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Abstract
Accurate chemical dosing is important in water treatment plants to ensure optimal efficiency of the treatment process and disinfection of the treated water over the entire lifespan of the plant. The linear chemical dose controller uses laminar flow through a small diameter tube to create a linear relationship between head loss and chemical flow. The linear flow orifice meter then maintains a linear relationship between plant flow and water elevation. The linear relationships simplify chemical dosing for plant operators who may have a limited education. Our team is researching the upper-flow limit of the linear dose controller and developing innovative designs to increase the capacity of this system to function in plants with flow rates approaching and above 100 L/s. Furthermore, we are redesigning and simplifying the linear flow orifice meter algorithm to improve its precision and performance in the field.

Brief History
The AguaClara team began developing a hydraulic system to add coagulant during the water treatment process when the project commenced in 2005. The chemical dose controller (CDC) system relates flow and head loss in either a linear or non-linear relationship. Initially, a linear dosing system, using a linear chemical dose controller and a linear flow orifice meter, was preferred because it was simple for the operator to understand and operate. However, due to the necessity of maintaining laminar chemical flow through the dosing system, early research efforts concluded that the linear dosing system could not be used for plants with high flow rates because the maximum chemical flow rate was calculated to be only 7 mL/s. This intuition led the AguaClara team to adapt their design to a non-linear model, designed with orifices to control chemical flow. This model was installed at an AguaClara plant in Agalteca, Honduras. Operators’ feedback suggested that this system was more complicated to understand and operate, while also being less precise in delivering the expected chemical flow rate to the water. Surface tension appeared to reduce chemical metering precision at low chemical flow rates; while in general, orifice diameters were difficult to use to control the chemical flow. Therefore, this semester, our team has been assembled to continue prior semesters’ teams’ research on the linear chemical dosing system and determine its ability to perform in plants with high flow rates.

Introduction to Current Research
Major head losses are decreases in pressure of a fluid flowing through a restricted space due to the roughness of the element (ie. pipe, surface) conducting the flow. The CDC regulates flow with major head loss from a small diameter tube. A linear relationship between flow and head loss is preserved when chemical flow through the tube is laminar. To be laminar, the Reynolds number of the flow must remain below 2100. The diameter of the tube must be sufficiently large to allow transport of the flow while maintaining a Reynolds number below 2100. Equation 1 allows for the calculation of this minimum inner diameter to maintain a Reynolds number in the laminar range. The minimum inner diameter of the small tube (IDTube) to maintain laminar flow is a function of the maximum chemical flow rate (QCDCmax) and viscosity of the chemical solution (νH2O) (Equation 1)
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With this minimum inner diameter, one is assured of a linear relationship between chemical flow and head loss. The optimal length of the small diameter tube determines the amount of major head losses through the tube. This is highly dependent upon the diameter calculated in Equation 1. Using the results from Equation 1, the length of the small diameter tube (LTube) is a function of the maximum head loss (Hmax), the minimum inner diameter of the small tube (IDTube), the maximum chemical flow rate (QCDCmax) and the viscosity of the chemical solution (νH2O) (Equation 2).
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We believe that adding parallel small diameter tubes will circumvent this constraint and allow the linear CDC to function in plants with flow rates approaching 100 L/s. 
This linear relationship is preserved via the linear flow orifice meter (LFOM) (Figure 11). The LFOM approximates a linear relationship between the surrounding water’s head and flow through the LFOM. We believe redesigning the LFOM algorithm to redefine its “zero-point” will improve its ability to deliver predicted flow rates.
Experimental Design

Our experiments to test the effect of adding parallel small diameter tubes to the CDC system will be completed with a newly-fabricated model in our lab. Our lab setup uses many components in the same roles as they have been used previously in the CDC, including a stock tank, constant head tank with a float valve, a lever and a slider. However, there are several novel innovations. First, there are now three ports near the base of the constant head tank and three ports on the top of the chemical drop tube to allow us to test the effect on attainable chemical flow rates of adding up to three small diameter tubes in parallel. Furthermore, although our lab apparatus is mounted on an aluminum frame structure, called an 80/20 (pronounced “eighty twenty”), it simulates the most current design installed in AguaClara plants where an 80/20 frame is no longer used. Additionally, we are using a strong, rectangular piece of plastic and a pin on one side of the lever so that we are able to set the angle of the lever arm. This setup gives us a set of standard elevations which will improve our experiments’ precision and allow us to easily reproduce our results. 
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Figure 1: Spring 2011 Linear Chemical Dose Controller Lab Setup
In contrast, our LFOM research will largely be analytical and mathematical modeling with Mathcad. Nonetheless, as our improved LFOM design progresses, we will have the opportunity to fabricate the design and test it in the remains of a demo AguaClara plant located at the Cornell water treatment plant.
Results and Discussion

Our primary focus thus far has been to determine the range of plant flow rates for which we can use 1, 2 and 3 small diameter tubes in parallel. We plotted the optimal length of the small diameter tube at different flow rates while varying the number of small diameter tubes set in parallel. We used Equations 1 and 2 to demonstrate that the linear chemical dose controller theoretically can serve plants with flow rates up to 100 L/s. We designed an algorithm that would select an available tube diameter given the calculation’s stated optimal tube diameter. For this reason, the graph appears to be a sort of step function. Furthermore, we created 3 graphs, each with a different stock concentration of alum.
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Figure 2: Small diameter tube length over a range of plant flow rates with stock concentration of 120 gm/L alum
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Figure 3: Small diameter tube length over a range of plant flow rates with stock concentration of 240 gm/L alum 
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Figure 4: Small diameter tube length over a range of plant flow rates with stock concentration of 360 gm/L alum 
The graphs show that increasing the number of parallel small diameter tubes from one to three improves the ability of the linear chemical dose controller to accommodate high plant flow rates improves. Furthermore, increasing the stock concentration of the chemical can dramatically expand the capacity of the linear chemical dosing system.
We believe that there is an upper limit to the length of the small diameter tubes near 1 m to 1.25 m. This limit exists for several practice reasons. The longer the tubes, the more apt they are to get tangled or interfere with the movement of the lever arm. Additionally, operators in the past have cut the tubes if they are too long, which changes the system’s design by altering the major head loss through the system. Finally, if the operator coils the tubes, it could lead to additional minor head losses which would reduce the true linearity of the system.
For ease of use, the stock concentration should be prepared only in multiples of 120 gm/L because one bag of alum per full stock tank equates to 120 gm/L. However, Figures 2, 3 and 4 show that increasing the number of parallel small diameter tubes and the stock concentration should allow the linear chemical dose controller to perform in plants with flow rates nearing 100 L/s.
Actual Results and Discussion

Several sets of experiments have been performed with our lab apparatus (Figure 1). Experiments were conducted with one, two and three small diameter tubes in parallel. During an experiment, the team uses a stopwatch and a graduated cylinder to collect flow through the lab apparatus over time. The elevation of the lever is adjusted and flow rates are calculated for multiple settings.

The experimental results appear in the figures below. (Note: the figures’ captions detail the number of small diameter tubes used during each experiment.)
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Figure 5: Experimental Results with 1 small diameter tube (March 13, 2011)
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Figure 6: Experimental results with 2 small diameter tubes (March 17, 2011)
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Figure 7: Experimental results with 3 small diameter tubes (March 15, 2011)

Each graph shows consistent but inaccurate results. There are two evident problems. First, the actual flow rates are much lower than the expected flow rates through the system at the majority of settings, including all settings above 5 centimeters. Second, the actual flow rates are not purely linear. They appear to have a non-linear component which causes the deviation from the expected flow rates to increase as the elevation setting increases. 

The team believes that these two observed problems are interconnected. The team’s current hypothesis is that specific components of the lab apparatus are restricting flow through the system and causing minor head losses. Barbed fittings which connect the end of the small diameter tube(s) to the drop tube could be restricting. The size of the small diameter tube’s curve radius at its low point, and where it connects to the constant head tank and the barbed fittings may also cause additional minor head losses.

Chlorine Application
Currently, AguaClara plants employ a flow controller to add chlorine to treated water as it leaves the plant. The flow controller system includes a stock tank, a constant head tank regulated by a float valve and a small diameter tube. The chlorine flow controller in the Cuatro Comunidades AguaClara plant appears below (Figure 8).
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Figure 8: Chlorine flow controller in Cuatro Comunidades AguaClara plant (taken Jan. 2011)
The vertical row of orifices allows the plant operator to set the desired flow of chlorine based upon the incoming water flowing into the plant. The flow rate from the constant head tank to the water (QFlowController) is based upon the head difference between the water level in the constant head tank and the small diameter tube’s outlet (hf) the inner diameter of the small diameter tube (DTube) the viscosity of the chlorine (ν) and the length of the small diameter tube (LTube) (Equation 3).
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The diameter of the tube must be large enough to maintain laminar flow. Therefore, by rearranging Equation 3, one can see that the diameter of the tube (DTube) is a function of the maximum flow rate (Qmax) and minimum length (Lmin) (Equation 4)
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Finally, a second reorganization of Equation 3 yields a relationship that gives the optimal small diameter tube length (LTube), given the calculated tube diameter (DTube) and the maximum desired flow rate (QMax) (Equation 5).
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The current design is not optimal because the vertical row of orifices allows the chlorine flow to escape the inner part of the PVC pipe and, instead of being added to the water, settling on the pipe’s exterior and creating an unkempt appearance. 
The reason that chlorine application is not regulated with a dose controller is because past research teams have found it difficult to design a way to read the plant’s flow rate from the entrance tank and transfer that reading to the chlorine application system. The challenge is based upon the geometrical layout of the water treatment plant and the particularities of AguaClara’s dose control system.
While a semi-automated chlorine dose controller has not yet been designed, an improved chlorine flow controller design has been created (Figure 9) based upon Equations 3, 4 and 5. 
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Figure 9: New chlorine flow controller design

The lever would be mounted on a wall and the drop tube would drip chlorine out of its bottom. The slider would be the same type as currently used with the chemical dose controller and would be hung at an elevation on the lever by a screw drilled through the slider. The new design would work very similarly to the current flow controller. The lever would have a vertical label informing the plant operator at which elevation to set the slider to achieve the desired chlorine flow. It would improve the aesthetics of the chlorine application system while maintaining its simplicity.
Current research: Linear flow orifice meter

The new LFOM algorithm uses recursion to minimize the mean squared error of water flow measured between each row of orifices. The flow through one orifice (QOrifice) is a function of the difference in water level to the center of the orifice (Hdiff), the radius of the orifice (r), multiplied by a constant which describes the vena contracta effect (PiVenaContractaOrifice = 0.63) (Equation 6). 
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From Equation 6, one can calculate the current flow given the depth of the water in the entrance tank. Then, one can subtract the result from the ideal flow to find the additional flow needed. Taking the ceiling and floor of 
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where the variable named additional flow is the additional flow needed to achieve optimal linear flow and QsingleOrifice is the flow out of a single orifice when the water right at the top of the orifice. One of these numbers will be the best approximation, so we then run the recursion with each of them. Once each row has a number of orifices designated to it, we calculate the mean square error
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where the ideal flow, the ratio of rows submerged multiplied by the total flow rate, is subtracted from the flow out, the calculated actual flow through the orifices (Equation 8). A modified algorithm has been written and designed for high flow rates, which replaces the first to rows with a row of orifices of twice the diameter to reduce the number of orifices that are required to be drilled.


New algorithm’s results

The figures presented below are the output from the old LFOM algorithm (Figure 10) and the output from the newly-designed algorithm (Figure 11).
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Figure 10: Old LFOM algorithm’s output
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Figure 11: New LFOM algorithm’s output

Although a linear relationship between water flow and water height in the entrance tank is maintained in each graph, the old chart presents a clear problem. The zero-flow point is below the zero elevation level. This causes the graph to have a positive y-intercept. The newly-designed algorithm’s graph allows the zero-flow point to coincide exactly with the zero-elevation point. This is a clear improvement with the goal of optimizing flow through the LFOM in AguaClara plants and allowing the flow rate through the LFOM to be more easily predicted and modeled. 


Algorithm adaptation for the design tool


The function to choose LFOM tube diameter should be able to be adapted directly from the previous LFOM algorithm with few changes. Additionally, the code currently has some independent variables that are still set at the top of the file instead of being imported. In order to function correctly within the design tool, the algorithm must choose the correct size of the LFOM tube. This calculation should be able to be adapted from the previous LFOM code. Also, a loop which chooses the optimal orifice size from a list of possible drill diameters must be added to the algorithm. The changing of drill sizes could be a challenge, because then orifices would have to be moved from the middle of each row to a position farther down so that it has a true zero level. This is an important next step.


One concern is that the LFOM algorithm has as 2total number of rows iterations, so an additional constraint on the number of rows in the LFOM should be the time it takes to perform these iterations. Additionally it might be interesting to take the mean squared error of the over the whole graph by creating a piecewise function and integral to then compare different drill bit sizes. However, this future consideration may prove to be very complicated. 

Future Work

The next step in CDC research will be to attempt to mathematically explain the observed actual flow rates by accounting for possible minor head losses. If components are identified that are causing minor head loss, their inclusion in the design will be reevaluated as the team attempts to diminish the percent error between observed actual flow rates and linear expected flow rates. Experimentation can expand to include any alternative components the team may want to test to reduce any minor head losses.
In addition, the team should construct a prototype of the new chlorine flow controller design and begin flow rate experimentation. Meanwhile, development of a label for the vertical lever should also begin.

As stated in detail in the section concerning the LFOM, the next step for the LFOM algorithm design is to improve its efficiency to obtain optimal performance in the design tool. Furthermore, available LFOM tube diameter and drill bit size constraints must be added. 
Team Reflections
Our team has overcome many of the simple problems we faced earlier in the semester. We now have a much easier time finding hours to meet during the week. Also, communication has improved as we have grown to know each other better. We recently spent time outside of the lab together which has added an enjoyable social element to the group. 
The detailed task list has been a very valuable tool to maintain the group’s pace and focus as we continue through the semester. We are glad that we wrote it with such detail.

We are experiencing several problems related to the wiki. First, several of our individual contribution pages have not been functioning correctly if they include the “content created by” command. Also, it has been a challenge to correctly format the research report to allow it to be posted in a viewer-friendly manner. We have spoken with Alex Krolick at length about both of these problems. He assured us that both problems should fix themselves when the confluence server is updated during this coming week. We are hoping that this will be a simple solution to what has been a frustrating problem.
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