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Abstract

After the plant was finally made operational in the last weeks of the semester a few tests were ran and the overriding conclusion of our tests were that tapered flocculation achieves better flocculation in a smaller tank with a shorter residence time. This design was determined to be more efficient than the previous design especially in the beginning third of the flocculator. Further testing in higher raw water turbidity conditions should be done to test the set-up in conditions more similar that those found in Honduras, because it is more important that the flocculator work well in high turbidity conditions than in low turbidity conditions. 
Introduction and Objectives

The vertical flocculator is located at the Cornell Water Filtration Plant and was designed and set-up at the plant last spring. Data was collected all summer and briefly this semester on the original uniform baffle spacing set-up of the flocculator. It was the main goal for this semester to initially do research on this set-up to learn more about where flocs were breaking up in the flocculator. Research over the summer was focused on several areas of the interest with this test flocculator. First we wanted to determine a floc formation and floc break up profile through out the flocculator that would help determine different aspects of the tank that were either helping or hindering the formation of good sized flocs. Secondly, there was a focus on determining the optimum alum dose based on raw water turbidity for optimum floc formation. This test was designed to help in the design of a better alum dosing algorithm. After the summer ended, the overall goals of the flocculator changed, attention shifted to the set-up and design of the flocculator itself. 
Other experiments were leading to the conclusion that good floc formation would require an average velocity gradient that changed throughout the flocculator. Thus this semester’s focus switched to the design and construction of a tapered baffle set-up. It was planned that this new set-up would be tested in the flocculator and performance compared to the previous baffle arrangement. The overriding goal is to determine which set-up is more effective at creating large flocs and doing so in the most efficient manner, and shortest residence time. Because of numerous unforeseen problems that arose with the plant throughout the semester, the initial goal of determining the floc formation and floc break-up profile was not achieved. Efforts were redirected to comparing the data from the two different set-ups and determining which set-up was most efficient and affective at achieving good flocculation.

Through other research, new information about the average velocity gradients in the flocculator was discovered. It was determined that the highest values of G were in the 180 degree bend and that the majority of flocculation was happening in these turns. The channels themselves seemed to be doing little to further flocculation. The obvious next step was to find a way to increase the G values in the channels to levels that were closer to those found in the turn arounds, essentially decreasing the variation in the gradient throughout the flocculator. A preliminary idea was to add some sort of obstacle structure to the channels to increase G. This goal of finalizing a design for the structure and placement of obstacles throughout the channels and how there obstacles would be held in place in the channels was started this semester, but the final design and construction was left for the upcoming spring semester.  
Procedures

There were two major parts to the project developed this semester. First, in conjunction with work done in CEE 454 a MathCAD program was designed to develop the new baffles set-up. In this new set up the baffles were to have a staggered or tapered spacing configuration. The second part of our project was to build and test this new configuration so that we could collect turbidity data from it and compare that data to data that had been previously collected from the previous uniform baffle configuration. A third and smaller part of our project for this semester was to set-up a design for a system of obstacles to be set-up in between the baffles to help even out velocity gradients throughout the flocculator and make flocculation even more efficient. 

Tapered Baffle Design

MathCAD was a very useful tool for this portion of the project. The first step was to determine a theoretical relationship of how Gθ and Gmax are related. Our baffle set-up was developed so that our values of Gmax and Gθ remained below the theoretical curve. The theoretical curve that was used can be seen below. 
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Figure 1: Theoretical Curve of Gθ vs. Gmax. This curve was used to find the values of Gθ and G max for the individual sections of the tapered baffle set-up. 

The region from 0 to the maximum Gθ was divided into a specified number of equal sections that would be present in the flocculator. For this set-up it was decided to create four sections. The corresponding Gmax values were then read off of the graph.
Below are listed the know values for the flocculator:

· Q=100L/min – plant flow rate

· w= 1ft – width of the flocculator

· K=0.3 – minor loss coefficient for 180 degree turn arounds

· ν = 1x10-6 m2/s – kinematic viscosity of water

· h=76.4cm – the approximate height of the water in the tank.

·  ε = 0.12mm roughness coefficient

· Values for Gmax can be seen in the matrix below and they are split up by section.  Gmax represents the maximum velocity gradient that is seen in each section. 
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These values for Gmax are larger than the curve because for our original model the assumed the energy dissipation length in the channel was assumed to be b, the distance between two baffles. This parameter must have been altered in a later model and thus our values appear to be larger than the theoretical curve. 

· Gθ values for that correspond to these Gmax values are as follows: 
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These values were also the result of working backwards. Gθ values were found by rearranging the equation that was used to find the number of baffles in each section. The number of baffles was multiplied by the residence time for one baffle and then multiplied by the value of Gaverage for that section. These values can be seen on the appropriate section below. 
These numbers are a bit odd because Gθ should be increasing through the sections. I believe that these numbers are off because of the changes that were made to the model and the attempt at back calculating. Later models gave out numbers that were more like the following:
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Typically when using the model properly the Gθ values would be found arbitrarily by dividing the range of the Gθ values from the curve by the number of sections chosen for the design. 

Note: The version of the model that we built was altered after we had created the baffle set-up, but before the report was written so some values from the model were lost. If these values were needed they were back calculated from the values we had and using the model’s equations.  The only values where this was done were for The Gmax and Gθ values for individual sections. 
 The baffle spacing needed to attain these levels of Gmax was then determined using the following equation. 
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Eq. 1
After the baffle spacing for each section was determined. The number of baffles for each section was then found using the theoretical graph again. First, the residence time for one baffle section was determined using the flow rate of the plant and the volume of one baffle spacing.  This calculation was computed for each of the four specified sections. 
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Eq. 2
Final values for the residence time for one baffle in each section can be seen below. 
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The next design step was to find the number of baffles that were found in each section. Basically this was done by using the theoretical value of Gθ for each section and then diving by the Gθ value calculated for one baffle in that section. This number was then truncated to make it an integer. Truncation was used over rounding to ensure than that all values of Gθ used would fall below the theoretical curve.

 
[image: image8.wmf]G

nbafflestrunc

Gaveragebaffle

q

q

æö

=

ç÷

×

èø





Eq. 3
Gaverage is the average velocity gradient found in each section. It was determined from the following equation and the necessary subsequent substitutions. 
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Eq. 4
In order to find Gaverage, first, the head loss across the entire flocculator needs to be found. This was done using the following equation, which incorporates both major and minor head loss. 
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Eq. 5
The equation for Reynold’s Number can be found below. 
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Eq. 6
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Eq. 7
The Reynolds number was found to be lowest in the fourth section and in this section it was about 53,000. This is well into the turbulent range.

The equation that was chosen for friction factor was selected because flow through the flocculator is turbulent. 
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Eq. 8
Friction coefficient values were about the same for all sections and were 0.047. 
After all substitutions the final equation for Gaverage that was used can be seen below:
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Eq. 9
Final Gaverage values that were found were:
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The MathCAD program written performed the calculations described above and out putted the following values, baffles spacing, number of baffles, tank length, total head loss and Gθ and Gmax for all sections specified. These outputs were then used in the final construction of the tapered baffle set-up that was added to the pilot plant. 
Tapered Baffles Construction

The baffle set-up was made using the same materials and with the basic construction design as the previous set-up. Caps and piping were used as the connection holding the baffles a set distance apart. These caps and the pipe were made of CPVC material. The caps were attached to the baffles by #6-32 stainless steel ½ inch screws and nuts. These screws placed through a ¼ inch hole that was drilled in one cap and then through a hole in the baffle and then through another cap. The hole in the baffle what about ¾” wide but this was an error in construction the hole should be the same size as the holes drilled in the caps, ¼”. The nut was screwed on to the other end of the screw to keep the structure and ensure that the caps stayed firmly attached to either side of the baffles. If another set of these baffles is to be made it is recommended that at least ¾” long screws be used. The screw just barely made it through both caps and the baffle and it was difficult to attach the nut on the other side. This situation would have been remedied if the screw has been a little longer.

 Each baffle contained four of these connections. It was thought that four places of support on the baffle should give the material enough structural support to hold each baffle perpendicular to flow. The method of connection can be seen below in the following figure.
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Figure 2: Cap to pipe to cap connection that holds the baffles a set distance apart. The four point of support can also be seen here. 

 The baffles were made out of blue transparent corrugated plastic roofing material. This material was cut to size with a table saw. The size of the baffles was determined based on the water level and necessary baffle spacing at the end of the tank. All the baffles were cut to be the same size instead of having a continuously changing baffle size. This was done because with the flexibility of one sheet of material. It would have been difficult to accurately cut one baffle at a time with the table saw. If it becomes apparent that the baffles should be cut to different sizes another technique of cutting the baffles or of supporting the baffles while cutting would need to be engineered. When it was attempted to cut one sheet at a time the sheet started to torque while cutting; this resulted in the edges being cut not quite straight. The size of the original material played into this difficulty. The original material sheets were 8 feet tall by about 2 and half feet wide. 

The distance between the water level and the top of the bottom baffle or the height between the bottom of the tank and the top baffle was kept the same through out the tank. This was done for ease of cutting and ease of construction of the baffle set-up. It was decided that these changes would not significantly affect the performance of the flocculator. 

[image: image17.wmf]b

TurnAround

×

=

5

.

1


Eq. 10
The b value used was that of the final section. It was 10.1cm; thus the turnaround distance was kept at 15.1cm. It was decided that using this larger baffle turnaround value would not significantly decrease Gmax in the earlier sections and thus would not greatly affect the efficiency of our flocculator. When observing the constructed set-up this is one thing to observe, it may become apparent that the larger turn around area is significant and the set-up may need to be changed accordingly. 
 The 20 upper baffles were cut to be 31cm wide by 88 cm long. The 19 lower baffles were cut to be 31cm wide by 62cm long. In total there were 39 baffles created for the new design. It was important to cut the baffles in such a way that when they were connected in the parallel baffle structure the corrugation waves were always in sync from one baffle to the next. This was something that had to be monitored carefully and took some thought while cutting to ensure that the baffles would line up correctly. 
The values for the baffle spacing and number of baffles per section can be seen in the table below. 
	Section
	N (number of Baffles)
	B (baffles spacing)
	Pipe Cut length

	1
	2
	3.339 cm
	2.239 cm

	2
	4
	3.952 cm
	2.852 cm

	3
	5
	5.794 cm
	4.694 cm

	4
	28
	10.071 cm
	8.971 cm


Table 1: The above table contains the exact values for the baffle spacings, number of baffles and length of the pipes connecting the baffles for each individual section.
The main difference between the previous set-up and the current set-up is that instead of having the spacing be uniform across the entire flocculator, a tapered spacing that was found above was used. The baffles were also cut ½ cm wider than for the previous set-up. This was done to help create a better seal so that less short circuiting will occur through out the flocculator. The wider baffles also help stabilize the slightly flexible section dividers. Although the wider baffle did help these issues upon observation the section support structure that was put in place over this past summer was still necessary to provided added support. 

The design described above produced a flocculator that was two thirds the size of the previous flocculator, taking up two sections of the divided flocculator. The flocculator was set-up so that the baffle structure was placed in the first two sections of the flocculator and data was only collected from these sections. The final section was left with the old set-up in it just to fill the space and help keep the dividers from bowing. This section was not tested, and was just used to fill the tank until the water reaches the exit pipe at the end of the third section. In future set-ups it is hoped that this third section can remain empty and then can be used as sort of sedimentation tank to perform further research on this project. 
Constructing the entire baffle set-up took approximately 20 hours of work. Most of that time was taken up in drilling holes in the caps and in attached the caps to the baffles with the screws and nuts. Thus if a new set-up was to be made it would be recommended to try and use the existing baffles and just cut new pipe spacer length. This portion of the construction took less than an hour. 

Overall cost for the building the new set-up was about $200 for just raw materials.  Building time and labor was not factored in as a cost. 
Testing Procedure for Tapered Flocculation Design
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Testing was done on both the original design and the new, tapered design. Turbidity data was used for the comparison. Tube settlers were placed at equivalent locations in both flocculators. They were placed 1/3 of the way through the flocculator, 2/3 of the way through the flocculator and then at the end of the flocculator. This was done to hopefully have comparative data that could be used to establish which flocculator set-up is more efficient. The turbidity data was collected in the same way that it was for previous semesters. The tube settlers act as miniature sedimentation tanks that collect settled water turbidity data as if the flocculator had ended at that point, gone through a sedimentation tank and was then tested. This turbidity data collected from both set-ups was then graphed in excel to compare flocculator quality. The graphs produced can be seen in the results and discussion section. Every time a new test was run the all turbidity meters were cleaned and emptied of sediment. 
Three tube-settlers, which are collecting data, were placed in the tank. The testers divided the tank into thirds. This was done for both baffle arrangements. The original tube settler arrangement can be seen in the schematic below.
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Figure 3: The original arrangement of the tube settlers in the flocculator. They were placed as to divide the tank into thirds.

The new tube settler configuration for the tapered baffle spacing can be seen in the figure below.  The last section remains empty because the design for the tapered configuration only required the first two sections to have baffles. This attribute of a short flocculator is part of what makes the new design more efficient and more economical to build. 
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Figure 4: Tube settler configuration for testing of the tapered baffle arrangement. The tapered attribute of this configuration is not shown so that similarity between the baffle set-ups can be seen. Also note the lack of tube settlers in the final section of the flocculator because this section is an active part of this baffle set-up. The important thing to note about this set-up is that the tube settlers are dividing the flocculator into thirds for both set-ups. 

The procedure for observing floc formation in the tank is by shining a flash light down into the water to see if flocs can be observed. If a film has developed on top of the water it was sprayed off (or back into) the water with a hose and power spray nozzle connection, before observations where taken. If the sprayer had to be used 10-15 minutes was waited before observations were made to ensure that floc breakage from spraying did not affect observed results. Because it was hard to observe floc formation in the tank it was attempted to gently scoop water off of the top of a section and observe if there were flocs present in the small bucket of water. Given the close distance between baffles this was not the best method of observing floc formation without risk of altering results. 
Inline Obstacle Design

MathCAD was used for this portion of the design as well. The basic idea for this was that the obstacles are added to help even out the velocity gradients throughout the flocculator. The flocculator is design around what the gradients are for the 180 degree turn-arounds at the top and bottom of each baffle, but the gradients in the channels between the baffles are typically much lower and thus flocculation is not occurring as efficiently as it could. With the addition of these inline obstacles we hope to increase the velocity gradients in the channels between the baffles and thus encourage flocculation similar to what occurs in the bends. 

Cylinders placed perpendicular to flow were thought to be the most effective. See the figure below for details on the design and placement of the obstacles in the flocculator, which are to be built and implemented this upcoming semester.

       Top View


Side View

      Angular View



The obstacles will be constructed of PVC.  The long pipe seen in the Top View will run along the length of the tank.  It will lay on top of the baffles, perpendicular to them.  The longer pipe seen on the Side View will be hanging down vertically from the pipe lying perpendicularly across the baffles.  The horizontal bars seen on the Side View will be connected by tees to the longer pipe in the Side View.  The horizontal bars will be perpendicular to the flow path of the water through the baffles.  

The number of obstacles in each baffle spacing in each tapered unit still needs to be determined, but we hope that this design will prove effective when it comes time to construct the flow obstacles.  
Results and Discussion

Overall data was collected from two flocculator set-ups. We tested the original set-up where there where 79 baffles spaced equally throughout the flocculator at 6.4 cm apart. And then we switched the flocculator set-up and collected more data for a tapered flocculation set-up that consisted of 39 baffles. The purpose of these experiments was to test whether or not our assumption that better and more efficient flocculation could be achieved with a tapered baffle configuration was accurate.
The MathCAD program written to do the iterative calculations behind the new design produces a graph that shows how the values of Gmax and Gθ of our design fits in with theoretical design curve. 
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Figure 5: The red curve above is the theoretical design curve of the relationship between Gmax and Gθ. The green squares are the values of Gmax found for each section of the tapered baffle configuration. 

The above curve shows how the design created by MathCAD relates to the theoretical values of Gmax and Gθ that should optimize the flocculation process. It can be seen here that the new design created closely follows the theory. 
Metered Results

Given the time of year and the limited amount of time that was available for these tests, good results were difficult to obtain. The raw water turbidity in Ithaca in the winter is quite low usually between 1 and 4 NTU. The AguaClara flocculator was designed to work with much higher turbidity levels, thus it is hard to determine how well the flocculator would be working if higher turbidities were occurring. Given the low amount of dirt present to be flocculated, conclusions about the efficiency of the flocculator are hard to draw. All data that is seen below was collected when the inputted alum dose was about 18 mg/L depending on incoming turbidity. Graphs comparing the turbidities at each sensor for the both set-ups can be seen below. 
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Figure 6: The pink line represents the turbidity readings from the uniform baffle spacing arrangement. The blue line represents the turbidity readings from the tapered Baffle spacing arrangement. The data compared is approximately 18 hours worth of data. The tube settler taking these readings was placed in the first third of the flocculator. 
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Figure 7: Comparing performance of the flocculator at a point two thirds of the way through the flocculator. As above, the pink line represents Turbidity data from the uniform baffle spacing arrangement and the blue line the tapered baffle spacing configuration. 
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Figure 8: This graph represents the turbidity readings from the end of the flocculator. The line colors have the same representation at in the above graphs. 

From viewing the above graphs it seems that overall the blue line (Tapered Spacing) tends to fall below the pink line (Uniform Spacing) thus allowing for the conclusion that indeed the tapered flocculation arrangement is more efficient and produces better water quality than the previous uniform baffle arrangement. The one curious aspect about these results is that turbidities being returned by all meters tend to be higher than the raw water turbidities that are being read by the initial meter. It is believed that one of two things is causing the this to occur. Small air bubbles have been seen to collect on the walls of the bottles in the turbidity meters and these bubbles could be interfering with readings. It is proposed that some sort of set-up like the one created by the lab floc team should be created to increase the pressure in the meters and hopefully keep the air in the water from coming out or solution in the form of bubbles. Another possible place of error is that the flocculator was very dirty to begin with when testing was started. This the relatively clean water that enters the plant at this time of year could be picking up dirt in the flocculator. 

In the upcoming semester when further testing is conducted testing should be focused on the very beginning of the flocculator. Most of head loss occurs in this area and high Gmax values are also found here. Thus it is suspected that flocculation should occurring sooner than with the uniform spacing, but testing will have to be done to conclude this with an certainty. 
Observational Results

It was very hard to determine by sight if flocculation was occurring in the tank. Because of the relocation of the tank, there is less light around the tank and this makes it difficult to see into the dark water. Organic matter and floating flocs that collect on the surface of the water in the first section also make it hard to determine if flocculation is occurring in the important beginning sections of the tank. Some small flocs were seen toward the end of the second section but they were fairly small. This was seen only after the alum dose was raised to between 25 and 30 mg/L depending on incoming turbidity. Some very small flocs were seen in the first section but with all the surface film it was hard to see. It was attempted to remove the surface scum by spraying it off the water and then waiting a few minute for flocs to reform. But in this amount of time the surface scum had also started to reform thus flocculation was still difficult to ascertain. It is suggested that a large light should be added to tank set-up. This light would shine through the side of the tank or possible down on the tank from above. This light is hoped to increase visibility in the water and increase the quality of observable results. It should also be noted that the small port hole size discussed below was also contributing to the lack of large flocs that were noticed.
Port Hole
One of the major findings of the semester was the discovery that the port hole connecting sections of the flocculator was cut too small. The original formula used was 

Port Hole Area = 1.5 * b* width of baffle/3 

Eq. 11
The division by three was unnecessary and thus the port hole was cut to be 1/3 of the size it should have been. This in turn is believed to be breaking up flocs as they travel between sections. This issue became more apparent in the new set-up because the hole should have been even larger because the baffles farther apart by the port hole in the new set-up. 
The first change that needs to be made in the upcoming semester is to increase the size of the port holes between the first and second sections and the second and third sections in the tank and the CUWTP.  We propose that the area of the port hole should be determined by the following calculation:



Port Hole Area = 1.5 * b * width of baffle


Eq. 12
For our design, this would result in an area of:



Port Hole Area = 1.5*(10.1cm)*(31cm)





 = 465 cm2
In order to accommodate the spacing between baffles, we believe the port hole should be approximately 8cm wide.  This would result in the port hole being 58 cm (calculated from Port Hole Area divided by 8cm) tall.  

It is anticipated that the increase in port hole area will decrease the break up of flocs that is happening through the port hole.  

Head Loss Analysis

A head loss analysis was done on the set-up to determine in the theoretical parameters being used were accurately describing the system. The collected head loss data was found by comparing water height in a free surface tube to the water height in the tank. A hole was drilled between the third and fourth baffles a tube was inserted into a quik connect fitting attached there. This tube was open to the atmosphere at the other end and the water height in this tube is a direct measure of head loss through the plant when compared to water levels at other points. The graph seen below compared the theoretical head loss for the tapered set-up with data that was collected from the first section of the tapered set-up. Data was not collected from the section because method used for collecting the data in the first section could not be repeated in the second section. 
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Figure 9: This is a graph comparing the theoretical head loss proposed for each section of the flocculator compared to head loss data that was collected at the plant.

Based off of looking at the above graph it seems that at least for the first three sections we are over calculating the amount of head loss that the system is creating. 
Further analysis will include changing the theoretical parameters such as K to try and get the theory curve to match the data curve. This analysis should give us a better representation of what K is for the AguaClara plants. 
Conclusions

It was inconclusive based on the data and observation which baffle arrangement worked better. Fixing the undersized port hole should hopefully help improve results and allow for conclusions to be drawn in the future. It is also proposed for future groups to re-cut baffle spacers based off of the new model that was designed. The baffles themselves could probably be kept the same size and then only new spacers would have to be cut, and possibly a few more baffles. This would also allow one to do analyses with all model based numbers instead of back calculating as was done this time. Given issues discussed above, it was hard to conclude one way or the other which flocculator set-up is the most efficient or which one will work better in the very different conditions found in Honduras. Further tests in other environments, such as the higher turbidities that are found when everything thaws out in the spring, would have to be done.
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