Tube Floc Final Report
Introduction

Summer Objectives
The main goal for the Tube Floc team of spring 2010 was to complete the study on the effects of flocculator length and alum dose variations on flocculation. Though the team collected much data and came up with interesting observations, due to experimental errors, the team failed to finish this study. The completion of this study essentially became one of our main goals for the summer of 2010. We replicated experiments to verify the accuracy of those from pervious semesters and organized the results for analysis. 

Improvement of our data analysis program has always been one of the main goals for the Tube Floc team. Whenever new experiments and studies were done, the program had been adjusted and updated to effectively analyze data. Continuing from the spring 2010 team, we further updated the analysis program to improve its accuracy and efficiency. 

After being submitted to Water Research, “Method for Quantitative Analysis of Flocculation Performance” (Tse, 2009) was returned to the P.I. with comments and a recommendation for revision prior to being accepted for publication. Many of the tasks for the summer were prompted by questions raised by the reviewers.
Materials and Methods

FReTA Apparatus

The objectives of the spring tube floc team were primarily to run experiments of the effects of flocculator length and alum dosage on residual turbidity.  Because the spring team was not able to obtain conclusive data sets, the summer tube floc team continued to run these experiments.  We ran the tube flocculator with alum dosages of 0 -100 mg/L, flocculator lengths of 28, 56, and 84 meters, and influent turbidities of 5, 100, and 500 NTU.  The spring tube floc team had already run most of these experiments, so we were primarily running replicates in order to confirm trends and replace failed data sets.

Experiments that were run this summer

The summer tube floc team used the Freta apparatus, described in detail by earlier floc teams, to run experiments examining the effects of alum dosage and flocculator length on residual turbidity.  Table 1 details the experiments run this summer:

Table 1: Experiments performed during summer 2010

	Meta ID
	Influent Turbidity (NTU)
	Flocculator Length (cm)
	Alum Dose Range (mg/L)
	Date Run

	19
	100
	5592
	10-100
	6/29/2010

	20
	500
	5592
	10-100
	7/1/2010

	21
	5
	5592
	10-100
	7/2/2010

	22
	5
	8388
	10-100
	7/5/2010

	23
	5
	8388
	1.5-58
	7/6/2010

	24
	5
	2796
	10-100
	7/7/2010

	25
	100
	2796
	10-100
	7/12/2010

	26
	100
	8388
	1.5-58
	7/15/2010

	27
	500
	8388
	10-100
	7/16/2010

	28
	500
	2796
	10-100
	7/19/2010

	29
	500
	8388
	10-100
	7/20/2010

	30
	500
	8388
	10-100
	7/21/2010

	31
	100
	8388
	10-100
	7/22/2010

	32
	100
	5592
	0-58
	7/23/2010

	33
	500
	5592
	10-100
	7/27/2010

	34
	5
	2796
	10-100
	7/28/2010

	35
	5
	5592
	10-100
	7/29/2010

	36
	5
	8388
	10-100
	7/30/2010

	37
	5
	8388
	10-100
	8/02/2010


Adjustments made to the apparatus


We ran the apparatus the same way as previous teams, with a few minor adjustments.  We secured the clay bucket with tape and string because the motor caused it to capsize after a few experiments.  We also replaced the cracked glass column, replaced old tubing, and cleaned the tubing with chlorine bleach to remove bacteria.  Besides making these repairs, we simply replicated the spring experiments.

Data Processor

Our team had been highly reliant on the Data Processor, an automated MathCAD program that analyzes and outputs statistical graphs of the data collected from FReTA. However, when we were challenged to support the results given by the Data Processor, we realized that further improvement was needed for this program. Specifically for this summer, we focused on verifying the accuracy of data smoothing and improving the gamma CDF/PDF fit.

Data Smoothing

The first challenge our team aimed to complete was the verification of our original smoothing method. Reviewers of the Methods paper had questioned our choice of smoothing methods for the analysis of data given by FReTA. According to the primary author of this paper, smoothing was necessary to enable proper fitting. Constant fluctuations in data supposedly prevented proper fitting with the gamma function. He gave no explanation for the numerical constants he had selected for this smoothing process.

We initially decided to test whether the numerical constants Ian had chosen were appropriate and optimum for data smoothing. Ian stated in the Methods paper, that data was “averaged over 9 seconds” with the “median value over a set of five data points” (Tse, Weber-Shirk, & Lion, 2009) used. We decreased the number of data points used for smoothing and discovered that for most datasets, 5 data points exceeded the minimum number of smoothing points that enabled proper data fitting. And for some datasets, no smoothing was necessary as raw data was able to be fit.

We later discovered that there was another set constant in the program which determined the extent of the smoothing: TOL. TOL, a built-in MathCAD variable, determined the preciseness of integrals and derivatives and controlled the convergence requirement in using the root function. The higher the TOL value, the less precise the output was; however, too small of a TOL value also made convergence impossible. Ian had set TOL to be equal to 0.25. When we lowered the TOL, we saw that fluctuations in the data prevented a fit, making smoothing necessary.

To find the minimum values for both TOL and the number of data points used for smoothing, starting from TOL = 0.01 and smoothing points = 2, we increased the value of TOL by 0.01 with an upper limit of 0.1. Once the upper limit for TOL was reached, we increased the number of smoothing points by one and reset the TOL value, repeating our previous process until fitting was possible.  This process was performed by manually changing the values because an algorithm used more memory than was available.  We organized these minimum values for each dataset in an excel sheet.

Weighted Smoothing

After realizing that our old smoothing method did not have consistent enough results to use in a reliable data analysis program, we decided to develop a new smoothing method that was more robust and dependable. We did not want a system that required the user to input new TOL and smoothing point values every time the program was run. After deciding to abandon this smoothing method, we took a step backwards and studied the plot of turbidity vs. log of sedimentation velocity, the graph to be smoothed for fitting (Figure 1).
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As observed in the plot, data points were not equally distributed on the log of sedimentation velocity scale. If smoothed by averaging a certain number of data points, points that stood further from other points might be disproportionately represented in the averaging process, outputting a value that did not accurately represent the points that were smoothed. Therefore, we chose to weight each point according to its location in the log of sedimentation velocity scale for smoothing.

We first divided the range of log of sedimentation velocities into equally sized sections and found the centroid of the data points in the region. Number of sections is a user-controllable value that can be changed freely according to how much smoothing the user desired to apply to the raw data. An example of this division can be seen below in Figure 2.
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In order to find the centroid that would represent the group of data points in a particular section, we weighted each point according to its location and summed their weighted values (Equation 1). 

The weighted values in the region were then summed, giving us a single representative point at that section. This method was applied for each section, giving us a resulting smoothed plot (Figure 3).
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Gamma fitting

Many of our previous studies depended on the fitted graphs produced by the Data Processor. These plots gave us an overview in floc size distribution and made it easier to draw conclusions on the data given by FReTA. However, though all datasets seemed to output fitted graphs (now with the new smoothing method), when we observed the fitted plots on top of the raw and smoothed data, we realized that our fitted graphs did not accurately represent a significant portion of the data. As can be seen in Figure 4, though the fitted CDF plotted quite accurately for the middle section of the data, it was not fitting the initial tail portion very well. 
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This tail portion contained data corresponding to residual turbidity and was essential for analyzing the results given by FreTA. Therefore, it was at our utmost priority to improve this fitted plot.

Experiment

When different datasets were run through the Data Processor, we observed that the fitted CDF graph represented the data very well for lower alum doses while fitting poorly- especially in the initial tail portion- as alum doses increased (Figure 5, Figure 6). 
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We hypothesized that this phenomenon was caused by the two staged sedimentation caused by floc breakup. When the flocs reached a certain size where the force binding them together was weaker than the shear forces, parts of the floc broke up and created smaller flocs. In result, two sedimentation velocities are seen in the data: first, the bigger flocs that had not undergone floc breakup (or had regrown sufficiently after breakup), and second, the smaller, broken parts settling in the column (Figure 7).
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Since our fitted graph only considered single stage sedimentation, proper fits were not made in the tail portion, where the second stage of sedimentation was occurring. Therefore, we concluded that the CDF equation and related functions had to be adjusted to consider a bimodal fitting system when needed. 

As mentioned previously, the unimodal fitted CDF plot did not work when floc breakup gave apparent influence to the effluent turbidity and sedimentation rate. However, it fitted very well when floc breakup was not dominant and only one stage of sedimentation occurred. For our fitted plots to be successful, we first had to identify which dataset required a bimodal or unimodal fit. 

A unimodal fit could be defined when the overall fitted CDF graph was accurately representing the smoothed plot of the dataset, as seen in Figure 5. For the Data Processor to properly identify which CDF plots were well fit by the data, we calculated the mean square error (MSE) in each dataset. For our study, we had set an MSE limit to be 3x10-4. A MSE less than this tolerance would call for a unimodal fit while a greater MSE would call for a bimodal fit. This limit value may vary according to experiment; we have yet come up with a solid way to derive the limit and plan to work on it in the following semester.
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The CDF equation was adjusted to consider two different modes. Instead of having inputs for a single mode, we added the second mode onto the original equation with an adjustment to its probability distribution. The old and new CDF equations are shown in Equation 2 and Equation 3. 0 represented the first stage and 1 represented the second stage of sedimentation.
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For the fitted CDF data to be derived, we were required to find guess values of the mean, variance, and gamma (starting point of the plot) (Figure 8). 
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If guessed within range, the program is able to find the correct corresponding values that match the original, smoothed data we aim to fit. For the bimodal fitting, we had to find six guess values: the mean, variance, and gamma associated to the first stage of sedimentation and those related to the second stage of sedimentation (Figure 9). 
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The guess values for the first stage were found using the following method: the mean was guessed to be located at the midpoint of the normalized NTU (at NTUnormed = 0.5), the variance was 25% away from this mean at each side (at 0.25 and 0.75), and the gamma was guessed to be the located a variance away from the mean (at 0.25). The guess values for the second stage were found using the gamma defined for the first stage; hypothesizing that the second stage of sedimentation began around the end of the first stage, we found the mean and variance of the data from this end point (gamma0) to the lowest sedimentation velocity using built-in MathCAD mean and variance functions. The gamma for the second stage was an average of the fifteen points with the lowest sedimentation velocities. Using Equation 4 and Equation 5, we found the relationship between the parameters of CDF equation (α and β) and these guess values (mean and variance). 
[image: image22.png]Mean Residual Turbidity (NTU)

10

01

——07/29/2010

20 40 60
Alum Dose (mg/L)

80 100

120



[image: image23.png]Mean Residual Turbidity (NTU)

10

——11/17/2009
—&-7/5/2010
—+—7/6/2010
—=17/30/2010

——8/2/2010

01
o 20 40 60 80 100 120

Alum Dose (mg/L)



[image: image24.png]Mean Residual Turbidity (NTU)

10

01

~

——Length 1 (2/8/2010)
—&—Length 2 (7/29/2010)
—<—Length 3 (7/30/2010)

20

60
Alum Dose (mg/L)

80

100

120



[image: image25.png]Mean Residual Turbidity (NTU)

100

10

01

——4/8/2010
—m-7/12/2010
\ —4—10/20/2009
——
20 40 60 80 100 120

Alum Dose (mg/L)




With these inputted guesses, we got a successful fitted CDF plot as shown below in Figure 10.
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Response to Reviewers re: Methods paper
Many of the questions posed by the reviewers were answered with extensive literature searches or basic calculations from existing data.  The inquiries into the efficacy of the Data Processor and the validation of FReTA’s quiescent settling column were addressed using intensive computational analysis and experimentation, respectively.
Test suspension – monodisperse particles

Since this is a validation test, the team desired to acquire very accurate data by creating a simple apparatus with low possibility of error and high efficiency of collecting necessary information. The apparatus consisted of a loop that was directly connected to the ball valve and effluent turbidimeter. No flocculation was done; this experiment focused solely on FReTA's ability to accurately estimate sedimentation velocities. With the use of Process Controller and MathCAD, the retrieved data was analyzed and compared. 

Particle Beads

To enable the accurate calculation of sedimentation velocities, a suspension was created using distilled water and latex particle beads of known size and density. The beads were not allowed to flocculate; the size of the particles in the water was not altered.  The particles used were polystyrene beads with diameters from 72.00 – 88.00μm, and a mean diameter of 75.04 ± 0.13μm.  The particles were originally suspended in a 15mL solution of 1% solids, and they were purchased from Polysciences Inc., Catalog # 64210.  
Experimental Apparatus

Test 1: Control Vial

A settling test was performed with a control vial to provide a basis for comparison.  The control vial represents a standard settling column. The apparatus consisted simply of a turbidimeter and a settling column.  For each run of the experiment, the control vial was manually agitated and placed within the turbidimeter. Once the turbidity was measured with Process Controller, the sedimentation velocity of the particles was calculated using Data Processor. The experiment was run a total of four times.

The control vial measured by the turbidimeter contained a mixture of known particles and distilled water.  The vial was filled with approximately 23mL of distilled water and 2mL of suspended particle mixture. The turbidity of the fluid was then recorded on a spreadsheet in Process Controller, and the data was analyzed using the Data Processor.  The length used for the sedimentation velocity calculation was 3.8 cm, which is the distance between the surface of the water and the light source in the turbidimeter. 
Test 2: FReTA Suspension

The experimental apparatus used for the FReTA suspension consisted of a peristaltic pump connected to the final portion of the standard FReTA apparatus. A closed circuit was created to allow a duplicate of the experiment to be run without losing the particle beads. First, the circuit was filled with distilled water with a background turbidity of 0.23 NTU. Approximately 8 mL of particle bead suspension was added to the apparatus. A peristaltic pump operating at 5 mL/s (300 mL/min) pushed the suspension up to a tee above the ball valve. The upper portion was open to the atmosphere and acted as an attenuator for the pulses created by the pump. The suspension flowed down through the open ball valve and the settling column. The turbidity was recorded by the turbidimeter. After leaving the settling column, the suspension flowed through the peristaltic pump, repeating the cycle. This cycle was run continuously for ten minutes, at which point the pump stopped, the ball valve closed and the settle state began (Figure 11). The particles settled for 25 minutes.  Then the experiment was repeated to ensure precision. The turbidity data was recorded [image: image27.png]Mean Residual Turbidity (NTU)
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and used to determine settling velocities in a MathCad program called Data Processor.

Results and Discussion
FReTA Experiments
We achieved varying levels of success in the experiments on the effects of flocculator length and alum dosage.  After grouping the experiments according to influent turbidity, we compared them to experiments run by the fall 2009 and spring 2010 tube floc teams.   Based on these results we were able to determine where we should concentrate our efforts in the future.  Table 2 contains comments on the results of the experiments, and figures 12 through 23 show the mean residual turbidity vs. alum dosage of the different experiments.  

Table 2: Experiments performed in the summer of 2010 with comments

	Meta ID
	Date Run
	Results

	19
	6/29/2010
	Residual turbidity was higher than normal, and after 40 mg/L, the residual turbidity began to increase. 

	20
	7/1/2010
	Didn’t work  

	21
	7/2/2010
	Didn’t work  

	22
	7/5/2010
	Residual turbidity was higher than normal (greater than 1), but stabilized well.

	23
	7/6/2010
	Ran lower alum dosages (1.5-58) in order to analyze best dosage.  After a dip around 20 mg/L, the residual turbidity began to increase.

	24
	7/7/2010
	Didn’t work

	25
	7/12/2010
	Residual turbidity stabilized at around 1.4 NTU

	26
	7/15/2010
	Didn’t work.  Data had a sharp spike in turbidity around 20 mg/L.  Problem with alum line.

	27
	7/16/2010
	Residual Turbidity not constant; continually decreased. 

	28
	7/19/2010
	 Residual turbidity stabilized at around 3.5 NTU.

	29
	7/20/2010
	Residual Turbidity not constant; continually decreased.  The clay bucket capsized while the team was gone.

	30
	7/21/2010
	 Residual turbidity stabilized at around 6.0 NTU

	31
	7/22/2010
	Didn’t work.  Data had a sharp spike in turbidity around 20 mg/L.  Problem with alum line.

	32
	7/23/2010
	 Residual turbidity stabilized at around 1.2 NTU

	33
	7/27/2010
	 Residual turbidity stabilized at around 7.0 NTU, a little high.

	34
	7/28/2010
	Residual turbidity spiked at around 30 mg/L, finally decreased around 60 mg/L.

	35
	7/29/2010
	 Residual turbidity stabilized at around 0.8 NTU

	36
	7/30/2010
	 Residual turbidity stabilized at around 0.8 NTU, but then increased slowly to 1.0 NTU.

	37
	8/02/2010
	 Residual turbidity stabilized at around 0.8 NTU, but spiked briefly at 40 mg/L
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Data Processor
Data smoothing
Studying the original smoothing method our team had been utilizing, we learned that though this method could be improved, even with improvements it was not the best way for a robust analysis program to be developed. The initial set constants of TOL (0.25) and number of smoothing data points (5) were too high for many of the datasets. With these values, fitting was possible without any smoothing done to the data. Though we realized that by varying/decreasing the TOL and number of smoothing points we would be able to smooth and fit data with minimum alteration done on raw data, we also found it unreasonable to require the user to manually change these values for every experiment he/she desired to analyze. In addition, since there was no standing pattern that can be defined for all datasets, it was difficult to describe to journal reviewers. We needed a more dependable, automated way for data smoothing to be done. Therefore, our team decided to abandon average-smoothing and create a new, more universal smoothing method.

Weighted Smoothing

The main purpose of smoothing was to get rid of constant fluctuations that prevented proper fitting and at the same time most accurately represent the raw data with minimum alteration. In the weighted smoothing system, we not only simplified the raw data enough for fitting to be possible, but also preserved the overall pattern in the data by considering the location of each data point. The data points were not distributed evenly in the log of sedimentation velocity scale. By dividing the log of sedimentation velocity scale evenly and finding a centroid point to represent the points within each section, the smoothed graph displayed the overall trend of the raw data very well (Figure 24).


Unlike our previous smoothing method, the weighted smoothing method did not require variables to be constantly changed depending on each dataset. It was more automated and the extent of smoothing was left to be easily controlled by the user; the number of sectional divisions could be adjusted in the program. However, as our goal was to create a robust, automated analysis program, we would like to find the optimum size of sectional division. We plan to continue this development in the following semester.

Gamma Fitting

With the bimodal fitting applied, our fitted CDF plots improved significantly. As could be seen in Figure 25 and Figure 26, the fitness of the plots represented the smoothed and raw data much more accurately with this method.
Though our identifier of uni/bimodal fitting still needs to be solidified, our overall result from this fitting was very successful. The fitted gamma PDF plot gave good plots that showed the two stage sedimentation (Figure 26). 


We would need to see if this system works for other experiments as we have only studied one experiment to develop the bimodal fitting method.

Response to reviewers

Influence of narrow tubing
A small diameter settling column was used to accommodate the diameter of the turbidimeter sample cell. Furthermore, convection currents are difficult to prevent in larger diameter columns.  As described below, calculations using methods described in McNown and Malika (1950) were performed to ensure that errors produced by wall effects were not significant.  Wall effect errors were estimated to be much less than 1%.

To estimate the effects of a cylindrical boundary on spherical particles the correction factor K is calculated using the maximum particle diameter, D, and the diameter of the settling column, Do.
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For standard FReTA experiments:

Max: D=1 mm, Do=1.91cm, K=1.132

Min: D=0.0635 mm, Do=1.91cm, K=1.008

This value of K represents the effects of a cylindrical boundary on spherical particles when the Reynolds number is extremely small.  For a given particle-column diameter ratio the value of K was found to decrease with increasing Reynolds number  (McNown & Malaika, 1950).  In a standard FReTA experiment, the high settling velocity of a large floc causes the Reynolds number to increase and the correction factor to approach 1.13.  All measured particles in a standard FReTA experiment experience much less than 1% error (see Figure 28).
Test suspension – monodisperse particles results
Predicted Results
With the particle diameters varying between 72 and 88 μm, settling velocities were calculated using equation (Equation 6).

Settling velocity can be expressed in terms of gravity (g), particle diameter (dbead), particle density (ρbead), water density (ρh2o), and the kinematic viscosity of water (νh2o):

Equation 6: Sedimentation velocity of suspension beads
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The density of the beads reported by the manufacturer was 1.05 g/cm3 and the water density and kinematic viscosity are already known to be 997.7 kg/m3 and 1.0038e-6 m2/s. In the case of the control experiment, the maximum distance between the bottom of the ball valve and the measurement volume of the turbidimeter, z, was 3.8 cm.  For the FReTA suspension, z is 13.64 cm. Relating Equation 6 and Equation 7, estimated settling times of 4.16 and 15.0 minutes were calculated based on average particle size (75 μm).

Equation 7: Time to settle for a particular velocity
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Measured Results

We feel compelled to comment that the quiescent settling test has been used for decades and the experimental results accepted for design of sedimentation tanks.  All the FReTA apparatus does is to automate this test and the ensuing data analysis.  The typical experimental design has been validated (Adachi & Tanaka, 1997) where a square glass settling tube (20 x 20 x 300 mm) was used to observe the settling of flocs through a microscope.  The validity of this apparatus was confirmed by observing the sedimentation of standard latex spheres. The FReTA apparatus uses light scattering to measure turbidity and responds best to opaque particles.  We searched unsuccessfully for a suspension of opaque particles with known settling velocity. We can think of no physical reason to expect performance differences between FReTA and the Adachi apparatus, and chose to not further delay resubmission of this paper in what became a futile search for a suitable test particle.
Limiting factors on particle size/settling velocity
Limits are presented by the length of the settling column, z, and the given settling time, t.  Particles with settling velocities less than the critical settling velocity created by the apparatus (z/t) would not be measured.  Here, (13.64 cm)/(22 min) = 0.104 mm/s or a floc particle with a diameter of 63.5 μm (using Stokes Law with Dfractal=2.3 and floc density calculated in Fractal Flocculation 11-1). The minimum capture velocity used in conventional designs for plate settlers is 0.22-0.42 mm/s (Ratnayaka, Brandt, & Johnson, 2009). Thus FReTA is capable of measuring the residual turbidity after the suspension has settled for a time corresponding to the minimum sedimentation velocity used in plate settlers. 
The upper bound on settling velocity and particle size is related to the response time of the turbidimeter, 1 second, and the subsequent data smoothing.  Any particles that settle the distance of the settling column in less than 1 second will not be accounted for by the turbidimeter.  This corresponds to a settling velocity of 137.5 mm/s, which represents a floc that is larger higher than the maximum anticipated floc size.  Data smoothing can also have an influence on the maximum size of a recorded particle. Our current method of weighted smoothing incorporates all recorded data points into the smoothed points, which means the maximum observable settling velocity is 137.5 mm/s. 
Response to bimodal particle size distribution
The data processor was modified to fit bimodal distributions when it was determined statistically that a unimodal distribution is insufficient for some datasets.  Please see the Gamma Fit section for more details.
Physical reasoning behind the use of the gamma function
This method of analysis becomes more robust if a known type of distribution is fit to the experimental data. The particle suspension after flocculation is expected to approach log-normal because the number of collisions involved in forming a floc is expected to be a Poisson distribution.  Data obtained using the FReTA apparatus can be fit with a log-normal distribution, and has been in the past.  However, floc break-up creates a bimodal distribution which is evident in the data. The gamma function was chosen because it can be used to effectively fit both unimodal and bimodal distributions.  The data could be forced to fit a single log-normal distribution but the resulting variance and mean sedimentation velocities would not capture the reality of the experiment. The flexibility of the gamma function and its ability to capture the true shape of the data with a minimal number of parameters makes it the best choice.

Data smoothing techniques
The data smoothing technique reported in the first submission of this paper was deemed insufficient to properly characterize the data.  It was replaced by the weighted smoothing technique described in the Weighted Smoothing section of this paper.
Documenting laminar flow conditions

To calculate the Reynolds number in the tube flocculator, Equation 8 was used. The inner diameter of the tube was 3/8 inch.  Flow rates between 4 and 18 mL/s were used in the apparatus, which corresponds to Reynolds numbers between 533 and 2397.  Flow rates corresponding to Reynolds above 2100 (>15.75 mL/s) were excluded from the data analysis.

Equation 8: Reynolds Number
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Replicating the system
A complete materials list is available at:

 https://confluence.cornell.edu/display/AGUACLARA/FReTA+Apparatus+Materials+List.  The Process controller software used in conjunction with this apparatus is available at:

 http://ceeserver.cee.cornell.edu/mw24/Software/Runtime8/Process%20Controller.htm Extensive information on the Process Controller configuration used to operate the FReTA apparatus is given in Appendix A of  (Tse, Weber-Shirk, & Lion, 2009).  

Process controller communicates with the valves and pumps via a custom fabricated control box (https://confluence.cornell.edu/download/attachments/10948530/StampBox.pdf?version=1). Similar results could be achieved using any number of interfaces between the computer and the hardware. 
Conclusion

Experiments
We encountered several complications in running FRETA that require experiments to be rerun.  For several of the experiments, the clay or alum failed to work properly, either by running out or entering the system in large chunks.  This was dealt with by securing the clay bucket, changing some of the tubing, and using distilled water for the alum.   We also had trouble running some of the low turbidity experiments because the process controller had to be modified in order to stabilize at 5 NTU.  The background effluent turbidity was also high at times, and the glass column had to be removed and cleaned with a squeegee.  In the future, the tube floc team will search for improved methods of backwashing the system in order to achieve the lowest possible background turbidity.  The team hopes to achieve a constant background turbidity of 0.4 NTU.  Because of these problems and inconclusive data, further experiments will need to be run on many of the data sets in order to establish trends for each influent turbidity.  

Thus far the experiments have enabled the tube floc team to further understand the relationship between flocculator length, alum dose and residual turbidity.  We saw that for most turbidities and lengths, the optimum alum dose is 20 to 40 mg/L and the optimum residual turbidity is around 1 NTU.  For 5 NTU and 100 NTU, 8838 cm requires much less alum than 2796 cm to achieve the same residual turbidity.  For 500 NTU, the difference between the two flocculator lengths is much less.  This is most likely because the flocs have formed much more quickly.  While these trends are seen for 2796 cm and 8838 cm, all of the 5592 data sets have been inconclusive.  This is most likely because floc breakup occurs at around this length.  Future tube floc teams will need to run extensive experiments on this flocculator length in order to determine its effect on residual turbidity. 

Data Processor
After the changes done to the smoothing method and the fitting, Data Processor has become much more accurate and efficient. The weighted smoothing method simplifies the raw data very well and has an easily adjustable degree of smoothing. The bimodal fitting option has also significantly improved the accuracy of our analysis as the gamma PDF plots that did not plot accurately previously all appear with the consideration of the two stage sedimentation. For an overall clean-up, we have organized the program so that it can be easily read and updated if needed. We plan to further simplify our program to minimize memory usage and aim to solidify the changes we have made during this research term of summer 2010. 

Response to Reviewers

With the recently completed bimodal distribution we are positioned to provide satisfactory responses to the reviewers’ questions.  After significant editing, we anticipate resubmitting the paper in early September.  Though time consuming, the process of responding to the reviewers has greatly improved the quality of our data processing methods.  
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Figure � SEQ Figure \* ARABIC �11�: FReTA Settling Column Apparatus





Table 1: Mean sedimentation velocity averaged over all trials


Predicted�
Control Vial�
FReTA Suspension�
�
0.153 mm/s�
0.193 mm/s�
0.254 mm/s�
�
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Figure � SEQ Figure \* ARABIC �28�: Effects of cylindrical boundary on resistance of spherical particles  (McNown & Malaika, 1950)





�


Figure � SEQ Figure \* ARABIC �10�: Normalized turbidity and finalized CDF fit plotted against sedimentation velocity.





Equation � SEQ Equation \* ARABIC �4�: Calculation of the variance from CDF parameters, alpha and beta.





Equation � SEQ Equation \* ARABIC �5�:  Calculation of the mean from CDF parameters, alpha and beta.
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Figure � SEQ Figure \* ARABIC �9�: Normalized turbidity plotted against log of sedimentation velocity. The mean, gamma, and variance for both sedimentation stages are pointed out.





�


Figure � SEQ Figure \* ARABIC �8�: Normalized turbidity plotted against sedimentation velocity. The mean, gamma, and variance are pointed out. (Variance is derived from this distance, but is not equal to it)
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Figure � SEQ Figure \* ARABIC �7�: Normalized turbidity plotted against log of sedimentation velocity. The two stages of sedimentation are defined in the graph.
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Figure � SEQ Figure \* ARABIC �6�: Normalized turbidity and fitted CDF plotted against sedimentation velocity. The alum dose for this plot was 20 mg/L.
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Figure � SEQ Figure \* ARABIC �5�: Normalized turbidity and fitted CDF plotted against sedimentation velocity. Alum dose was set to be 70 mg/L.
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Figure � SEQ Figure \* ARABIC �4�: Normalized turbidity and fitted CDF plotted against sedimentation velocity. Sectional division at 0.05.
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Figure � SEQ Figure \* ARABIC �3�: Normalized turbidity and normalized turbidity with weighted smoothing plotted against sedimentation velocity. Sectional division set as 0.05.
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Figure � SEQ Figure \* ARABIC �2�: Raw turbidity data plotted against sedimentation velocity with equal sections. The section width is adjustable.
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Figure � SEQ Figure \* ARABIC �1�: Raw turbidity data plotted against sedimentation velocity at alum dose of 40 mg/L and 500 NTU influent turbidity. Distribution of data points is not even throughout the x-axis
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Figure � SEQ Figure \* ARABIC �27�: Gamma PDF plot of normalized turbidity against sedimentation velocity. The two peaks show the two stages in the sedimentation process.
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Figure � SEQ Figure \* ARABIC �25�: Normalized turbidity and bimodal fitted CDF plotted against log of sedimentation velocity. Alum dose set as 70 mg/L.
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Figure � SEQ Figure \* ARABIC �26�: Normalized turbidity and unimodal fitted CDF plotted against log of sedimentation velocity. Alum dose set as 70 mg/L.
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Figure � SEQ Figure \* ARABIC �24�: Normalized turbidity plotted against sedimentation velocity with and without smoothing. The first plot above is raw while the second on the bottom is weight-smoothed. The sectional division for the weighted smoothing function is 0.05 and the different plots represent data from various alum doses.





Equation � SEQ Equation \* ARABIC �1�: Calculation of the centroid for a particular section





Second Stage





First Stage





Equation � SEQ Equation \* ARABIC �2�: Unimodal CDF





Equation � SEQ Equation \* ARABIC �3�: Bimodal CDF
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Figure � SEQ Figure \* ARABIC �13�:  Mean Residual Turbidity vs. Alum Dose.  5 NTU, 2796 cm.  More data is needed in order to confirm the trend of 2/8 and 2/11 without errors.  The optimal alum dose and residual turbidity appear to be 40 mg/L and 0.8 NTU, respectively.  11/12 was kept for comparison of future experiments, in order to verify that it is not the correct trend.
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Figure � SEQ Figure \* ARABIC �12�:  Mean Residual Turbidity vs. Alum Dose.  5 NTU, 5592 cm.  Only one successful data set has been run, but its optimal alum dose and residual turbidity appear to be 20 mg/L and 1 NTU, respectively. 
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Figure � SEQ Figure \* ARABIC �15�: Mean Residual Turbidity vs. Alum Dose.  5 NTU,8838 cm.  The optimal alum dose appears to be 20 - 30 mg/L, but the data give conflicting optimal residual turbidities.  More data needs to be run in order to confirm a trend.
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Figure � SEQ Figure \* ARABIC �14�: Mean Residual Turbidity vs. Alum Dose.  5 NTU, All Lengths.  The optimal alum dose appears to be 20 - 30 mg/L.  5592 cm needs much less alum than 2796 cm to achieve the same residual turbidity.  The benefit of 8838 cm over 5592 cm is not evident, especially given the uncertainty of the 8838 cm graph.
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Figure � SEQ Figure \* ARABIC �17�: Mean Residual Turbidity vs. Alum Dose.  100 NTU, 2796 cm.  The optimal alum dose and residual turbidity appear to be around 40 mg/L and 1.5 NTU, respectively.  
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Figure � SEQ Figure \* ARABIC �16�: Mean Residual Turbidity vs. Alum Dose. 100 NTU, 5592 cm.  More data is needed to establish whether 4/16 or 6/29 is the right trend.
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Figure � SEQ Figure \* ARABIC �19�: Mean Residual Turbidity vs. Alum Dose. 100 NTU, 8838 cm.  The last data run, 7/22, appeared to have a problem with the alum line.  More data is needed to confirm the older trends.  The optimal alum dose and residual turbidity appears to be 20 – 30 mg/L and 1.6 NTU, respectively.
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Figure � SEQ Figure \* ARABIC �18�: Mean Residual Turbidity vs. Alum Dose. 100 NTU, All lengths.  More data needs to be run on 5592 cm before conclusions can be made.  According to the current data, there is an evident benefit to 8838 cm over 2796 cm; at 20 mg/L an increase in flocculator length dramatically decreases the residual turbidity.  However, as the alum dose increases this benefit disappears.
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Figure � SEQ Figure \* ARABIC �21�: Mean Residual Turbidity vs. Alum Dose. 500 NTU, 2796 cm.  The optimal alum dose and residual turbidity appears to be 30 – 40 mg/L and 3 -5 NTU, respectively.
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Figure � SEQ Figure \* ARABIC �20�: Mean Residual Turbidity vs. Alum Dose.  500 NTU, 5592 cm.  More data is needed in order to establish a trend.
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Figure � SEQ Figure \* ARABIC �23�: Mean Residual Turbidity vs. Alum Dose.  500 NTU, 8838 cm.  For the longest flocculator and largest turbidity, more alum is needed.  The alum continues to have an effect even at large doses, but the optimal point seems to be around 30 50 mg/L corresponding to a residual turbidity of 6 – 9 NTU.
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Figure � SEQ Figure \* ARABIC �22�: Mean Residual Turbidity vs. Alum Dose.  500 NTU, all lengths.  For large influent turbidities, there does not seem to be much difference between 2796 cm or 8838 cm.   This is most likely because the flocs are completely formed much more quickly in systems with high influent turbidities.  However, data is inconclusive at 5592 cm; this is most likely because floc breakup is occurring in this region.
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