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Abstract
Highly mechanized rapid-sand filters often perform poorly and are too expensive for resource poor communities, their efficacy limited by the need for expensive infrastructure and large volumes of water for backwash. A novel self-backwashing stacked rapid-sand filter (SRSF) alleviates or ameliorates these requirements and previous research has demonstrated that lab scale SRSF produces water with turbidity less than the U.S. EPA standard of 0.3 NTU. As a novel technology, the SRSF contains two major innovations that differentiate it from conventional rapid sand filters.  The first innovation is that an SRSF has a sand bed divided into six layers, with the flow divided equally between the layers during filtration.  The second innovation is a system of hydraulics to control the mode of operation of the filter, which employs a backwash siphon and a single, small-diameter valve to set the mode of operation.
This paper describes results and lessons learned from the first full-scale implementation of this filter.  The SRSF was successfully designed and built at a 12 L/s water treatment plant. In a typical filtration cycle, settled water entered the filter with turbidity in the range of 2-6 NTU, and produced water lower than the detectable limit of 0.01 NTU for the duration of a filter run, yielding a solids capacity of approximately 42 NTU-hr.  During backwash, the sand bed was fluidized and contaminants that had been retained in the bed were flushed out.  The SRSF, with its distinct advantages over conventional rapid-sand filtration, has proven to be a viable alternative to conventional filtration designs in its full-scale implementation.  
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Implementation of THE AGUACLARA stacked rapid-sand filtration process at the municipal water treatment plant in Támara, Francisco Morazán, Honduras
Executive Summary:
Highly mechanized rapid-sand filters often perform poorly and are too expensive for resource poor communities, their efficacy limited by the need for expensive infrastructure and large volumes of water for backwash. A novel self-backwashing stacked rapid-sand filter (SRSF) alleviates or ameliorates these requirements and previous research has demonstrated that lab scale SRSF produces water with turbidity less than the U.S. EPA standard of 0.3 NTU. As a novel technology, the SRSF contains two major innovations that differentiate it from conventional rapid sand filters.  The first innovation is that an SRSF has a sand bed divided into six layers, with the flow divided equally between the layers during filtration.  The second innovation is a system of hydraulics to control the mode of operation of the filter, which employs a backwash siphon and a single, small-diameter valve to set the mode of operation.

This paper describes results and lessons learned from the first full-scale implementation of this filter.  The SRSF was successfully designed and built at a 12 L/s water treatment plant. In a typical filtration cycle, settled water entered the filter with turbidity in the range of 2-6 NTU, and produced water lower than the detectable limit of 0.01 NTU for the duration of a filter run, yielding a solids capacity of approximately 42 NTU-hr.  During backwash, the sand bed was fluidized and contaminants that had been retained in the bed were flushed out.  The SRSF, with its distinct advantages over conventional rapid-sand filtration, has proven to be a viable alternative to conventional filtration designs in its full-scale implementation.  
Key Words: backwashing, drinking water, municipal water treatment, rapid-sand filtration, sustainable technology
Introduction
Many mechanized technologies require expensive repairs, consume unsustainable quantities of energy, and require highly trained technicians. When used in the developing world, particularly in sectors such as water infrastructure the result is unreliable performance or abandonment (Hokanson et al., 2007; Whittington and Hanemann, 2006).  The application of rapid-sand filters has been limited by the reliance on large valves, backwash pumps, electricity, and the use of large volumes of filtered water for backwash. The AguaClara stacked rapid-sand filter (SRSF) eliminates these requirements.  The SRSF was designed by the AguaClara program to develop more sustainable municipal-scale water treatment technology, whose design principles include easy construction, use of locally-available materials, management by the local community, and simple operation (Weber-Shirk, 2011).  In any context, the SRSF offers a robust, simple to operate, high performing and more cost-effective technology than rapid sand filtration.

The greatest challenge for rapid-sand filters is the need for high flow velocities for backwash. Conventional filters use one of three methods, each of which has a distinct disadvantage compared to SRSF:
1. Electric pumps: Pumps can be used to generate the high flow velocities required to fluidize the sand bed.  The advantage of SRSF is that electricity is not required, saving considerable operating cost, and pumping is impractical for communities with unreliable electrical service. 

2. Elevated storage: A raised tank can be used to generate the large flows backwashing requires.  The advantage of the SRSF design, however, is that it reduces the cost of construction of the additional tank.

3. Multiple filter units:  A battery of filters, each requiring a complete set of valves and plumbing, can be built such that one filter can be backwashed using the flow from the others.  Such a configuration normally requires six individual filter units with all the associated plumbing and valves to provide sufficient velocity for backwash. This system requires very deep filter boxes and becomes impractical for small communities.
Previous research by Adelman et al. (2012) has demonstrated the SRSF technology at the lab scale and in small-scale field demonstrations, showing that it can produce water with turbidity less than the U.S. EPA standard of 0.3 NTU (US EPA, 2010).  Given this success, the construction of a full-scale filter provided the opportunity for further development of the design as well as for validation of the concept in the field.  The objectives of this study were to:
· Design and implement a full-scale SRSF using a rational and scalable design procedure
· Demonstrate that SRSF can produce water of comparable quality to conventional alternatives

· Develop design and operating procedures based on field experiences
Process Design
A rational design process was developed to produce the design for the first full-scale SRSF.  Important design constraints were identified, and equations were developed to size the filter bed and select the required plumbing components.

Rapid-sand filtration is widely employed downstream of flocculation and sedimentation.  In addition to the production of clearer water, rapid-sand filtration has the important water quality benefit of removing certain cyst-forming pathogens (Gitis, 2008).  In conventional filters, water is applied to the sand at rates of 1.2-2.7 mm/s (100-230 m/day) for solids removal, and the bed is backwashed at 10-14 mm/s (860-1200 m/day) (Davis and Cornwell, 2008).  The technology employed in this research is a form of rapid-sand filtration, but it depends on two major innovations that differentiate it from conventional technology.  
The first innovation is the division of flow in the sand bed.  In most conventional rapid-sand filters, flow enters from the top of the filtration unit and filtered water is collected through an underdrain system, and backwash simply directs a flow roughly six times larger through the bed in the opposite direction (Reynolds and Richards, 1996).  An SRSF has four slotted well-pipe inlet manifolds in the sand bed, with three slotted outlet pipe manifolds between inlets to divide the bed into six layers.  The slotted pipes for all of the inlets and outlets except for the backwash inlet are fabricated from 1” PVC pipe with slots that are 0.2 mm wide. These slots are smaller than the sand grains and thus provide a simple method to replace the underdrain system that is used in conventional rapid sand filters.  During a filtration cycle, flow enters the filter through all four inlets and leaves through all three outlets, so that the six layers act in parallel with each treating 1/6 of the flow.  During backwash, flow enters only through the lowest inlet and exits above the sand bed.  Therefore, the backwash cycle achieves a velocity six times larger than the filtration velocity with the same incoming flow.  
For this study, the filter area was sized based on the backwash velocity using equation (1):
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equation (1)

where a plant flow of QPlant = 12 L/s and backwash velocity VBackwash = 11 mm/s were used to calculate an area of 1.09 m2 for the filter box.  The resulting filtration velocity is given by equation (2):
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equation (2)

This study used a six-layer design, which led to a filtration velocity of 1.83 mm/s in each layer at the same flow rate used for backwash.  The geometry and flow in the sand bed are shown in Figure 1.

[image: image3]
Figure 1.  Diagram of sand bed geometry and flow during (a) filtration and (b) backwash.

The second related innovation is the system of hydraulics to control the mode of operation of the filter using a single, small-diameter valve.  The complete hydraulic system for the SRSF consists of the main filter box; an inlet box; an exit box; and a siphon with an air lock and a small air valve. The siphon discharges the flow from the above the sand during the backwash cycle.  These components are shown in Figure 2.  The cycles of operation of the filter include:

· Filtration.  Water enters the four inlets through the inlet box, passes through a layer of sand, exits the filter through an outlet manifold, and passes over the outlet weir to exit the filter.  In this mode of operation, flow in the siphon pipe is prevented by an air trap.
· Transition to backwash.  The water level is above the top of the siphon pipe during filtration. To backwash the filter, the operator simply opens the air valve on the siphon pipe to allow the air trap to escape and then closes it again about 5 s later. This allows the siphon action to begin and the water level is rapidly lowered in the filter box.  The water exits the filter box over a backwash weir which is much lower in elevation.  
· Backwash.  The inlet box contains riser pipes for the top three inlets.  When the water level drops, flow to these inlets is blocked and the entire flow passes through the lowest inlet.
· Transition to filtration.  During backwash the pressure in the top of the siphon pipe is negative. Once backwash is complete, the operator opens the air valve for about 5 s, allowing air to enter which breaks the siphon and re-establishes the air trap. The operator then closes the air valve.   This forces the water level in the filter box to rise until the water again exits through the outlet box and  the system returns to filtration mode.
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Figure 2.  Diagram of flow during (a) filtration and (b) backwash in the SRSF system.  Note the inlet box, outlet box, and backwash siphon that acts as an air trap during filtration
There are a number of important considerations for the vertical dimensioning of the SRSF, as in Figure 3.
1. Sand height.  The settled height HSand of the sand bed is the number of layers times the depth of each layer.  In this study, six 20-cm layers were used, creating a 1.2 m sand bed.

2. Expansion space.  Between the settled sand bed and the inlet to the backwash siphon, sufficient space must be left for sand expansion during the backwash cycle.  Sand expansion of 20-30% was observed for the SRSF in laboratory testing (Adelman et al., 2012), and the design in this study added a 10 cm factor of safety to prevent sand from entering the backwash siphon.
3. Backwash head loss.  The head loss HLBW required to fluidize the sand during backwash will be approximately the height of the bed HSand for typical sand media (Davis and Cornwell, 2008).

4. Clean bed head loss.  The outlet box should be placed such that the head loss HLCleanBed over the outlet weir at the beginning of the filter cycle forces the water level in the inlet box to submerge the riser pipes and turn on flow to all six layers.  This clean bed head loss can be calculated for each parallel filter layer by traditional methods such as the Carmen-Kozeny equation.

5. Head loss buildup.  Space must be provided for the water level in the inlet box to rise, as particles accumulate in the filter bed during the filtration cycle and head loss increases.  Based on pilot-scale data, 30 cm was selected as the terminal head loss increase HLRise defining the end of a filtration cycle (Adelman et al., 2012).
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Figure 3.  Cross-section of the SRSF system with key vertical dimensions and head losses.

Construction and Implementation
This field-scale SRSF was constructed in the municipality of Támara, Francisco Morazán, Honduras, at the water treatment plant for the gravity-fed drinking water distribution system serving the town.  This water system collects surface water from mountain springs and provides a total flow 12 L/s.  The project site was existing second generation AguaClara water plant that treats the town’s water by flocculation, sedimentation, and disinfection.  Water infrastructure in Támara is managed by a municipal-level Water Board, which collects a tariff, maintains the distribution network, and operates the treatment facility.  In addition to coordinating work at the site and taking responsibility for operating the filter, the Támara community and the Water Board contributed approximately one-third of the cost of the filter in the form of local materials and labor.
The AguaClara design methodology was used for the filter design. First, the equations for sizing each hydraulic component of the filter were created in Mathcad to develop the hydraulic design for the full scale filter.   Algorithms were created to draw the filter in 3-D based on the dimensions generated by the hydraulic design calculations. The direct connection between hydraulic algorithms and the drawing algorithms made it possible to cycle through many iterations of filter layout and hydraulic constraints to finally arrive at the design that was built at Támara. The 3-D CAD drawing was used by a civil engineer to add the necessary  structural components required for construction.
The SRSF was built at the Támara water treatment plant, using a local construction manager and laborers hired by the Water Board.  The filter was built using 30-cm brick walls, reinforced by horizontal and vertical rebar and coated with a layer of pure cement seal.  Many materials, including brick, gravel, and construction sand, were acquired in the community.  All other materials except for the filter medium and the slotted well pipes were sourced in-country.  The sand media was typical rapid-sand filtration sand (effective size 0.55 mm, uniformity coefficient 1.6) purchased from AquaTec and imported from Florida, USA.  The slotted pipes were manufactured by Big Foot Manufacturing in Cadillac, MI, USA.  For future filters, it is expected that a sand screening method and fabrication technique for slotted pipes will be developed to locally source these materials as well.  The completed filter is shown in Figure 4.
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Figure 4.  Photos of the completed SRSF at the Támara water plant.

Operating Results
Both the filtration and backwash cycles have been demonstrated at full scale in the Támara SRSF.  Figure 5 shows that during typical filtration cycles, settled water entered the filter with turbidity in the range of 2-6 NTU, and the filter produced water lower than the detectable limit of 0.01 NTU for the duration of a filter run.  These results were verified with a second hand-held turbidimeter.  A preliminary measure of the filter bed capacity for the SRSF was about 40 NTU-hr.
During backwash, the sand bed was successfully fluidized and contaminants that had been retained in the bed were flushed out.  The filter bed is backwashed for 15 to 20 minutes using the full flow (12 L/s, 190 GPM) of settled water, ending when the supernatant is no longer cloudy.  Once the water starts flowing from the exit pipes, the water is wasted for approximately 30 seconds until it becomes clear, and is subsequently dosed with chlorine solution before going to the distribution tanks.  While lab tests have shown that 97% of solids were removed after 7 minutes of backwash, it is a topic of further research how much time the field-scale filter requires and what indicator would signal the operator that the bed is clean (Adelman et al., 2012). 
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Figure 5. Typical performance data from the AguaClara SRSF at Támara
In addition to the performance data indicating successful construction, operation, and function of the SRSF, changes are being made in future designs as a direct result of lessoned learned in the first implementation of an SRSF.  In the initial implementation, water fell over a weir into the entrance box, resulting in air entrained in the influent water to the filter and decreased performance.
Conclusions / Recommendations
The SRSF has proven to be a viable alternative to conventional filtration designs in both lab scale and full-scale implementation.  The SRSF has distinct advantages over conventional rapid-sand filtration while meeting the same performance standards.  This technology can be applied wherever there is a goal of reliable technology that does not require proprietary components, a desire to avoid dependence on electricity, and a desire to use a local labor force that does not necessarily have a high level of formal education.  The full scale performance tests have validated the successful design, construction, implementation, and operation in the context of a community that could not afford conventional rapid sand filtration or multiple stage filtration.  
Insights from the experience gained by the first field scale SRSF will be incorporated into future designs and construction to alleviate the problems encountered, increase accuracy of construction and fabrication, and increase ease of operation.  Specifically, the changes that have been carried out are:
· To allow air to escape downstream of the inlet weir so entrained air does not enter the filter. The design of the entrance box was modified to include an area for release of entrained air.
· To maintain more precise spacing of manifolds, the section of filter box wall where the tubes pass through with a center-to-center distance of 20 cm will be done as a single pour in the future instead of successive pours.
· To minimize the dead space in the sand bed, flexible couplings will be used to connect the manifolds in the filter to the tubes that go to the inlet and outlet boxes, eliminating the space that was previously needed to insert the manifold into the PVC coupling through the filter wall.

To reduce the time and complexity of manifold fabrication, the downstream side of the manifolds will have a smaller-diameter tube with holes drilled for the manifold branches instead of a series of PVC Tees.
With the inclusion of these changes in the next generation of stacked rapid sand filter, the performance is expected to match that of the SRSF in Támara with improved operability, more precise construction, and facile fabrication.
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