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Abstract 

The stacked filtration team will be continuing the work from summer 2010 to demonstrate the viability of stacked rapid-sand filtration technology and further refine it for implementation in the field.  Over the last two weeks, the team has made progress in project planning and data collection.  A detailed task list outlining the goals and deadlines for the semester has been submitted. A backwash study was conducted, and the sequence of steps for backwashing was optimized using visual and timed data. Development of a full-scale filter design tool is underway, as is editing of the proof-of-concept paper from summer research. Future experiments will include a flow distribution (tracer) study and more involved performance testing of the filter. 
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Introduction
Project Rationale

The task of the Filtration Team is to design a filtration system for the AguaClara water treatment plants currently in operation. The filtration system must be able reduce the turbidity of current settled water ranging from 5-10 NTU to a turbidity that meets the U.S. EPA standards of less than 0.3 NTU. The system must not require electricity, while avoiding specialized components that would be difficult to obtain in remote areas, and should be easy and economically efficient to construct and maintain. The stacked rapid sand filtration design requires much less water for backwashing than a conventional rapid sand filter does, requires less expensive infrastructure, and is more compact.
Process Theory
Traditional rapid-sand filters must be backwashed at high velocity, which requires large flow rates delivered by costly equipment. A stacked filter system can significantly reduce the amount of water required for backwash.  In a carefully-designed stacked rapid-sand filter, the backwash flow rate can be equal to the normal filtration flow rate.

The flow in a stacked filter system is illustrated conceptually in Figure 1, which shows a side view of a stacked filter with six layers of sand.  There are four inlet pipes carrying water into the filter and distributing it to layers above and below, and three outlet pipes carrying water that has passed through a layer of sand. During filtration, the total flow QFiltration is divided among each layer (NLayer) and the corresponding area for each layer (ALayer). The resultant filtration velocity for each layer is then given by Equation 1:
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Figure 1. Plan view diagram of flow in a stacked filtration system during filtration mode.
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Figure 2. Plan view diagram of various stages during backwash for sand bed fluidization. 

Once the filter layers are clogged with contaminant particles, they must be backwashed.  It may be necessary in a stacked filter system to initialize backwash by fluidizing the layers from the top down, by sending the backwash water in through successively lower inlets.  In any case, since backwashing is fully engaged, all of the flow is entering the filter through the underdrain and flowing up through the entire sand bed to exit the filter at the backwash trough. The backwash velocity (VBackwash) experienced in the bed is then only a function of the flow QBackwash and the area ALayer of one layer (Equation 2): 
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As a consequence, if the same flow Q is used in both backwashing and filtration,
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Velocity during backwashing is increased without the requirement for additional flow, simply because the effective area is decreased.  Equation 3 implies that a configuration of stacked layers can be designed such that the same amount of flow during normal filter operation can also be utilized to fluidize the entire sand bed.  For instance, a filter with six sand layers could be operated at a 1.83 mm/s (158 m/day) filtration velocity and 11 mm/s (950 m/day) for backwash.  Both of these are within the range of typical design values for rapid-sand filtration.
Progress to date

During the Summer 2010 term, the team was able to successfully build a bench scale model, control the influent raw water turbidity, run several experiments of varied parameters, and back wash the system by sequentially fluidizing individual sand layers. The team also conducted a performance comparison to a conventional single layer filter system of the same depth as an individual layer of our stacked filtration system (20 cm), and added pressure sensors to the apparatus to provide a more complete comparison. The original apparatus consisted of four filter layers in a white 4” I.D. PVC pipe, and was replaced right before the Fall semester with a clear PVC pipe of the same diameter but with six filter layers. The transformation from the old to the new filter design is illustrated in Figure 3.
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Figure 3. Conceptual diagram of the original and new bench-scale filtration systems. 

Project Objectives and Hypotheses
In general, the group hypothesizes that stacked rapid sand filtration is an effective and sustainable water treatment technology, and the objective of this research is to test this broad hypothesis through lab-scale and field-scale studies.

Specific objectives have been developed that are important to meeting this goal.  The team hypothesizes (1) that a stacked filter system can be effectively backwashed just like a conventional rapid-sand filter; (2) that head loss in the sand will give uniform flow distribution among layers of the filter if it is large compared to other losses in the system; (3) that dead space is limited in the filter bed; (4) that consistent performance meeting EPA standards can be achieved using a stacked filter; and (5) that the technology can be applied at full-scale to improve water quality.  The research and design work this semester will be focused on testing these specific hypotheses.
Experimental Design
Modifications to apparatus
The bench-scale filter currently in use is a modified version of the stacked filtration system tested during Summer 2010.  The filter diameter (10.16 cm or 4”), the layer depth (20 cm), the slotted pipe inlet/outlet systems, and the sand media are the same, and the system will continue to use a laboratory sink as its water source.  However, two new layers have been added, along with the corresponding inlet and outlet plumbing.  This new configuration, shown in the schematic in Figure 4, allows the total flow rate in the filter to be the same during filtration at a velocity of 1.83 mm/s and during backwashing at six times the filtration velocity (11 mm/s).
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Figure 4. Schematic showing the layout of the modified bench-scale stacked filtration system.  The inlet and outlet systems divide the filtration flow among 6 layers.
The modified filter has been constructed in a clear acrylic pipe instead of a conventional white PVC pipe.  This modification allows for visual observation of the sand bed during backwashing or to complement dye tracer studies.
Backwashing study
The backwashing process in the filter was visually observed both to confirm that the bed of a stacked filter could effectively be fluidized, and to develop a procedure for initializing and terminating the process.  During initialization of backwash, the height of the expanded bed was measured with a meter stick each time additional layers became fluidized, and the approximate time for the bed to reach the full expanded height was recorded on a stopwatch.  At the end of the backwash process, the height of the expanded bed was measured each time successive layers of the filter were allowed to settle.  Starting and stopping backwash was done a few different ways during this study, and physical observations were made so that a standard backwashing procedure could be specified.
The flow during the backwash trials was monitored with an inline flow meter connected to the water supply, and the calibration of this meter was checked by measuring the time (with a stopwatch) required to fill a 1L volumetric flask.  Backwashing tests were run at both a higher velocity (11.6 mm/s) and a lower velocity (10.0 mm/s) within the range of typical backwash velocities for rapid sand filtration.
Results and Discussion
Bed fluidization during backwash
The backwashing study showed that the entire sand bed in a stacked filter can be fluidized in a reasonable amount of time.  This is important for the effectiveness and viability of the stacked filtration process in practice, because it leads to the water-saving efficiency of the stacked system compared to conventional rapid sand filters.  Results of the bed expansion study are shown in Table 1.
Table 1.  Observed bed expansion at two backwash velocities.

	Layers Fluidized
	High Velocity (11.6 mm/s)
	Low Velocity (10 mm/s)

	
	Time (s)
	Bed Expansion
	Time (s)
	Bed Expansion

	2
	36.4
	11%
	70.1
	9%

	4
	56.6
	20%
	60.9
	16%

	6
	74.1
	27%
	61.8
	21%


It took on the order of one minute for the completion of expansion of each set of layers.  Based on this observation, an operator of a stacked filtration system would be advised to wait about one minute between fluidizing successive layers of the filter so that the layers have sufficient time to fluidize.  The total bed expansion, an important design parameter in placing the backwash trough, was around 27% at the 11.6 mm/s backwash velocity and around 21% at 10 mm/s.  These were slightly higher than the bed expansions of 22% and 16% predicted based on empirical relationship to the settling velocity of the sand.
The backwashing process steps were varied and observation was used to determine which method of backwash was most effective.  The recommended procedure to initialize backwashing is listed below, referring to valve numbers in Figure 4.

1. Close all outlet valves so that the water has no exit point and can rise to the backwash outlet weir
2. Close inlet valves 1 and 3, so that the top two layers fluidize

3. Close inlet valve 2 and open inlet valve 3, so that four layers fluidize

4. Close inlet valve 3 so that the entire sand bed will fluidize

Backwash termination and sand settling

The backwash process is terminated by reducing the upflow velocity experienced by each layer of sand in the filter; once the velocity in a given layer is reduced, the sand in that layer will settle.  At the end of the backwash process, the sand should be settled into a packed configuration that will not allow significant “shifting” of the bed during filtration.  This shifting may lead to a release of contaminant particles from the bed, and may have contributed to some of the turbidity spikes in the summer performance data.
Experiments with various methods by which backwashing may be terminated led to two important observations that hold when the sand bed is fully fluidized in backwash mode:  (1) opening an inlet valve allows the layers below that inlet to settle, and (2) opening an outlet valve allows the layers above that outlet to settle.  In both cases, this settling takes place in a time frame on the order of seconds.  These observations both make intuitive sense: opening an inlet valve reduces the flow to layers below that inlet, and therefore the velocity that these layers experience; similarly, opening an outlet allows flow out of that outlet and reduces the velocity experienced in the layers above.

These observations suggest a procedure for terminating backwash, based on the notion that the sand in the filter should be settled starting from the lowest layers and working up.  The steps in this procedure are listed below, again using valve numbers from Figure 4:
1. Open inlet valve 3 so that the bottom two layers settle
2. Open inlet valve 2 so that the middle two layers settle

3. Open inlet valve 1 so that the top layers settle

4. Open the outlet valves to allow the water above the filter to drop to the level of the clean bed head loss.  The pressure from this water may help compact the settled sand bed.

When backwashing was terminated as described in the steps above, there was some “excess fluidization” effect in the filter bed as shown on the graph in Figure 5.  After any two layers were settled, the observed height of the expanded sand bed was slightly greater than the expected height based on the same number of layers fluidized during backwashing initialization.
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Figure 5.  Graph showing excess fluidization in the filter for the 10 mm/s backwash test.  As the layers are settled, the expanded bed is slightly higher than the initialization height with the same number of fluidized layers.
Future Work

Backwash study 

The ability to backwash all layers of a stacked filter is of fundamental importance to the viability of the technology.  The major task remaining from the summer proof-of-concept research is to make systematic physical observations of the filter backwashing process in the clear filter column, which requires the following steps:

1. Connect the filter inlet and the backwash weir drain to the lab sink.

2. Run the clear filter at a 10 mm/s backwash velocity, as was done when the filter was backwashed over the summer. 

3. For each filter layer, record the time it takes for the bed to fully expand once the valve is opened, and the height of sand after bed expansion.

4. Vary the sequence of steps by which backwashing is initiated and terminated, and document a “correct” backwashing procedure.

5. Take pictures and make diagrams to illustrate the backwashing process.
Point people:  Anderson, Sara, team members

Time frame:  Conduct research week of 9/20/2010 and finish around 9/24/2010

Proof-of-concept paper  

Throughout the semester, the team will prepare a paper explaining the concept of stacked rapid sand filtration, which will use the summer performance data and backwash observations to show that the technology is viable at the laboratory scale.  A preliminary design may also be included as an example application of stacked filtration in the field.  

1. Revise the introduction, process theory section, and materials and methods.

2. Compile all results from the summer performance studies, including notes on the conditions under which each test was run and the reasons for observed “failures”

3. Write up results and discussion to include filtration performance data at various velocities, and backwash observations

4. Provide an overview of a full-scale design to give an example of how a “real” stacked filter might be built, and how its suitability for development applications may be improved over conventional rapid sand filtration.

5. Compile and edit the paper text, and prepare high-quality tables and figures.
6. Include control data using upflow and downflow in a single filter layer.
7. Submit the paper for publication, possibly to J. Environ. Eng. – ASCE.

Point people:  Mickey, team members

Time frame:  Compile a draft of the paper by 9/24/2010 and revise over the next 2 weeks

EPA P3 grant proposal

The team will apply to the EPA P3 sustainable design competition to fund the future development of the stacked filter project, especially at the field scale.  This application will be prepared through the semester concurrent with research and design, and steps will include:

1. Look up specific rules and guidelines for the P3 competition, and obtain previous P3 Phase I grant reports.

2. Develop the concept to sell to the EPA and write a project abstract.

3. Draft a detailed research plan describing rationale, process theory, work to date, and additional studies needed to develop the technology.

4. Discuss project partnerships with AguaClara partner organizations such as Agua Para el Pueblo, and obtain letters of support.

5. Come up with a proposed budget showing in-kind contributions.

6. Finish the document package by the end of the Fall semester to submit to EPA.

Point people:  Sara, team members

Time frame:  Prepare an abstract by 10/8/2010, contact project partners by 10/29/2010, finish first draft by 11/12/2010, compile final draft by 12/10/2010, and submit to EPA 12/22/2010

Full-scale filter design

An important dimension of the work this semester will be the design of a full-scale version of the stacked rapid sand filter system, which will improve AguaClara plants and allow the field performance of the system to be studied.  Stacked filters will be integrated with the AguaClara design tool, and will draw on the resources of the design group.  Design tasks will include:

1. Resolve the issue with filter bed sizing:  for a low plant flow rate, the required area and depth for a stacked filter may not be practically constructible.

2. Develop decision algorithms for filter configuration and sizing.

3. Develop calculation procedures for filter components and plumbing.

4. Work on coding so that stacked filters can be added to the AguaClara design tool.

5. Work on AutoCAD drawings of the filter and its components.

6. Coordinate with partners in Honduras to build a full-size stacked filter, hopefully by the end of the academic year.

Point people:  Jeff, team members

Time frame:  Work on design concurrent with lab-scale research throughout the semester

Dye tracer study for flow distribution and dead zones

Evenly-distributed flow through the layers of sand is important to the performance of the filter, and the presence of “dead zones” in the sand bed would negatively affect filter performance   Dye tracer studies could help determine whether flow in each layer of the filter is in fact uniform, and this analysis may aid in the development of a reasonable design approach to achieve uniform flow distribution.  These studies could also show how much of the sand bed is effectively being used.  Investigating these questions consists of the following steps:

1. Look at literature on the spectrophotometric measurement red-40 dye and on the analysis and interpretation of tracer data.
2. Develop a set of standard solutions and an analytical procedure for red-40 dye on the spectrophotometer.

3. Set up a pump to inject dye on the inlet side of the filter, and fraction collectors to collect samples from all three outlets for analysis on the spectrophotometer.

4. Add a continuous “step input” of dye to each inlet of the filter and measure the steady-state response at the outlets above and below the inlet in question.

5. Analyze the results and interpret them with respect to flow distribution between layers of the filter.

6. To consider dead zones, start with a theoretical analysis of flow paths between the inlet and outlet pipes through one layer.  A solution to this problem may already exist in hydrogeology.

7. Add a “step input” of dye to all of the water on the inlet side of the filter and measure the initial response as the system reaches steady state.  This will require careful and extensive sampling.

8. Analyze the initial response data to determine the residence time in the filter, and determine whether dead space exists in the column.

9. Use a camera to observe the path and dispersion of the dye (if possible).  This may provide some visual insight into dead zones in the sand.

Point people:  Mickey, team members
Time frame:  Start these experiments once the backwash studies are done.  Finish lab setup by 10/1/2010 and finish the data collection by 10/15/2010

Underdrain design

An underdrain system may be needed for the bench-scale stacked filter system.  This would be intended to eliminate “dead space” in the few inches of sand below the lowest inlet in the bench-scale filter, which will never be fluidized during backwashing.  Steps will include:  

1. Determine whether or not an underdrain system will be required for the bench-scale model, because the underdrain may not significantly affect laboratory performance.

2. Check the literature and vendor catalogs to see what sort of underdrain system might be feasible, e.g. plastic beads with a pipe coming in at the bottom.

3. Work out a design using MathCAD once a system has been selected.

4. Order parts as required to build the underdrain.

5. Construct and test the underdrain in the bench-scale filter column.

Point people:  Anderson, team members

Time frame:  Consider this issue once the flow distribution studies are done and before the additional performance studies

Additional performance studies

Filter performance studies similar to those that took place during the summer will be carried out, so that the team has a better understanding of the failures observed in the bench-scale system (such as turbidity “spikes”), and the conditions that might lead to these failures.  A control filter with one 20-cm sand layer will also be tested in both upflow and downflow mode to compare to the performance of the stacked system.  Steps in these performance studies will include:

1. Set up the filter for performance testing with influent and effluent turbidimeters, alum and clay stock tanks, and peristaltic pumps for dosing and sampling.

2. Run the stacked filter under “normal” conditions to verify that the summer results are reproducible and to establish a baseline for filter performance.

3. Backwash the filter and vibrate the column as the sand is settling to form a denser bed, or make other modifications to the backwash procedure.  

4. Run a filtration cycle to determine if this backwashing procedure has any effect on performance; if so, “compression” of the sand bed during filtration may be the reason for the turbidity spikes.

5. Set up a single-layer control filter consisting of 20 cm of sand in a 4”-diameter PVC pipe.

6. Run this control filter at the same filtration velocity as the stacked system in upflow and downflow mode, and compare the results from the two systems.  The control is expected to show better performance.

Point people:   Anderson, team members

Time frame:  Start this study once the dye tests are done.  Set up by 10/29/2010, and work on them over the next month or so
Sand grain size study
The size of the sand media will be important to filter sizing, head loss, backwash velocity, and overall performance.  Also, sand uniformity will be a special concern in stacked filters.  After the filter is fluidized during backwashing, the settling of coarser particles at the bottom of the sand bed may affect both the flow distribution in the filter and the turbidity removal.  Studying these problems will require the following steps:

1. Review existing literature on sand grain size in filtration, and on settling of graded media in a fluidized bed.

2. Develop theoretical predictions of the time it will take a sand bed to stratify, and the implications for flow distribution once stratification has occurred.

3. Prepare or purchase filter media with a variety of grain sizes.

4. Measure and record the particle-size distribution and uniformity coefficient of any sand that will be added to the filter.

5. Run flow-distribution studies with tracer dye before and after backwashing for sand of varying uniformity, and determine both the time scale for the bed to stratify and the conditions under which stratification may cause problems.

6. Run filtration-cycle experiments with various sand sizes, and measure turbidity removal and head loss at various filtration velocities.
7. Re-run tracer dye experiments after a filtration cycle, to assess flow distribution as the filter bed becomes clogged.
Point people:  Dylan, team members

Time frame:  Time permitting, this study will be carried out after the performance studies

Team Reflections
In general we are very satisfied with progress at the beginning of the semester.  There is a lot of work ahead of us in both the design and research components of this project, but after our project planning meetings we have a much better idea of where the project is going in the future and what our goals are at the present time.  The design of the full-scale filter is an important priority because of the possibility of building one in Honduras next semester; on the research side, we seem to be addressing the most important questions at this point with the dye tracer study and by revisiting the performance studies.  We are cautiously optimistic about moving forward with stacked filtration.
A few possible limitations are on the horizon, chiefly involving materials.  We will need one peristaltic pump for the dye tracer studies, and one or two more (with around 5 more pump heads) to use for sampling and alum/clay dosing in the performance studies.  However, there do not seem to be any pumps currently available in the AguaClara labs.  In addition to the pumps, we will need other materials such as a spectrophotometer, a fraction collector, and red 40 dye; so far, these items have been easier to find.
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