphon, which is blocked by an air trap during the filtration cycle to force water to exit through an outlet box and over an outlet weir.  The mode of operation is set by an air valve, which releases the air trap to fill the siphon and initiate a backwash cycle, and breaks the siphon to return to filtration.  Figure 1 shows flow through the layers of an SRSF during both cycles of operation, along with the important components of the hydraulic system.
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Figure 1.  Diagram of flow during filtration and backwash in the SRSF system.

Description of the Full-scale SRSF Installation
For this research, the first full-scale SRSF unit was designed and built at the existing municipal water treatment plant in the community of Támara in Francisco Morazán, Honduras. The Támara plant provides service to 3,500 people with a total flow of 12 L/s.  This facility already includes fully hydraulic systems for coagulant dosing, coagulation, flocculation, sedimentation, and chlorination; the SRSF was added to the treatment train downstream of the sedimentation tanks and before chlorine addition.  The filter unit has an active area of 1.1 m2, with six layers of sand at 20 cm each.  The 12 L/s plant flow gives a filtration velocity of 160 m/day when the flow is divided among the six layers, and a backwash velocity of 1000 m/day when the total flow passes through all six layers in upflow.  Both velocities are within the range of typical design values for rapid-sand filtration (Davis and Cornwell, 2008).  

The SRSF implemented at Támara compares favorably to conventional design alternatives.  For the same filtration and backwash velocities, a single conventional rapid-sand filter would require a surface area of 6.6 m2.  Either a pump or a large elevated tank would be required to provide this filter with a backwash flow rate of 72 L/s, six times the flow rate of the plant.  The other conventional alternative would be six individual filter units, each with an area of 1.1 m2, where the flow from five filters would be used to backwash the sixth.  The SRSF was found to be the most economical and sustainable rapid-sand filtration alternative for the Támara facility.

Full-scale Data Collection

Because the municipal plant at Támara does not have electrical service, data collection methods were limited to battery-powered devices.  The plant operators use a Micro-TPI portable turbidimeter from HF Scientific to regularly record turbidities in the plant in accordance with legal requirements.  Over the course of  a three-week period, turbidity data was collected for the raw water, settled water, and filtered water at approximately hourly intervals to provide a baseline for performance.
Laboratory Methods

The full-scale SRSF system produced the most important results for this study, but the nature of this system created practical limitations on the data that could be collected. In particular, continuous logs of water levels and head losses in the system would have been very difficult to produce in the municipal-scale installation, especially given the lack of access to electrical service and computer data acquisition at the Támara plant. Therefore, a pilot-scale laboratory system was used to characterize the hydraulic controls of the SRSF.  This pilot-scale apparatus was developed from the system used by Adelman et al. (2012) in initial demonstrations of the SRSF concept.

This pilot-scale filter was built in a 4” clear PVC column, with six 20-cm sand layers.  Water was applied to the sand at the same filtration and backwash velocities as in the full-scale SRSF.  The sand bed was typical rapid-sand filter sand (d10 = 0.45 mm, CU  = 1.6) with single ½” slotted pipes serving as the inlets and outlets.  A hydraulic control system consisting of an inlet box, an outlet box, and a backwash siphon was also constructed at the same vertical scale as the Támara SRSF. Raw water was conditioned for this filter by dosing from concentrated clay and alum stocks to create turbidity and residual coagulant comparable to sedimentation tank effluent.  Performance of this filter was quantified by data-logging inline turbidimeters (HF Scientific). Pressure was measured at various points in the system with differential pressure transducers, which allowed the water levels in the inlet box and filter column to be continuously tracked.  The setup of this laboratory apparatus is summarized in Figure 2.
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Figure 2.  Diagram of the experimental apparatus for additional data collection.

Results AND DISCUSSION

Full-scale Performance

Preliminary results from the SRSF in Támara have successfully demonstrated both the filtration and backwash cycles.  During filtration, the filter significantly reduced the turbidity of the influent water from the sedimentation tanks, meeting the US EPA standard of a monthly average of 0.3 NTU (US EPA, 2012) and the World Health Organization recommendation of a median less than 0.1 NTU (WHO, 2006).  A graph of initial SRSF performance data is shown in Figure 3.  During the course of this study, the plant operators did not modify the alum dosing strategy that they had optimized for flocculation and sedimentation before the SRSF was added to the plant.  Coagulant has a strong influence on filter performance (Lin et al., 2011), but the excellent observed performance of the Támara SRSF would make it difficult to discern any effect from modifying the coagulant dosing scheme.
During backwash, the sand bed was fluidized and contaminants retained in the bed during filtration were flushed out, as is evident from the concentrated backwash wastewater in Figure 4.  The hydraulic system effectively controls the mode of operation of the filter, and the siphon air valve allows the operator to easily initiate and terminate backwash (Will et al., 2012).
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Figure 3.  Performance data for the full-scale SRSF in Támara during February 2012.
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Figure 4.  Photograph of contaminants being flushed from the sand during backwash.
Siphon Hydrostatics

The siphon pipe is a central component of the hydraulic control system. During backwash, it must convey flow from the filter box to the drain system, and during filtration, it must hold an air trap to maintain the high water level in the filter box and force filtered water to exit through the outlet box.  Because of the difficulty inherent in observing water levels in the field-scale siphon, this component of the system was characterized in the laboratory.

The geometry of the siphon is set by the requirements of the air trap for the filtration cycle.  Based on the elevation of the outlet box and the filtration cycle head loss, water must be able to rise a certain distance above the siphon pipe, and there must be sufficient back pressure on the siphon to hold the air in the pipe and prevent water from entering.  Figure 5 shows the formation of the siphon air trap as the filter transitions out of the backwash cycle.


[image: image5]
Figure 5.  Water levels in the siphon system (a) at the end of backwash and (b) during filtration.

The initial condition in Figure 5(a) represents the end of the backwash cycle, where the water level in the filter is still just above the level of the backwash outlet.  While backwash was running, the siphon pipe was filled with water under negative pressure; opening the air valve allowed air to fill the lengths L1, L2, and L3.  Figure 5(b) shows the system in filtration mode.  The presence of the air trap in the siphon pipe forced the water level to rise until it could exit via the outlet box.  
To prevent air from being forced out by this increased pressure, the hydrostatic pressure represented by H1 in the filter column must be balanced by an equal back pressure below the siphon outlet.  That is, the pressure at points 1 and 2 in Figure 5(b) must balance according to equation (1):
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equation (1)

This pressure is transmitted through the air in the air trap, which compresses according to the ideal gas law:
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equation (2)

where PAtm is the atmospheric pressure.  The initial air trap volume VInitial is the air that fills pipes of lengths L1, L2, and L3, and the compressed air trap volume VFinal is subject to an additional gauge pressure of P1 over and above the pressure of the atmosphere. 

The critical failure point of this system occurs when the difference between the height of water in the filter column and in the siphon pipe (H1) is equal to the height of water over the horizontal portion of the siphon pipe (H2).  This can be thought of as the maximum height of water that the air trap can hold up; when this point is reached, water begins to leak out of the filter box through the horizontal portion of the siphon pipe. This failure mode was observed experimentally, at a point consistent with the predictions of equations (1) and (2).  Also note that equations (1) and (2) provide a fundamental basis for selecting the geometry of the backwash siphon.
Control System Hydraulics

Successful performance of both filtration and backwash in the field-scale filter attests to the effectiveness of the hydraulic control system. This control system was also characterized in the laboratory.  Figure 6 shows a time plot of the water elevation (measured from the top of the sand bed) in the both the filter column and the inlet box, as the filter was switched into and out of backwash mode using the siphon air valve.
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Figure 6.  Plot of water levels in the experimental SRSF, showing the transition between modes.

The system started in filtration mode (zone A) with the water level high enough for water to leave via the outlet box.  The air valve was opened and closed at around 4 minutes, and the siphon began filling with water (zone B). During this transition to backwash, the water level in the filter column quickly dropped to near the level of the backwash outlet point. The water in the inlet box also dropped to below the top of the riser pipes, so that all flow would enter at the lowest inlet to the filter.  During backwash (zone C), the difference between the inlet level and the level in the filter column reflected the 1.2 m of hydraulic head required to fluidize a 1.2 m filter bed, which is consistent with expectations for typical rapid-sand filter media (Davis and Cornwell, 2008).  When the valve was opened and closed again at around 11 minutes, the siphon was broken and the air trap re-formed as the water level rose in the column, transitioning back to a new filtration cycle (zone E).
Conclusions / Recommendations 

Laboratory characterization of the siphon pipe and hydraulic controls validated these novel systems for use in the field-scale SRSF, and provide a sound design basis for future stacked filters.  Preliminary results also show that the technology is viable at full-scale producing water whose turbidity was measured below the detection limit of 0.01 NTU of a portable hand-held unit.  
Additional performance data will be collected from the Támara SRSF to better characterize the operation of the SRSF in the field, and lead to insights into its efficient operation.  Additional studies of this SRSF will focus on:
· Improved data collection.  Flow-through turbidimeters will be installed at the site to allow for influent and effluent turbidity data to be continuously sampled and logged.  In addition, other important water quality parameters such as pH, alum residual, and alkalinity will be measured.

· Length of filtration cycle.  The length of time during which water of acceptable quality is produced will be studied under various conditions, to create operational guidelines for filtration cycle length as a function of influent water quality, mention influent turbidity as a major influence

· Backwash efficiency.  It is possible to fluidize the bed of a stacked filter two layers at a time.  This may improve the efficiency of the backwash cycle.

Using continuous flow turbidimeters, the filter performance will be measured and to verify filter performance and analyzed to give insights about how the design and operation could be modified to improve performance.  
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