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Description and Objective of Research:

The project goal is to produce sustainable technology for the treatment of drinking water in small communities in Honduras and beyond. The resources, talent, time, and enthusiasm of students and faculty at Cornell are being utilized to develop an integrated set of processes that can economically treat turbid sources to produce potable water. We aim for technology transfer, that is, we are conducting research and developing designs for water treatment plants that can be customized, scaled, constructed, and operated in Honduras by Hondurans. The designs we develop must be simple, inexpensive, reliable, and able to be built and maintained with local materials in Honduras using local skills and knowledge. Rural Hondurans lack financial resources, reliable electric power and have weak logistical support for mechanical repair; thus, sustainable treatment plants must operate by gravity without the use of electricity or pumps.
We have been taking a holistic system view of the water supply systems in the context of small communities in the Global South. Developing a water treatment system that is sustainable will require creating a whole set of technologies, the support infrastructure, and institutional and human capacity. We are conducting research on both sociological as well as engineered components that we have determined to be critical for production of safe drinking water and we are creating tools and programs to facilitate knowledge transfer that will be essential for technology adoption, adaptation, and dissemination.  
Most small communities in Honduras (population less than about 50,000) are currently using hypochlorinators as the sole process to treat their water and most of the hypochlorinators that we have seen in Honduras are not in use. The drip hypochlorinators in use are a standard device that does not provide a consistent chlorine dose because of a poor hydraulic design and because calcium carbonate scaling causes valves to clog. AHJASA (association of Honduran Water Boards) has introduced tablet chlorinators, but supply and distribution of the tablets is a major challenge and there is some question about how well tablet-based systems control the chlorine dose. Some communities have abandoned the tablet feeders because the tablets are more expensive than calcium hypochlorite. Thus, research into alternative methods of controlling the chlorine dose using granular calcium hypochlorite is one of our research tasks.

Chlorination for the destruction of pathogenic organisms is not effective with waters having high turbidity (LeChevallier, Evans and  Seidler (1981)). In addition, no one enjoys drinking water that is thick with sediment. Our strategy to address the turbidity problem is to add unit processes for particle removal to treatment systems prior to chlorination. We have explored the available technologies and have concluded that flocculation and sedimentation offer the best prospects for a sustainable solution. Flocculation works by the addition of a chemical coagulant (aluminum sulfate) to the turbid water. This chemical reacts with the particles in the water making them stick together and thereby increasing their sedimentation velocity. Coagulated particles can then settle out in a sedimentation tank. We are developing reliable, low maintenance, flocculation systems and plan to compare sedimentation tank designs.  A requirement for all these systems is that they be gravity driven, and operate without the need for pumps.
We are not including filtration in the treatment plants because operation of rapid sand filters requires significantly more supervision, technical expertise, and usually require pumps for backwash. Filtration may be added by some of the larger communities as an additional refinement to their water treatment system, but we do not think that the current designs of rapid sand filters are sustainable in the Global South for small communities. Use of slow sand filters is potentially a viable alternative to rapid sand filters and we have ongoing NSF-funded research to develop systems that can reliably function under the technological constraints of rural communities.
During the past year we have made significant advances in our ability to conduct fully automated parametric testing using process control software. We are beginning to characterize the fundamental parameters that control flocculation using a laboratory scale tube flocculator with the goal of developing solid guidelines for designing full scale hydraulic flocculators that will consistently produce high quality finished water. We have invented a low cost mechanical alum dose test apparatus that will replace the need for electric jar test apparatus in water treatment plants. Last year we developed the rolling bottle test protocol and this year we developed a method to ensure that all of the samples are treated identically by placing the bottles in a spinning bucket. We have developed new fabrication techniques for assembling plate settlers and hydraulic flocculator baffles that we will be implementing in Honduras in the coming weeks. The plate settlers and baffles are built using materials that are available in Honduran hardware stores. We also have installed the first gravity-driven dosing device for a hypochlorinator capable of delivering a calibrated dose. We had not intended to introduce this technology this soon, but we needed a chlorinator for the water treatment plant we built in Ojojona, Honduras and the complete lack of alternatives forced us to try the system we had developed for dosing aluminum sulfate. The chlorinator is already working better than the standard designs used in Honduras. We also built a 100 liter/minute hydraulic flocculator that we are installing inside the Cornell University Water Filtration Plant with the goal of being able to test alternate hydraulic flocculator designs. We will also use the full scale flocculator to confirm our ability to scale the results form the laboratory scale tube flocculator.
Conclusions:

The AguaClara project team has identified the need for a well designed municipal water treatment plant for small communities. We recognize that to obtain a sustainable solution we must address all aspects of the technology as well as the interactions of the technology with society. We have designed and built a water treatment plant in Honduras working with our partner organization, Agua Para el Pueblo (APP), that does not require electricity and that is simple to operate and maintain. We have developed simple modular designs for building plate settlers and hydraulic flocculators using commonly available Honduran building materials. We have developed chemical feed systems that can be easily calibrated to deliver a desired flow without the use of electricity.

We have identified the need for research to optimize hydraulic flocculation and have recognized that optimization will require an extensive set of parametric experiments. We have concluded that the paucity of design guidance for flocculators is due to the difficulty of conducting the experiments necessary to fully characterize the requirements for efficient flocculation. Over the past decade we have developed automated test capabilities at Cornell University that integrate process control, data acquisition, and the ability to conduct a set of experiments complete with controls and replicates. We have begun using this test capability to characterize optimal shear levels in flocculators.
The AguaClara project is serving as a powerful recruitment tool for both undergraduate and graduate students. The students know that the design work and research that they are doing is already making a difference and has the potential to revolutionize water treatment in the Global South. Our project teams have become incubators for learning and knowledge generation where students learn from doing and learn from each other and from “experts”. More senior members of the teams are able to practice teaching and junior members of the team get a rich experience with learning in a team environment.
The AguaClara project also prepares students for the grand challenge of maintaining the environmental infrastructure that society requires. The skills that they are learning will be equally applicable in the industrialized Global North where aging infrastructure will need to be refurbished and replaced in the coming decades. And we are training students to tackle environmental engineering challenges in a rich context where they can experience the complex interplay between science, technology, culture, and institutions.
Proposed Phase II Objectives and Strategies:

Our primary objective for the next two years is to further refine the AguaClara technology so that we can begin to ramp up the dissemination of the water treatment plants in the Global South. We will take on the challenge with a three pronged approach. In Ojojona, Honduras we will compare the performance of vertical and horizontal flow hydraulic flocculators. In the AguaClara laboratory at Cornell we will conduct parametric tests in the well characterized shear environment of a tube flocculator to determine the optimal distribution of shear and the optimal combination of velocity gradient and residence time. At the Cornell University Water Filtration Plant we will compare the performance of alternative configurations of a 100 L/min vertical flow flocculator.
Second tier objectives for the next two years include developing a modular float valve, constant head tank, and metering tube apparatus that can be used for metering corrosive chemical solutions including chlorine and aluminum sulfate. We will also refine the design and protocol for the spinning bottle test to eliminate the need for the jar test apparatus.

By the end of Phase II we anticipate having two more AguaClara designed water treatment plants completed in small Honduran towns and two additional plants in the initial construction phase. Our goal is to have plant capacity for at least 10,000 people under construction by the end of the summer of 2008. As the AguaClara project expands and as our partner Agua Para el Pueblo begins building more water treatment plants we will need to help identify funding sources for the capital costs of the treatment plants. We plan to increase the number of individual donors who are supporting AguaClara, add support from Foundations, and begin to make connections with USAID and development banks. 
Ultimately, even a well engineered water treatment system can fail if it is not implemented in the context of cultural constraints. We believe completion of our task will ultimately require that we evaluate the entire water treatment system including the supply of chemicals to operate the plants, the impact on communities of higher water tariffs, the accountability of the local water boards to the communities to ensure that the water treatment plants are being operated well, the ability of the operators to monitor plant performance and to receive rapid feedback on the effects that operational changes have on water quality, and to make needed repairs when components fail.  Students participating in the project are developing treatment plant operator training programs and methods for community outreach that will result in robust systems that will continue to operate long after the “Gringos” have left.
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Final Report

Summary of Phase I (8-10 pages)
Background and problem definition

AguaClara is a project in Civil and Environmental Engineering at Cornell University that strives to improve drinking water quality through innovative research, knowledge transfer, open source engineering and design of sustainable, replicable water treatment systems.
The reality that over 1 billion people don’t have access to safe drinking water provides the motivation and context for the AguaClara project. With the majority of population growth happening in the Global South, the number of people who will need access to safe water over the coming decades is much higher. The magnitude of the problem is likely to be underestimated since many countries are currently claiming that they are on track to meet the UN Millennium development goals for provision of safe drinking water when they are actually only providing piped untreated surface waters. Continuing population growth is also placing a large strain on municipal systems that were built in the previous 30 years and are now inadequate. In many places in Latin America these piped surface waters are occasionally chlorinated, but the chlorination is unreliable and largely ineffective.
In the Global North engineers have long recognized that surface water treatment must begin with processes designed to remove the bulk of the turbidity followed by a polishing filtration step and finally disinfection. This approach has been often reversed in the Global South with policy first specifying disinfection and more recently requiring filtration of surface waters. This “backwards” approach has led to the useless chlorination of high turbity (500 NTU) water and similar inappropriate application of slow sand filters to waters that cause the filters to clog too rapidly.
The approach taken in the AguaClara project is in response to a request by Agua Para el Pueblo (APP), our partner organization in Honduras. APP has been building water supply systems in rural Honduran communities since 1984. In 2004 they requested that we assist them in developing a technology that would be able to remove the turbidity from the surface waters that they use for gravity powered water supply systems. The process sequence needed to solve this problem in the Global North (using conventional water treatment technologies) is well established. However, repeated failed attempts have shown that the standard implementations of the technology were not designed to perform well in the Global South.

We needed to overcome several constraints that make water treatment design for the Global South much more difficult. The first is that frequently the electrical grid is far from where water treatment plants are needed and the electrical grid is not reliable. Thus, sustainable water treatment technologies should be able to operate without an external power source. The second constraint is that unit processes should be constructed using locally available materials so that when repairs are needed they can be implemented without having to import parts. Finally, few treatment plant operators in the Global South have completed a formal high school education and treatment plants must be designed to be as simple to operate and maintain as is possible.

These constraints necessitate a complete redesign of “conventional” water treatment processes and the invention of new technologies. The focus of our 2006 EPA proposal was development of the technologies that are needed to support this new generation of “sustainable” water treatment plants. In addition it became clear that there is a lack of engineering design guidelines for small community water treatment plants (i.e., for supply to 1000 to 50,000 inhabitants). For example, hydraulic flocculation is deemed inappropriate for small communities simply because scaling down results in closely spaced baffles that can not be accessed for cleaning Schulz and Okun (1984) and yet no viable alternative for flocculation is available.
Resolving the ability to provide clean water for small communities in the Global South is expected to have several profound consequences. The rapid migration of the rural poor to mega cities is due to a combination of push and pull factors. The environmental infrastructure supporting the mega cities is being stressed and the prospect of droughts that cause widespread water shortages and the potential for breakdown of order in these cities is a real threat. Small communities in Latin America often have access to abundant water with the only limitation being their water treatment and supply infrastructure. AguaClara is committed to improving the quality of life in small communities to help reduce the migration pressure and to reduce the magnitude of suffering caused by future droughts. 

The AguaClara project also addresses the challenge of preparing the next generation of environmental engineers to take on the challenge of maintaining, upgrading, and replacing the water supply infrastructure in the Global North. Students with experience designing real facilities, making decisions with incomplete information, and with an understanding of the interaction between technology and society will be well prepared to help design and implement the next generation of water treatment infrastructure in the Global North. Students who work on the AguaClara project get to visit water treatment facilities in Honduras and are able to critically evaluate water treatment plant design and learn why most conventional designs do not work well in Honduras. 
Although we are developing technologies to perform well in a context that is far more challenging that the Global North, many of the lessons that we learn are relevant in the Global North as well. The underlying water treatment theory we apply is independent of the context and we suspect that the improved flocculator designs that we are developing will be used in the Global North as well. We are working to create an open source web-based design approach that will lead to improved water treatment plant designs as knowledge is shared and as operating experience is fed back into the design algorithms. The design software will output a detailed design of a water treatment plant including a 3-d CAD drawing given inputs of the design flow rate and a few additional parameters.
[image: image3.wmf]1000

NTU

1

10

100

1000

NTU

1

10

100

SSF

Cartridge

Bag

RSF+

Pot

Candle

DE

Unit Process Selection
Our first step was to evaluate available unit processes and assess which technologies were capable of handling the high turbidities associated with the tropical downpours experienced in Honduras. As illustrated in Figure 1, only rapid sand filtration coupled with flocculation and sedimentation is capable of treating very turbid waters. There is, however, one other less common water treatment scheme known as multistage filtration that uses slow sand filtration as the polishing step and uses roughing filters for pretreatment. Although there has been a significant effort to develop multistage filtration, the technology continues to have severe disadvantages. Multistage filtration requires a very large flat area because the plant footprint is many times larger than conventional treatment while the topography of Honduras is dominated by steep relief. Cleaning the roughing filters has proven to be very difficult and the large tanks required for multistage filtration result in relatively high capital costs. The main advantage of the multistage filtration technology is that it does not require chemical coagulants.
Conventional water treatment using flocculation, sedimentation, and rapid sand filtration would be appropriate for high turbidity surface waters, but the application of rapid sand filters presents several challenges in the context of the Global South. Rapid sand filters are commonly backwashed by using a pump that takes water from a clearwell. Reliable electric power is not yet a reality in rural Honduras. In addition backwash pumps eventually require repair with parts that would have to be imported. Even assuming local operators have the technical training to accomplish needed repair, people need safe drinking water on a daily basis and can not be expected to wait until repair parts arrive and are installed (budget constraints prohibit having an inventory of repair parts on hand). Rapid sand filters can be designed to backwash using a gravity powered system, but this requires the use of at least 5 or 6 filters in parallel so that one filter can be backwashed using the flow of water from the remaining filters. The cost of constructing 5 redundant small-scale rapid sand filters with deep filter boxes to handle the gravity powered backwash is prohibitive for a small community. In the future we may reevaluate this option using enclosed pressure filters to eliminate the need for deep filter boxes.
The option that we found most attractive came from the realization that the Cornell University water filtration plant routinely produces water with a turbidity of less than 1 NTU after sedimentation. This performance suggested that we could produce water that is clean enough for disinfection with chlorine by using flocculation and sedimentation in the absence of filtration. 
Optimizing Flocculation and Sedimentation

Our challenge has been to design flocculation and sedimentation processes that are gravity powered including the chemical dosing and rapid mixing steps. We have relied heavily on the text “Surface Water Treatment for Communities in Developing Countries” Schulz and Okun (1984). However, the hydraulic flocculator designs in that reference are limited to flows greater than 10,000 m3/day, a flow that corresponds to communities larger than about 50,000 inhabitants. We were interested in designing for smaller flow rates and were disappointed to discover that the only basis for design is empirical relationships and “constants” that are clearly not correct at all scales. As a result we have derived a general design equation for hydraulic flocculators that works at all scales (see Equation 1

) and that maintains velocity gradients at the target levels. 
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In equation 
1

,  GOTOBUTTON ZEqnNum699534  \* MERGEFORMAT  is the average velocity gradient, V is velocity,  is kinematic viscosity, f is the friction factor, w is the width of the tank, L is the tank depth, b is the distance between baffles, and Kminor is dimensionless energy loss coefficient associated with the expansion that happens after the vena contracta at the 180° turn at the end of each baffle (see Figure 2) . The equation can be solved explicitly for the velocity gradient, but must be solved iteratively to find the appropriate velocity given a desired velocity gradient since the friction factor is a function of the Reynolds number and hence of the velocity. For large hydraulic flocculators there is a simple relationship between velocity and velocity gradients. This relationship validates the velocity guidelines for large scale plants. However the optimal baffle spacing for small scale plants is affected by the contribution of terms that can be neglected at large scales. The net result of including these terms is that the velocities must decrease as the baffle spacing decreases.
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Appropriate values for the velocity gradient in the flocculation tank and for the residence time or the dimensionless product (G) of velocity gradient (G) and residence time () for the flocculation tank were not readily available. The current “guidelines” for G vary by a factor of 10 Schulz and Okun (1984). We suspect that the poor hydraulic design of many mechanical flocculators with completely mixed flow reactor characteristics has led to the need for the very large G values. Hydraulic flocculators are expected to perform well at lower values of G because they are much closer to plug flow. The overall performance of the AguaClara flocculation/sedimentation water treatment plant will be controlled by the performance of the hydraulic flocculator and thus our highest priority research effort is to fully characterize the optimal velocity gradient as a function of location in the hydraulic flocculator and to quantify the minimal value of G required to achieve 1 NTU water when the influent turbidity is 5 NTU. This constraint is based on the fact that the flocculation process is slowest when the particle concentration is low.

[image: image5.emf]The sedimentation process is somewhat easier to model and design than the flocculation process. The first plant that we designed and built in Honduras used a conventional 3 m deep open sedimentation tank. We quickly realized that we could reduce construction costs by making shallower sedimentation tanks and by incorporating plate settlers. The lack of clear guidance on acceptable flow rates through plate settlers led us to adopt a conservative design for our next water treatment plant that we built in Ojojona, Honduras. To accommodate the lack of available design guidelines we designed the plant with three parallel sedimentation tanks so that all of the flow could be directed through 3, 2, or 1 of the sedimentation tanks (Figure 3). Thus, over the coming year we will be able to assess the effect of sedimentation tank capacity on the overall plant performance.

For both flocculation and sedimentation design we have been surprised by the lack of design guidance for building water treatment plants. Given the need for the construction and upgrade of many thousands of water treatment plants in the coming decades it is long past time that we develop solid design guidelines for water treatment plants that are optimized to perform well. 
Design Tools

Early on in the design process we realized that we needed to be creating systems that would facilitate global dissemination of the technologies that we are developing. Traditionally water treatment plants have been designed one plant at a time. For small scale plants customized designs result in excessive engineering costs and limit the dissemination of the technology. We need design tools that can automatically generate water treatment plant designs over a wide range of flow rates. Our strategy is to use web-based open source engineering tools that will make it possible for engineers in other countries to quickly create designs based on the design maximum and minimum flow rates as well as dimensions of the material that they will be using for the baffles and plate settlers.
Data, Results, and Findings

In our Phase I proposal we identified 5 research priorities. They were experiments leading to an aqueous phase lime feeder, a tube flocculator, an alum dose test apparatus, evaluation of alternative sedimentation tank configurations, and a flow control device for a hypochlorinator. In the following sections we will discuss results of the first three items. Research on sedimentation tank configurations will occur after we develop a very well designed hydraulic flocculator. We have installed a flow control device for a hypochlorinator in Honduras. Although, our design is already better than the technology currently used in Honduras, we will be designing a modular flow control device for the AguaClara water treatment plants in the coming year. 
[image: image6.emf]Aqueous Phase Lime Feeder

[image: image7.emf]The aqueous phase lime feed control was of particular interest because we had some early indications that the water supply for Ojojona had a very low acid neutralizing capacity (ANC) and that it might require base addition to counteract the acidifying effects of the aluminum sulfate coagulant. Our goal was to design a lime feed that could provide a consistent dose of acid neutralizing capacity to the raw water for a period of at least 28 hours (i.e., for a time interval sufficiently long to allow daily maintenance). We experimented with a series of different upflow reactor configurations and eventually used an inverted traffic cone (Figure 4). The inverted traffic cone performed well and we were able to produce a consistent effluent pH for approximately 20 hours (Figure 5) and we are confident that we could easily obtain the 28 hour goal by increasing the initial lime mass or by decreasing the flow rate. Although we were successful, there were several problems with the reactor design. One issue was that when the pH began to drop there was still a very large mass of granules in the reactor. Our mass balance calculations also indicated that a significant fraction of the lime never dissolved, but was still in the reactor. This led us to hypothesize that carbonates present in the raw water (we were using tap water as the feed source) were reacting with calcium and precipitating on the lime granules. The calcium carbonate precipitate apparently coated the lime granules and prevented further dissolution of the lime. Calcium carbonate “fouling” rendered the process inefficient and made lime as expensive source of ANC. From an operational standpoint, we were also concerned that there was no visual indication that the lime feeder was nearing the end of its capacity. The suspension looked similar when it was working well and when it was no longer delivering sufficient ANC. Thus, the operator would not receive any warning that the process was failing. Of course, it was possible to monitor performance with a pH probe, but the pH probes also fouled quickly. We concluded that although lime had some economic advantages, it would be difficult to operate reliably. We now recommend that a sodium carbonate solution be used to adjust pH. Sodium carbonate is very soluble and it is easy to prepare a concentrated solution and meter it into the rapid mix unit using a gravity dosing system.
Tube Flocculator Investigations

We had two objectives for investigating tubular flocculators. The first was to see if tube flocculators were a viable alternative to the baffled flocculators that we are using in Honduras. Tube flocculators are commercially available and it would be relatively easy to design and build a tube system using PVC pipe. OXFAM uses a tubular flocculator in their emergency water treatment plant Clarke, Crompton and  Luff (2004). Our analysis of tubular flocculators suggested that the construction costs for a PVC flocculator might be lower than a baffled flocculator in a concrete tank. However, there are several significant disadvantages to tubular flocculation. The first is that PVC pipe is vulnerable to UV light degradation and mechanical (machete!) damage. Thus the entire PVC pipe flocculator would need to be covered and protected. This might include building a support rack to hold the pipe and then a building to enclose it. The second disadvantage is that the plant operator won’t be able to visually monitor the flocculation process. The inability to observe floc formation is a severe constraint. We consider it imperative that operators get as much visual feedback as possible to guide them in setting the alum dose. The final disadvantage of tube flocculators is that cleaning would be limited to draining the tube and it would be possible for sediment to build up over time. Given these disadvantages we have concluded that tube flocculators are not currently an appropriate solution for use in the Global South.
[image: image8.emf]The second activity related to tube flocculation was to characterize the two flocculation design parameters, velocity gradient (G) and the product of velocity gradient and residence time (G). We are using a small laboratory tube flocculator for this research because the velocity gradients are well characterized. We plan to eventually characterize the velocity gradients in full scale flocculators and thus be able to apply what we learn from the laboratory scale flocculator to full scale hydraulic flocculators. We began this research in the spring of 2006 and have been gradually improving our methodologies, the apparatus, and the computerized control software and hardware. The experimental apparatus (Figure 6) includes a temperature controlled tap water source, a concentrated stock suspension of kaolin clay, and an aluminum sulfate stock solution. Each of these inputs is metered with a computer controlled variable speed peristaltic pump. The blended tap water and kaolin suspension passes through an inline turbidimeter is blended with aluminum sulfate, and then passes through a 30 m tube flocculator. The flocculator effluent passes through a second inline turbidimeter that is outfitted with a specially designed flow cell (Figure 7). 
[image: image9.emf]The flow cell is controlled by a series of solenoid valves that either direct flocs to flow into the cell or to bypass the cell. A third operating mode takes high pressure tap water and flushes the cell to remove any accumulated sediment. The purpose of the flow cell is to mimic the function of a sedimentation tank. The flow cell is first loaded with flocs produced by the tube flocculator. The valves are then switched so the flocculated suspension bypasses the flow cell. In this state the flocs settle in the turbidimeter flow cell. As the flocs settle they move below the light beam and the measured turbidity drops. Using the turbidimeter as the sedimentation tank makes it possible to treat all of the flocs identically and to obtain a good measure of what the settled water quality would be after a sedimentation tank. Indeed, it is possible to assess what quality as a function of the sedimentation velocity based on the duration of the sedimentation time and the distance the flocs have to settle to move below the light beam.
The entire experimental apparatus is controlled by Process Control Software developed by the PI that is specifically designed to make it easy to setup process control, sensors, logic, and states and to automatically vary parameters while acquiring data. 

Much of the effort with the experimental apparatus over the past year was taken up with three tasks. The first task was to design and build a flow cell (Figure 7) that had an inlet that was large enough to prevent floc breakup. We completely redesigned the cell cap and have demonstrated that large flocs safely enter the flow cell. The second task was to upgrade from process controller hardware and software that was capable of controlling one variable speed peristaltic pump to hardware and software that was capable of controlling six variable speed peristaltic pumps. As of the end of March the experimental apparatus is ready to operate. The third task was developing data analysis software to extract and process the large data files that are generated with each experimental run. Because the experiment is computer controlled and able to automatically step through replicates and vary a parameter, a complete parametric study can be performed in one automated run. The data files are large and data extraction requires coordination between a data file and a state log file. We wrote software using MathCAD to extract data and to make it easy to view data either as a function of time or as a function of the parameter that was varied between experiments.
We are now poised to begin parametric studies of the flocculation process. These experiments will be described in the proposal section. 
[image: image10.emf]Rolling bottle test

The purpose of the rolling bottle test was to develop a working replacement for the conventional jar test apparatus (Figure 8). Because the jar test requires electricity and the test apparatus is too expensive for small communities, a replacement was needed to be able to meet the constraints found in Honduras. Other important factors considered were availability of equipment, ease of use, and test accuracy in comparison to the conventional jar test.  

[image: image11.jpg]


In the fall of 2005 the PI developed a rolling bottle test to be used to set the alum dose for a portable demonstration plant that we were planning to use on the trip to Honduras. The rolling bottle test proved quite useful (Figure 9) but we had questions about consistency of the results and we needed to confirm that it worked as well as the jar test apparatus.
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[image: image13.emf]In the spring of 2006 students performed a series of tests with the rolling bottle test and developed a simple method of rolling an entire set of bottles to reduce variability in the shear between the bottles (Figure 11). However the method was still highly dependent on the person rolling the bottles. The method included rapid mix for 1 minute by grasping the bottle in the hand and using strong wrist rotation. The bottle was rolled one revolution in 3 seconds and then the roll direction was reversed for the next revolution for 20 minutes of flocculation. After flocculation the bottles were gently turned upright and allowed to settling for 45 minutes. The results, along with the jar test apparatus results running at 100 rpm for one minute and 30 rpm for 20 minutes, are shown in Figure 10.  
Although the rolling bottle method showed promise, it was very easy to get poor results by incorrect handling of the bottle at the end of flocculation and the shear levels were strongly affected by the angular acceleration of the bottles. We wanted a test method that would be easier to replicate and that would be easier to control the shear levels in the bottles. 
We decided to explore the possibility of devising a replacement for the conventional jar test using plastic water bottles spinning in a bucket. As in the rolling bottle test the rapid mix process was simulated by clasping the center of the bottles and rapidly rotating the wrist. After this, the bottles were placed in a hanging bucket, which was free to spin on a swivel (Figure 12). A weight attached to a string that passed through a pulley was attached to an axis symmetric pipe that was mounted on the bucket. Thus, the bottles lining the inside of the bucket were forced to spin, creating shear, and simulating the flocculation process. We are still working to develop a full analytical expression for the shear inside the spinning bottles. The theory behind the spinning bottle test relies on several fundamental insights: 
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First, the shear inside a spinning bottle is directly related to the angular acceleration of the bottle. The fluid inside a bottle that is spinning at a constant angular velocity (zero angular acceleration) eventually spins at the same angular velocity as the bottle and the shear goes to zero. Thus, the only way to maintain shear in a spinning bottle is to constantly accelerate or decelerate the bottle. 
Second, the shear forces for a bottle spinning on its axis with a constant angular acceleration are identically recreated by placing the bottle in a bucket that has the same angular acceleration. This is because the bottle motion can be divided into the components of rotation about its axis and rotation about the bucket axis. The rotation about the bucket axis can be accomplished by normal forces acting on the wall of the bottle and consequently rotation about the bucket axis does not generate any shear. 

Third, if the angular acceleration is constant for a long time, then after an initial spin up period the shear inside the bottle remains constant with time although it does decrease from a maximum at the bottle wall to zero at the center of the bottle. The constant acceleration can be achieved by applying a constant torque to the bucket. We are still developing this test protocol. However, preliminary results are promising and suggest that the spinning bottle test can do a better job of flocculating than the rolling bottle test.
Plate settler and Hydraulic Flocculator Baffle Design

[image: image15.jpg]


The plate settler and hydraulic flocculator baffle installation at the Ojojona plant relied on fasteners embedded into the concrete walls of the tanks. The holes in the walls were sources of leaks and the fastening system made it difficult to remove the plates and baffles for cleaning. Although this was not one of the goals in our original proposal it became apparent that we needed to design a method of building modular assemblies of plate settlers and hydraulic flocculator baffles. A team of students took on this challenge in late January and they developed a construction method using materials that are available in hardware stores in Honduras (Figure 13). The principle elements are CPVC pipe and CPVC caps that are fit together without glue. Thus the entire module can be disassembled if any components are damaged and need replacing.
Discussion, Conclusions, Recommendations

AguaClara has designed and built two water treatment plants that serve approximately 2500 people. The plants use no electricity and are built using materials readily available in Honduras. We have designed and fabricated hydraulic flocculator baffles and plate settlers that are easily removed, cleaned, and repaired. Improving the quality of life in rural communities makes those communities inherently more attractive and is expected to decrease emigration to mega cities with their increasingly overtaxed infrastructure. The rural water treatment plants are managed by community water boards and there is already anecdotal evidence that the community ownership results in better plant management than the plants that are managed by the central government. 
We have designed and built an automated floc test apparatus that is capable of measuring flocculator performance and we have begun using it to determine optimal design of hydraulic flocculators. We have invented a spinning bottle test to replace the jar test apparatus. We have developed the equations describing hydraulic flocculator design from first principles and are demonstrating the capability to scale the design of flocculators from 20 L/day to 1000 m3/day and beyond. 
In the 18 months prior to January 2007 the AguaClara project invested approximately $200,000 on personnel, research and development, trips to Honduras, student internships in Honduras, and construction of the water treatment plant in Ojojona, Honduras. The funds came from individual donors, the Cornell University College of Engineering and School of Civil and Environmental Engineering, the National Rural Water Association, our EPA P3 grant, and the Kaplan Foundation. The community of Ojojona also donated labor and raw materials. 
The project has grown rapidly and currently has 33 student members. We are very conscious of the need to balance the very aggressive targets for producing better designs for water treatment plants and the need to provide an outstanding educational opportunity for students. We recognize the need to involve students at all levels so that informal teaching in the project team context becomes the primary educational tool. Experienced members of the team pass on their knowledge to new members. In addition we use teach ins where project teams take a class period to teach about their aspect of the project. This has proved to be highly effective both for new and continuing team members.

Proposal for Phase II (5-7 pages)
P3 Phase II Project Description 
Although we have had technology breakthroughs on several fronts during the past year, there is still much work to be done to ensure that the water treatment plants that we are designing are close to optimal and to ensure that the water treatment plant operators have the tools that they need to operate the plants efficiently. The need for additional research can be divided into five areas. The research tasks have been selected based on the importance of each of these elements in the development of a sustainable water treatment technology for small communities.

The first area of research is a full parametric study of the flocculation process. This research will be conducted primarily at Cornell in both laboratory and full scale facilities with additional input from the ongoing performance at the Ojojona, Honduras water treatment plant. The second research focus is the development of the spinning bottle test, a “smart-tech.” alternative to conventional jar test apparatus that is used to optimize coagulant dose. The third area of research and development is the creation of an online design guide and design tool that will automate the design of small water treatment plants. The fourth area of research is a small project to develop a modular gravity-powered dosing system for hypochlorite and aluminum sulfate solutions. The fifth research task is to build and access the performance of a third water treatment plant in Honduras that incorporates design refinements identified by our ongoing experiments related to flocculator design.

Parametric Study of Hydraulic Flocculation

The flocculation process is controlled by particle aggregation into flocs and floc breakup by excessive shear. The rate of particle collisions and hence floc aggregation is controlled by the velocity gradient, differential sedimentation, and Brownian motion. Brownian motion is only significant for particles that are smaller than approximately 1 m. Differential sedimentation is very important for particles that have very different sedimentation velocities. The conclusion that velocity gradients are relatively insignificant, Han and Lawler (1992), was based on the assumption that the flocs are impermeable spheres. However, flocs formed in drinking water treatment plants are permeable and thus streamlines pass directly through the flocs. The permeability of the flocs reduces the effects of hydrodynamic drag and increases the effectiveness of velocity gradient to cause collisions between similar sized particles. Therefore, it is far from clear that velocity gradients can be neglected in the design of flocculation systems.

The particle size distribution at any given location in hydraulic flocculators is expected to be much narrower than in mechanical flocculators because the flow regime in hydraulic flocculators is very close to plug flow while mechanical flocculators are closer to completely mixed flow reactors. In mechanical flocculators it is possible for large flocs to interact directly with the influent particles entering the flocculator. In hydraulic flocculators large flocs are carried toward the effluent and are not able to return to the entrance of the reactor. Thus, plug flow is expected to cause a relatively narrow distribution of floc size in hydraulic flocculators and suggests that collisions between similar sized flocs are very important. The primary mechanism for those collisions is the velocity gradient.

The goal of flocculation is to take a suspension of tiny primary particles and convert it into a suspension of large flocs with a minimum of residual primary particles. The goal of removing all of the primary particles is critical since it is the primary particles that are hardest to remove by sedimentation and by filtration. The only way to prevent primary particles from short circuiting through a flocculator is to design a reactor with plug flow characteristics. Mechanical flocculators can approach plug flow behavior by using a series of completely mixed reactors. The performance of mechanical flocculators is predicted to improve dramatically with the number of reactors in series Letterman (1999). The AguaClara goal of producing high quality effluent without the use of filtration requires the use of a flocculation reactor that leaves very few primary particles in the suspension. If we were to use mechanical flocculators we would need to use approximately 5 reactors in series to attain a flocculation efficiency of 99.9 percent reduction in the concentration of primary particles Letterman (1999).
Much of the research into flocculation has focused on mechanical flocculation and frequently has used the jar test apparatus to conduct the experiments. The jar test does not replicate the conditions of hydraulic flocculation since it is a completely mixed flow reactor rather than plug flow. Similarly, the velocity gradient recommendations that have been developed from jar test experiments and from empirical evaluation of water treatment plants that use mechanical flocculators are not directly transferable to hydraulic flocculators because floc breakup occurs in regions of high shear and the impellors used in mechanical flocculators have regions of shear that is much higher than the average shear in the reactor. Hydraulic flocculators develop shear over a much larger surface area and by the use of flow expansions.

[image: image16.emf]We propose to conduct parametric tests on hydraulic flocculators to assess the effects of influent particle concentration, coagulant dose, velocity gradient, and hydraulic residence time. We intend to provide a well documented design protocol based on the results of the parametric tests. Parametric studies involving 4 parameters would require 10,000 experiments if each parameter were tested at 10 different levels and permutations of parameters are tested. We have developed the ability to automate the measurement of hydraulic flocculator performance using process controller software and a modified turbidimeter that measures turbidity as a function of the critical velocity in the sedimentation cell (see Figure 14 for data from a run earlier this week). This experimental system allows experiments to be performed overnight and greatly increases our experimental throughput.  

We will first use the flocculator apparatus for the same purpose as a jar test apparatus. We will vary the alum dose and the influent turbidity to determine the optimal alum dose as a function of turbidity. Since we are adding kaolin clay to tap water for our turbid water source we anticipate that the optimal aluminum sulfate dose will be consistent and only a function of the turbidity. The results of this test will be an optimal relationship between turbidity and alum dose and a concomitant reduction in the number of independent parameters from 4 to 3.
Three independent parameters sampled at 10 values in all permutations results in 1000 experiments. Each experiment takes approximately 30 minutes to run and thus by running our apparatus around the clock it would take 21 days to collect a full set of data. The process control software currently has the capability to vary a single parameter over a range of values and it is a relatively simple extension to have it vary 2 parameters over a range of values. With that capability it will only be necessary to feed the apparatus the reagents, maintain the pump tubing, and manually change the length of the flocculator tubing after every batch of 100 experiments. 
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The experimental apparatus produces a time series of data for each experimental run and the required number of experiments poses an interesting problem in data management and analysis. We will analyze the data using MathCAD which has the capacity to deal with large data sets. We are currently developing data analysis software using MathCAD that will facilitate extracting data and viewing the data in different ways. The ultimate objective of the flocculation research is to develop guidance on the optimal velocity gradient as a function of position in the flocculator. We plan to conduct a large number of experiments with the tube flocculator configured to have different velocity gradients in different sections of the reactor to determine the maximum velocity gradient that is acceptable as a function of location. 

The results from the laboratory scale tube flocculator will be scaled up to a 100 L/min vertical baffle flocculator that we have installed in the Cornell University Water Filtration Plant (CUWTP) (Figure 15). This flocculation reactor is designed to facilitate easy changes in the velocity gradients by adjusting the spacing between the baffles. We also intend to experiment with novel techniques for generating more uniform velocity gradients by creating multiple flow expansions within each baffled zone. If this approach to generating velocity gradients is successful we expect to be able to reduce the number of baffles in the flocculator and to be able to design a flocculator that can have the velocity gradient more easily adjusted to accommodate changes in plant flow rate.

The 100 L/min CUWTP flocculator will make it possible to experiment with a reactor that is comparable to the scale we are building in Honduras. We will be able to experiment with design options while continuously measuring settled water turbidity data from 3 reactor locations.
Ojojona, Honduras Water Treatment Plant Evaluation
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AguaClara is funding a full time technician as an employee of Agua Para el Pueblo (APP) in Honduras. The technician is responsible for implementing the upgrade to the vertical flow hydraulic flocculator and the sedimentation tank using the modular assembly technique that the student team developed earlier this semester. After the upgrade is finished performance testing will begin with the rainy season expected to start sometime in May. The technician has a portable turbidimeter and will use it to collect performance data.

The Ojojona plant (Figure 16) was designed to test the performance of horizontal and vertical flow hydraulic flocculators. The plant was constructed with parallel full capacity treatment trains for the flocculation process. Prior to the plant at Ojojona we had successfully built a horizontal flow flocculator, but we were not able to find any prior consideration of vertical flow flocculators built at such a small scale. Thus, we built both flocculator configurations at Ojojona to compare their performance. We fully expect the vertical flow flocculator to outperform the horizontal flow flocculator because there is less opportunity for particles to settle out in the vertical flocculator. By keeping the particles in suspension the opportunities for collisions are increased in a vertical flocculator.

The Ojojona plant was also designed with the ability to use 1, 2, or 3 sedimentation tanks. By varying the number of sedimentation tanks in use it should be easy to assess the effect of varying the critical sedimentation velocity for the sedimentation tanks. We set the critical velocity for the sedimentation tanks to 10 m/day if all three tanks are in use. Thus we can test the sedimentation tanks with critical velocities of 10, 20, and 30 m/day.
Spinning Bottle Test

The spinning bottle test has great potential to become a standard technique to select the optimal coagulant dose for flocculation. We have already shown that the spinning bottle test produces flocs as well as conventional (expensive) jar test apparatus. Over the next year our goal is to perform the necessary experiments to determine the relationship between the angular acceleration rate and the average velocity gradient in spinning bottles. We will then conduct a series of experiments at different turbidity levels and compare the results of the spinning bottle test with the jar test apparatus and with the tube flocculator apparatus.

Since our goal is to disseminate this technology first in Honduras, and then throughout the Global South, we will simplify the design as much as possible and assess whether it can be completely fabricated in Honduras using local materials or whether there are any components that we need to supply. Given the simplicity of the design it is very likely that the test apparatus can be completely fabricated in Honduras. We will also need to train plant operators how to use the technology and determine if they find the apparatus useful.
Open Source Design Tools

The need to provide close to 400,000 additional people with clean water every single day in order to meet the millennium goals makes it clear that the traditional approach of designing and building one water treatment plant at a time is untenable. We need to develop technologies that can be replicated faster than population growth. When we designed the first small scale water treatment plant for the community of La 34 in northern Honduras, we were surprised at the dearth of guidelines for the design of small scale water treatment plants. We have now derived the governing equations from first principles and developed the relationships that make it possible to scale the designs. , We have incorporated open source engineering as a core element of our mission to make this knowledge available. 

We are currently consolidating the design equations using MathCAD as our programming platform. We have chosen MathCAD because it handles units seamlessly, it uses standard equation syntax rather than text based code, and MathCAD worksheets can be hosted on the web in a live interactive form. Thus, by using the MathCAD programming environment we are able to codify the design algorithms for water treatment plant design and make it possible for anyone with access to the web to easily design a water treatment plant for any size community even if they don’t have a copy of MathCAD. We have developed algorithms in MathCAD that build AutoCAD commands to automatically create 3-D drawings of the unit processes (Figure 17).
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A major challenge for the design tool is to take the design to an appropriate level of detail. Our experience with building water treatment plants in Honduras has made it clear that specifying all of the details is essential. Thus, our goal is to create software tools that will fully specify the design to the level of all of the plumbing connections and the fasteners that hold the plate settlers together. 

The design algorithms that we are creating are continuous functions and thus the design tools can be used to design a water treatment plant for any flow rate. We may eventually use the continuous functions to create a series of stock designs for a discrete set of flow rates. We could then produce detailed design documentation for the stock designs. The decision of whether to have the continuous functions produce fully detailed designs or to create a series of stock designs for discrete flows will depend on how difficult it is to automatically create fully detailed designs. The construction technique that we use to build the plants will also affect the size increments that we choose. If we use masonry construction with bricks then the size increments could be rather small. If we use poured concrete with modular forms then the form work will dictate the size intervals that are easily constructed.
Modular Gravity Powered Dosing System

One of the necessary technologies for water treatment is the capability to meter regulated doses of chemicals. In the Global North positive displacement pumps are routinely used to meter disinfectants and coagulants in water treatment plants. In the Global South several devices are in use. These include drip chlorinators where a valve is used to create a small opening that slowly drains a tank and tablet feed chlorinators. The standard SANAA (national agency responsible for water supply and sanitation in Honduras) drip chlorinators design appears to have been in effect for 20 years and yet in our site visits in Honduras we have never seen one that was working. The hydraulic design causes the dose to decrease as the stock tank empties and the small orifice inevitably clogs with calcium carbonate precipitate. 

We began exploring alternative chemical metering systems in the fall of 2004 and developed a constant flow device that required a simple float valve and could be easily calibrated so a target dose could be set without needing to use trial and error. We implemented this metering device in the community of La 34 where the first water treatment plant is constructed. When the Ojojona plant came on line in January of 2007 we needed a chlorine feed system and decided to use the same system even though we had not yet tested it on chlorine. We correctly suspected that the float valve would be damaged from the chlorine solution, but did not have access to any alternatives that actually worked at that point in time. The Honduran technician replaced one of the float valve components with a stainless steel part that he had fabricated and he continues to report that the chlorine feed system is working better than the traditional design. 

We have not been able to locate a float valve that meets our specifications and thus we have begun exploring the possibility of designing and building a compact modular float valve/constant head tank/flow metering tube combination. We are currently fabricating our first prototype and anticipate developing several versions of the device over the coming year. As with our other technology developments we anticipate having the float valves fabricated in Honduras using readily available components. 
Construction of Third Generation Water Treatment Plants in Honduras

Before we can begin widely disseminating the water treatment technology we need to document the performance of the plants in Honduras and refine the design and construction techniques. To make those refinements we need more experience building water treatment plants. The plant at Ojojona will come on line with upgrades to the flocculator and sedimentation tank (using the new modular construction techniques) in a few weeks. We will then be able to monitor plant performance during the rainy season for the first time. We will be sending two graduating Cornell University engineers to Honduras this summer with 1 year assignments. They will monitor plant performance, conduct site reviews for new sites for water treatment plants, and conduct training of plant operators and APP technical staff.
Our goal is to complete two water treatment plants by August of 2008 and to be ready to begin construction on additional water treatment plants. We are intentionally pushing an aggressive schedule for several reasons. The demand for water treatment in Honduran communities is high. We need to need to refine the design and there are some design changes that we would like to implement that can’t easily be retrofitted at the Ojojona plant. We recognize that we will continue to refine the design of the hydraulic flocculator in the coming years. However, we anticipate being able to make design changes by simply modifying the plastic inserts that go in the concrete tanks. Thus, future design improvements can be implemented in the plants we build.  We have already conducted preliminary site assessments for two communities (Santa Ana and Moroceli).

One of the biggest design choices that we are exploring is the construction material to use. We have experimented with cement blocks at Ojojona and with bricks and blocks at La 34. APP prefers using bricks although placing rebar at optimal locations is difficult with both block and brick construction. Poured concrete construction has significant advantages for rectangular water tanks, but the form work required is substantial. The traditional Honduran construction technique would build wooden formwork using rough sawn lumber. Much of the lumber used for formwork can only be used once and with deforestation a major concern we do not want to waste wood for formwork. We are exploring the possibility of renting or purchasing modular reusable forms for the project. If modular forms prove to be an attractive option, then we may be able to significantly reduce construction time.

At Ojojona the treated water leaves the sedimentation tanks through the wall opposite the platform (Figure 16). This in turn means that the plant water level control weir, the chlorine addition point, and the treated water sample points are not easily accessed by the operator. To remedy this we propose to bring the piped sedimentation tank effluent through the tank wall (and through the gutter) onto the platform. This will bring more of the operator tasks to a central location. Additional improvements to the plant design include the design of an integrated system for covering the tanks to prevent UV damage to the baffles and to reduce algae growth. At La 34 the water board designed and had fabricated a hinged steel cover. We anticipate building a similar system at Ojojona and at future plants. Another anticipated improvement will be to calibrate the orifices used for flow measurement in the grit chamber effluent.

We continue to refine our budget estimates for the cost of building and operating the water treatment plants. We know that these first prototype plants are more expensive because we are including experimental components (such as the double capacity flocculation comparison at Ojojona) and because we are developing construction techniques. From our experience at Ojojona we expect a 400 L/min plant to cost less than $40,000 in capital costs and thus the installed capacity of 1 L/min costs less than $100. The AguaClara system costs compare favorably with costs for point of use treatment systems even though the AguaClara system produces 75 times as much clean water for the same low cost. In Figure 18 the capital costs for the AguaClara plant were assumed paid over a 25 year period with a 10% annual interest rate. 
[image: image20.emf]Project Schedule 
The AguaClara project has the long term goal of providing safe drinking water to a significant fraction of the small communities in the Global South. Many of the research and development tasks will continue for the foreseeable future as we iterate on the design and gradually optimize both the design of the water treatment plants and our systems for delivering the designs to engineers in the Global South. As we generate knowledge in our laboratories we will move to implementing design changes in full scale water treatment plants and then evaluating their performance. Performance issues in the field will generate a need for additional laboratory studies to address potential weak points in our understanding of the unit processes or to develop more robust operating procedures. The following project schedule indicates tasks that we will be working on. The timing for transition from research and development to field implementation is highly dependent on the outcomes. We anticipate that the flocculation parametric testing will take at least a year. The spinning bottle test is a shorter term project and should shift from the laboratory to testing in Honduras in less than a year. The web-based design tool will be an ongoing effort as the plant design is refined and as we increase the level of design detail. Evaluation of full scale plant performance is a very high priority and will begin as soon as the Ojojona upgrade is completed.

	Task
	Spring 2007
	Sum 2007
	Fall 2007
	Jan 2008
	Spring 2008
	Sum 2008

	EPA P3 Phase II Funding
	
	
	****
	****
	****
	****

	Flocculation parametric tests
	
	****
	****
	
	****
	****

	Spinning bottled water test
	****
	
	****
	
	****
	

	Web-based Design Tool
	****
	
	****
	****
	****
	

	Gravity powered dosing system
	****
	
	****
	
	****
	****

	Evaluation of Ojojona plant performance
	*
	****
	****
	****
	****
	****

	3rd generation prototype structural design
	****
	****
	
	
	
	****

	3rd generation prototype construction
	
	
	****
	****
	
	

	Honduras Trip for the project team
	
	
	
	**
	
	

	Year long intern assignments in Honduras
	
	*
	****
	****
	****
	*


Partnerships

AguaClara has the full support of Cornell University as part of the university sustainability initiative. In addition the Engineering College and the School of Civil and Environmental Engineering is providing substantial support for the project. Without those partnerships the project could not succeed. Similarly our partnership with Agua Para el Pueblo in Honduras is critical for our success. As indicated in Figure 19 APP plays a critical role by mediating interactions with the local communities. 
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Supporting letters from APP can be obtained upon request. The APP director is very interested in disseminating this technology since they have waited so long for a technology that actually works for small communities. The AguaClara project is affiliated with Engineers for a Sustainable World and we support the ESW philosophy of working with and empowering local organizations who can continue to provide technical support and capacity building to local communities long after we return home.
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Budget and Budget Justification

The budget for AguaClara for the 18 months prior to January 2007 was approximately $200,000. We anticipate that the expenditures and committed funds for the 18 months ending in August of 2008 will exceed $500,000 with 40% of the budget designated for water treatment plant construction costs in Honduras. We recently procured multiyear funding for a graduate research assistant who will be joining the project in the fall of 2007. Although our record of raising the funds that we need to meet our goals is excellent, we will need a significant fund raising effort to be able to conduct the necessary R&D and accelerate the technology dissemination. The EPA P3 support would meet a funding since the EPA is more interested in the R&D aspects of the project and private donors are more interested in supporting construction of water treatment plants.
	CATEGORIES
	 YEAR ONE 

	 
	 Federal 

	c. Travel
	 

	Faculty trips to Honduras (1 at $1500)
	 $      1,500 

	Student trips to conference (3)
	 $      1,500 

	Faculty trips to conference (1)
	 $         500 

	Total Travel Costs
	 $      3,500 

	e. Supplies
	 

	Peristaltic pumps (5 w 8 pump heads)
	 $      8,490 

	Supplies to modify the full scale flocculator
	 $      2,000 

	Aluminum sulfate for 1 year of operation of flocculator research
	 $      5,000 

	Online turbidimeters (6)
	 $      5,100 

	Portable turbidity meter for Honduras (4 @ 362.5)
	 $      1,450 

	MathCAD and AutoCAD Software
	 $      2,296 

	float valve fabrication
	 $         500 

	spinning bottle tester
	 $      2,000 

	demonstration plants (parts and fabrication)
	 $      1,000 

	Total Supply Costs
	 $     27,836 

	g. Other
	 

	construction of water treatment plant in Honduras
	 $     15,834 

	Total Other Costs
	 $     15,834 

	h. Total Direct Costs (sum of a-g)
	 $     47,170 

	i. Indirect Costs/Charges 59% of  (base)
	 $     27,830 

	j. Total Project Costs (sum of h & i)
	 $     75,000 

	k. Total Requested from EPA
	 $     75,000 


Travel

The project as a whole sends approximately 20 students to Honduras for a two week educational and engineering experience exchange in January. Those costs have been covered from other sources in the past. We are requesting funding from EPA for a 2 week trip during the summer for the PI to develop contacts with additional institutions in Honduras including the Pan American Health Organization, UNICEF, Honduran government agencies, and other development organizations. 
The conference trip is important to spread the word about how to design a meaningful service learning engineering project. 
Supplies

The turbidimeters and peristaltic pumps that we are using are on a short term loan from the School of CEE and must be returned for use in our teaching laboratory. The full scale flocculator expenses are to enables to experiment with a variety of baffle configuration and with the use of alternative flow geometries to generate shear. The Cornell University Water Filtration Plant no longer uses aluminum sulfate and thus we will need to supply the aluminum sulfate for the full scale reactor. We have negotiated a 50% discount off of list price with HFscientific for their portable turbidimeters. We will be loaning these turbidimeters to the water boards of communities that are potential future water treatment plant sites so they can monitor the turbidity of the water supplies. This is an essential part of the program to assess both the raw water quality and the level of interest of the community to complete the prerequisites for being selected as a site for a water treatment plant. The software licenses are for software that we are using in the AguaClara laboratory to create the web-based water treatment plant design software. The remaining supply costs are for research and development of the modular gravity powered dosing system, the spinning bottle test, and our mini demonstration plant that we intend to use for K-12 education in Ithaca and for training and knowledge transfer in Honduras. 
Other

The third generation AguaClara water treatment plant at Santa Ana is expected to cost approximately $40,000. We will use funds from this grant as well as funds that we are able to raise from other sources toward the construction of that facility. Construction expenses are handled by our partner Agua Para el Pueblo and so it is possible that this category should be listed as a sub contract. As we develop the budget and funding for the AguaClara project over the next 15 months we have a good deal of flexibility in which parts of the budget individual funding sources cover. If there are agency guidelines that make using EPA funds to build a water treatment plant in Honduras problematic, we could propose alternate project expenses.
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Figure � SEQ Figure \* ARABIC �1�	Approximate maximum turbidity that can be effectively treated with various municipal-scale and point-of-use filtration systems.
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Figure � SEQ Figure \* ARABIC �18�	Capital and operating cost comparison for AguaClara and point of use technologies.
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Figure � SEQ Figure \* ARABIC �3�	CAD drawing of the 380 L/min water treatment plant in Ojojona, Honduras showing the three sedimentation tanks and the vertical flow hydraulic flocculator.
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Figure � SEQ Figure \* ARABIC �5�	Change in pH over time for experiment with inverted cone: flow rate = 550 ml/min; initial lime mass = 1850 g. 
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Figure � SEQ Figure \* ARABIC �4�	Lime feeder schematic.
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Figure � SEQ Figure \* ARABIC �6�	Tube flocculator apparatus for parametric testing.
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Figure � SEQ Figure \* ARABIC �7�	Custom designed flow cell for flocculation testing.





�


Figure � SEQ Figure \* ARABIC �8�	Conventional jar test apparatus.
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Figure � SEQ Figure \* ARABIC �9�	Rolling bottle test used in Ojojona, Honduras in January 2006.
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Figure � SEQ Figure \* ARABIC �10�	Bottle rolling schematic, showing the use of a board to roll multiple bottles at the same rotation rate.
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Figure � SEQ Figure \* ARABIC �12�	Spinning bucket showing the axis symmetric pipe and the pulley. A hanging weight is used to apply a uniform torque.








�


Figure � SEQ Figure \* ARABIC �11�	Comparison of Jar Tester vs. Rolling Bottle Method. The source water was 106 NTU, with a pH of 7.9. The two methods show a similar trend, but the turbidity levels in the rolling bottle method were higher than in the jar tester.
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Figure � SEQ Figure \* ARABIC �17�	AutoCAD rendering of a hydraulic flocculator designed with MathCAD.
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Figure � SEQ Figure \* ARABIC �13�	Mock ups of a module for a hydraulic flocculator and for a plate settler showing the CPVC components.
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Figure � SEQ Figure \* ARABIC �16�	Water Treatment Plant designed for 380 L/min at Ojojona, Honduras.
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Figure � SEQ Figure \* ARABIC �15�	 Full scale hydraulic flocculator installed at the Cornell University Water Filtration Plant.
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Figure � SEQ Figure \* ARABIC �14�	 3-D plot of preliminary data from a single experimental run of the flocculation tester showing settled turbidity as a function flow rate and settling time.
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Figure � SEQ Figure \* ARABIC �19�	Interactions between the principle partners collaborating on the AguaClara project.
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Figure � SEQ Figure \* ARABIC �2�	Hydraulic flocculator showing the 180° turns created by a series of baffles that are used to generate turbulence and velocity gradients.
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