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ABSTRACT

Gravity driven hydraulic flocculators that operate in the absence of reliable electric power are better suited to meet the water treatment needs of communities in the global south than conventional mechanical flocculators. However, current knowledge regarding the proper design and operation of hydraulic flocculation systems is insufficient. Of particular interest to the AguaClara research team is the optimal fluid shear level needed to produce low turbidity water. 

The Flocculation Residual Turbidity Analyzer (FReTA) was developed as tool for measuring the floc sedimentation velocity distribution and the post-sedimentation residual turbidity of a flocculated suspension. These two properties are central to the design and operation of unit processes following flocculation in a water treatment plant. FReTA measures the turbidity of a flocculent suspension undergoing quiescent sedimentation. The fixed distance across which flocs must travel to clear the measurement volume in FReTA allows sedimentation velocities to be calculated from the raw turbidity data. By fitting the transformed turbidity data with a modified gamma distribution, the mean and variance of the sedimentation velocity distribution can be obtained along with the post-sedimentation residual turbidity. 

A hydraulic tube flocculator was used to study how fluid shear levels affect the settling properties of a flocculated alum-kaolin suspension. FReTA was employed to quantitatively compare the effects of varying fluid shear and hydraulic residence time on the sedimentation velocity distributions and the post-sedimentation residual turbidities of flocculated suspensions formed in the tube flocculator. Results showed that shear induced floc break up occurred at all velocity gradients evaluated. There was a correlation between high floc settling velocities and low residual turbidities, both of which were optimized at low fluid shear levels and long fluid residence times. This study showed that, for hydraulic flocculation systems, low turbidity water was produced when fluid shear was kept at a minimum.
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CHAPTER 1 
Method for Quantitative Analysis of Flocculation Performance

1.1   Abstract
The sedimentation rate and the post-sedimentation residual turbidity of flocculated suspensions are properties central to the design and operation of unit processes following flocculation in a water treatment plant. A method for comparing flocculation performance based on these two properties is described. The flocculation residual turbidity analyzer (FReTA) records the turbidity of flocculent suspensions undergoing quiescent settling. The fixed distance across which flocs must travel to clear the measurement volume allows sedimentation velocity distributions of the flocculent suspension to be calculated from the raw turbidity data. By fitting the transformed turbidity data with a modified gamma distribution, the mean and variance of sedimentation velocity can be obtained along with the residual turbidity after a period of settling. This new analysis method can be used to quantitatively compare how differences in flocculator operating conditions affect the sedimentation velocity distribution of flocs as well as the post-sedimentation residual turbidity.

1.2   Introduction
The sedimentation velocity (Vs) of colloidal aggregates formed in flocculation with hydrolyzing metal salts and their precipitates (flocs) is an important parameter to consider in the design and operation of water treatment plants. Vs determines the design of sedimentation clarifiers and plate settlers. The Vs of a floc has been shown to increase with floc size (Tambo & Watanabe, 1979; Adachi & Tanaka, 1997). An ideal flocculator would produce flocs with high Vs and settled water with low residual turbidity after subsequent sedimentation processes. Floc Vs are typically measured in the laboratory using a settling column test (Metcalf & Eddy, 2003). In water treatment plants, coagulant doses are often determined by observing the residual turbidity of jar test samples to identify the dose that produces the most efficient floc sedimentation. Because of floc break-up and the formation of gelatinous precipitates, optical measurement techniques are preferred over particle counters to determine floc size distributions (Ching et al., 1994). Gregory (1985) developed an optical technique based on measurement of turbidity fluctuations in flowing suspensions to monitor floc suspensions. Gregory demonstrated that the ratio of the root mean square of the fluctuating turbidity signal to the mean value is roughly proportional to the size of the aggregates flowing through the detector and to the square root of their concentration. Two of the most informative parameters for plant designers and operators are floc sedimentation rates and residual turbidity after a period of settling. Thus, an apparatus capable of optically quantifying both Vs and residual turbidity as a method for comparing the performance of different flocculation conditions would be an extremely useful tool for researchers and operators alike. The following sections describe an experimental measurement apparatus and process for data analysis that is capable of providing the desired information.  An analysis of flocs formed under different conditions of fluid shear is provided as an example application.

1.3   Apparatus

1.3.1   FReTA  

The flocculation residual turbidity analyzer (FReTA) is a measurement apparatus designed at Cornell University that functions to measure both the sedimentation velocity and the residual turbidity of the effluent from a flocculator (see Figures 1.1 and 1.2). FReTA is capable of measuring floc Vs without affecting the structure of flocs that have been formed. FReTA consists of three primary components: an inline turbidimeter, a transparent glass column, and an electrically actuated ball valve.  The interaction of these components, as well as the acquisition and the analysis of data were automated using Process Controller software created using LabVIEW by Weber-Shirk (2008). A modified HF Scientific MicroTOL 2 infrared inline nephelometric turbidimeter was used in the prototype. The plastic housing of the turbidimeter was altered to allow a 2.54 cm (1”) outer diameter, 1.91 cm (0.75”) inner diameter glass tube to fit vertically through the entire turbidimeter housing and through the measurement area. The glass column provided a quiescent chamber for flocs to settle as turbidity was measured over time. The glass column replaced the factory-standard measurement cuvette because the standard measurement cuvette had a restrictive inlet that disrupted flocs entering the chamber.  

It was important that fluid motion inside the glass column be minimized once measurements had begun. A version of the MicroTOL2 turbidimeter using a LED infrared light source instead of an incandescent bulb was used to eliminate thermal convection currents that interfered with quiescent settling. The manufacturer-installed heat source and fan used to control condensation in the MicroTOL2 were also disabled to minimize convection currents.

The HF Scientific MicroTOL 2 turbidimeter was set at its minimum response time of roughly 5 seconds, while the data was collected at a rate of 1 Hz. Prior to use, the turbidimeter was carefully calibrated using a HF Scientific, Inc. Primetime Calibration Standards kit, which uses a solution that is more stable and has a longer shelf life than Formazin. According to the manufacturer, the turbidimeter’s accuracy for readings below 40 NTU was ±2% of readings or ±0.02 NTU (whichever is greater) and for readings above 40 NTU, the accuracy was ±5% of readings. The modifications made to the HF Scientific MicroTOL 2 turbidimeter to create FReTA did not affect the accuracy of the instrument. The 95% confidence interval was shown to be within ±2% of the mean reading obtained from bootstrapping a data set containing 1000 turbidity measurements of a stable clay suspension.
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Figure 1.1: Schematic of the complete experimental assembly.
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Figure 1.2: FReTA consists of an electrically actuated ball valve at the top and an IR nephelometric turbidimeter fitted with a glass tube and connected by fittings to an effluent line
An electrically actuated ball valve (Gemini Valve model 630) attached to the top of the glass tube was used to seal the connection between the flocculator and the settling column. It prevented flocs in the flocculator above the valve from entering the settling column once measurements began. The valve defined the top of the settling column. An elbow connected the bottom of the glass tube to an effluent discharge line. A distance of 16 cm separated the bottom of the ball valve and the center of the 5 mm zone illuminated by the LED of the turbidimeter. This distance was used for the calculation of sedimentation velocities as discussed below. 

A monodisperse suspension of flocs will settle at a single velocity and the time series of measured turbidity would start at some initial value and fall sharply to the residual turbidity of the supernatant as the entire suspension of flocs settled below the turbidity detector. In a sample with heterodisperse floc sizes, the distribution of sizes can be discretized into bins with average Vs. The time series of turbidity measurements for a heterodisperse sample would have a more gradual decrease that asymptotically approached a final residual supernatant turbidity. Since the maximum distance (z) a floc must settle in order to clear the measurement volume is the distance between the bottom of the ball valve to the measurement volume of the turbidimeter (16 cm in this case), an estimate of the sedimentation velocity of a bin of floc sizes can be made by dividing the distance (z) by the time elapsed since settling began (t). 
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Some differential sedimentation of flocs may have occurred in the settling column. However, the distance between the top of the column to the illuminated zone was minimized to the shortest distance physically permitted by the valve and fittings. In addition, the distance (16 cm) used is much less than the 0.5 m interval between sampling ports used in conventional flocculent settling tests and discrete settling is assumed in analysis of data over this distance (Metcalf & Eddy, 2003). Therefore, the assumption of discrete settling in the analysis of FReTA data is consistent with the treatment of data in flocculent settling tests.  In this study FReTA was located immediately downstream of the tube flocculator.  Thus, the Vs distribution and residual turbidity values obtained by FReTA represent the initial characteristics of the flocculated particles, and do not represent the Vs distribution or residual turbidity that would be obtained deeper in a sedimentation tank after significant particle contact and aggregation through differential sedimentation had occurred.  The choice of positioning FReTA immediately after the flocculator was based on a desire to characterize particles exiting this reactor; however, other points in a treatment process stream could also be used for sampling and analysis such as different positions within a sedimentation tank or subsequent to sedimentation.
1.3.2   Tube Flocculator
The complete experimental assembly consisted of three main parts: a synthetic raw water (SRW) metering system, followed by rapid mix and a tube flocculator (Figure 1.3), and then FReTA (Figure 1.2). As a mixture of suspended clay and alum flow through the tube flocculator, velocity gradients in the tube cause particles to collide and form flocs. The tube flocculator consisted of a length of 9.5 mm (3/8”) inner diameter transparent plastic tubing wrapped in a figure eight shape around two long parallel cylindrical prisms for structural support. A pressure sensor was attached at each end of the tube flocculator to monitor the pressure drop (head loss) across the flocculator. The length of the flocculator could be changed to accommodate different hydraulic residence times (θ). Tube geometry was used for the flocculator because the velocity gradient (G) in laminar tube flow is well defined (Equation 1.2) (Gregory, 1981).
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where: Q is the volumetric flow rate and r is the inner radius of the tube. 

The number of particle collisions per unit time in a laminar flow flocculator is proportional to G and the time available for collision is θ, therefore the product Gθ indicates the degree of flocculation that can be achieved (Cleasby, 1984).  Initial calculations showed that the length of tubing needed to achieve adequate flocculation based on the suggested Gθ value of 20,000 necessary for large floc formation (Camp & Stein, 1943) was roughly 30 meters and was too long to maintain as an entirely straight segment, so the tube flocculator was initially arranged into a helical coil. 
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Figure 1.3: Tube flocculator consists of a segment of 3/8” inner diameter clear plastic tubing wrapped in a figure-8 configuration.
The velocity gradient in straight laminar tube flow is axisymmetric about the centerline of the tube and increases linearly from the centerline where the velocity gradient is zero to the maximum value at the wall. While laminar flow can still be achieved in helical tubes, the flow is no longer axis symmetric. The inertia of the fluid in the curved tube causes the highest velocity fluid at the center of the tube to move towards the wall farthest from the axis of curvature (Berger & Talbot, 1983). The resulting flow pattern consists of two rotating cells with the line of symmetry being the radius of curvature of the coil. Because of the parabolic velocity profile found in straight laminar tube flow, both G and θ are functions of radial position, creating a range of Gθ values experienced by particles within the tube. Particles entering a coiled tube flocculator, however, do not maintain a constant radial position in the tube, consequently the distribution of Gθ values experienced by particles is narrower than in a straight tube (Gregory, 1981). It was observed that particles preferentially aggregated inside the two vortical cells throughout the length of the tube flocculator. Furthermore, one of these two cells consistently trapped larger sized flocs over the length of the flocculator than the other cell. Since particles were trapped spinning inside the vortical cells, the helical tube flocculator essentially acted like two separate flocculators. Reconfiguring the helical coils into a figure eight disrupted the two circulating cells and allowed particles to move around in the cross-sectional plane. 

While the flow may still be laminar in a curved tube—in that streamlines are continuous and nonintersecting, the velocity gradients are not axisymmetric throughout the cross section and have a non-linear relationship with axial velocity. The axial velocity remains proportional to the flow rate through the tube, but the centrifugal force introduces velocity components perpendicular to the centerline axis. As described below, a correlation factor comparing the friction coefficients of a straight tube (fs) to that of a curved tube (fc) (Mishra & Gupta, 1979) was used in the calculation of the average velocity gradient in the curved tube, G.  

Based on dimensional analysis, the velocity gradient G can be expressed as a function of the average energy dissipation rate (ε) and kinematic viscosity of the fluid (ν):
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Using conservation of energy, ε can be expressed as kinetic energy loss over a period of time: 
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where: g is gravitational acceleration, hL is head loss and θ is average hydraulic residence time.  
The head loss through a straight tube can, in turn, be defined as (Robertson et al, 1993):
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where: L is the length of the flocculator and fs is the friction factor in a straight tube. For laminar flow, the friction factor fs = 64/Red, and Red is the Reynolds number as defined as:
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where: U is the average axial velocity and d is the tube inner diameter.

The formulation for G derived by Gregory (1981) (see Equation 1.2) can also be derived from algebraic rearrangement of Equations 1.3-1.6. A correlation factor (Mishra & Gupta 1979) can be applied to Equation 1.7 to replace fs with fc and correct for the differences in head loss between straight and curved tubes.
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where: De is the nondimensional Dean Number and characterizes the effect of curvature on fluid flow:
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where: r is the inner radius of the tube, Rc is the radius of curvature.

The average head loss measured as the pressure drop across the tube flocculator was within 2% of the head loss calculated using Equations 1.5 and 1.7 (Figure 1.4). The figure eight coil configuration used in this research was different from the flow regime modeled by Mishra and Gupta. The fact that our data agrees with their model suggests that the change in direction of the coil had only a small effect on total head loss. The following G value obtained from combining Equations 1.3-1.8 was used to design the experimental runs. 
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The velocity gradient established in a tube is a function of the fluid flow rate and the cross sectional area of the tube. The cross sectional area of the tube can limit the largest size of flocs the flocculator can produce. The inner diameter of the tube flocculator was 9.5 mm (3/8”). The expected diameter of the largest flocs was on the order of 1 mm, therefore an inner diameter of 9.5 mm was large enough to facilitate the formation of 1 mm flocs. The length of the tube flocculator could be varied depending on the goals of a particular experiment. 
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Figure 1.4: Comparing head loss across a 18.64 m tube flocculator measured by a pressure sensor and values computed using the Mishra & Gupta (1979) correlation factor.  Hagen-Poiseuille prediction for straight pipe flow is shown for comparison.

1.3.3   Raw Water and Coagulant Metering System  

The raw water metering system consisted of a concentrated stock suspension of kaolinite clay (R.T. Vanderbilt Co., Inc., Norwalk, CT) mixed with water to produce a feedback-regulated synthetic raw water (SRW) feedstock (see Figure 1.5). The concentrated stock and the SRW feedstock were each stirred by a variable speed mixer to keep the suspensions completely mixed. A Cole Parmer MasterFlex L/S digital controlled peristaltic pump provided a continuous stream of the SRW in a closed loop to a HF Scientific MicroTOL 2 turbidimeter to monitor its turbidity. If the turbidity reading of the SRW fell below the target turbidity for an experiment, a solenoid pinch valve regulating the flow between the concentrated clay suspension and the feedstock opened to gradually increase the turbidity of the SRW feedstock. A float valve regulated the flow of temperature controlled (25°C) tap water into the SRW tank to maintain a constant water level. Tap water characteristics were approximately: total hardness ≈ 150 mg/L as CaCO3, total alkalinity ≈ 113 mg/L as CaCO3, pH ≈ 7.73 and dissolved organic carbon ≈ 1.9 mg/L (Bolton Point Municipal Water System et al., 2009). The SRW was pumped into the tube flocculator using a peristaltic pump with multiple pump heads. An air-tight 1 liter flow accumulator between the pump and the tube flocculator was used to dampen the periodic pulses caused by the peristaltic pump rollers. 

Aluminum sulfate (alum) was metered into the SRW flow by a peristaltic pump upstream from the start of the tube flocculator. Flow through a 120 cm segment of 4.3 mm (0.17”) ID plastic tubing coiled around a cylinder with an outer diameter of 5 cm acted as a mixing unit to ensure that the alum was thoroughly mixed with the influent SRW stream. The Reynolds number (Red) in the mixing unit varied from 1200 to 5300 over the 4 to 18 mL/s range of flow rates used in experiments. The results from a dye study showed that adequate mixing was achieved at the lowest flow rate used in experiments.

[image: image14.emf]peristaltic

pump

peristaltic

pump

peristaltic

pump

NTU

alum

stock

clay

stock

SRW

aluminum frame

electric

mixers

solenoid valve

flow

accumulator

to flocculator

raw water feed


Figure 1.5: Synthetic Raw Water (SRW) and coagulant metering system.
1.4   Software and Operational Controls

The apparatus assembly was controlled and monitored by Process Controller (Weber-Shirk, 2008), a software program written in LabVIEW for automated operation of experiments. Process Controller accepts user and sensor inputs to control the output devices such as valves and pumps. Process Controller is also able to compute logic commands to switch between states and can continuously run and log data from the experimental apparatus autonomously. The Process Controller method used to operate the entire tube flocculator/FReTA apparatus contained six operational states. Each of these states consisted of a different set of inputs, commands and rules controlling the apparatus. The operation of the feedback regulated loop used to maintain constant feedstock turbidity was present in all six of the operational states, because it was critical for the feedstock turbidity to be at steady state. The operational states and controls utilized to automate the entire experimental apparatus were as follows:

The first state was “backwash” in which both FReTA and the tube flocculator were flushed with low pressure tap water to purge the system in preparation for a new run. The backwash line was connected to the effluent tube originating from the bottom end of the FReTA glass settling column. Water flow was directed backwards through the FReTA apparatus, flocculator, and rapid mix tubing to dislodge clay and air bubbles trapped on the tube walls or in connectors. The backwash was discharged through a waste tube located between the rapid mix unit and the raw water metering system. The duration of the backwash state was set at three times the hydraulic residence time of the backwash stream inside the flocculator. The backwash state exited to the second state after the backwash state duration elapsed.

The second state was the “loading” state in which the raw water and the coagulant were metered into the apparatus to be flocculated. The flow rates of the raw water and coagulant streams were set by user inputs. The user could choose to have the SRW flow rate and/or coagulant dose step up or down between each cycle of states to compare the results of varying these parameters. The duration of the loading state was twice the combined residence time of the flocculator and the rapid mix.

The third state was the “pump ramp down” state in which the pumps metering the raw water and the coagulant were gradually slowed to a stop. Sudden stoppage of the pumps was observed to generate oscillatory flow caused by exchange of energy between the kinetic energy of the fluid in the flocculator and the pressure inside the flow accumulator. While rapid flow deceleration caused flow oscillation, excessively slow deceleration caused fluid entering the settling column to have had experienced a significant part of the flocculator with a lower velocity gradient than the target value.  Flow deceleration was controlled by a constant that corresponded to a desire rate of flow decrease. A deceleration of 3.5 cm/s2 was used in the tube flocculator.

The fourth state was the closing of the ball valve. The ball valve had an electric motor actuator that took six seconds to change between open and close states. The flow was completely stopped before this valve was closed to ensure that no flocs were broken by flow through a constricted orifice.

The fifth state was the “settle” state in which the turbidity of the glass settling column was monitored under quiescent conditions. The duration of the settle state was determined by the desired range of sedimentation velocities. Increasing the duration of the settle state captured smaller sedimentation velocities, as slow settling flocs require more time to clear the measurement volume. Plate settlers used in sedimentation tanks are often designed with critical upward velocities of 0.12 mm/s (10 m/d). In order to measure particles with settling velocities of 0.12 mm/s, the settling duration was calculated using Equation 1.1 to be at least 23 minutes. Therefore, a “settle” state duration of 30 minutes was used.

The sixth and last state was the reopening of the ball valve in preparation for backwash. 
1.5   Data Processing

One of the primary motivations for developing FReTA was the need for a more quantitative assessment of flocculation performance. The raw time series turbidity measurements of the settling suspension permitted qualitative comparisons between different runs. However, some data transformation and curve fitting was needed to permit quantitative comparisons.

Figure 1.6 shows a plot of the raw data obtained from FReTA during the settle state and the same data set after being normalized and smoothed. The figure shows the raw turbidity originating around 35 NTU and dropping off sharply to approach an asymptote around 2 NTU. As shown in Figure 1.6, little additional information was obtained by observing turbidity changes in FReTA beyond 1500 s. Thus, recording sedimentation velocities much lower than 0.12 mm/s was not considered to be worth the extended sample time required.  

Data smoothing and normalization were the first two transformations performed on the raw turbidity data. Turbidity fluctuations were observed when large flocs moved past the measurement area and refracted more light into the light sensor. The large fluctuations were problematic for data fitting routines and required smoothing. The data was first averaged over 9 second intervals and then a median filter reported the moving median value of a set of 5 data points was used to smooth the data. This smoothing technique was influenced by the need to exclude outliers while preserving the shape characteristics of the Vs and particle size distributions. Dividing the raw turbidity data by the initial turbidity normalized the data sets to range between zero and one. This allowed comparison between data sets with differing initial turbidities. Normalization using the initial turbidity during settling was chosen over using the SRW turbidity because the effluent turbidities observed at the start of settling were not the same as the SRW turbidity and were not uniform across all of the experimental runs even as the SRW turbidity was kept constant. The addition of alum and the formation of flocs lead to a decrease in turbidity of the effluent from the influent. Moreover, the difference in floc size distributions created by variations in flocculation parameters contributed to the observed nonuniformity of initial effluent turbidities across the experimental runs. Additionally, the large fluctuations observed in the turbidity at the start of settling required that the value for the initial turbidity be calculated as an average of the observations that were collected over the first 90 seconds, within which the turbidity fluctuated about a stable level.
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Figure 1.6: Averaged raw time series turbidity data obtained from FReTA during the settle state and the same data set after being normalized and median smoothed over a set of 5 points.

As noted above, floc settling velocity was calculated by dividing the 16 cm distance between the bottom of the ball valve to the center of the zone illuminated by the turbidimeter infrared LED by the time elapsed in settling (Equation 1.1). Figure 1.7 shows the dataset from Figure 1.6 plotted as a function of the sedimentation velocity Vs. Since this transformation is equivalent to taking the reciprocal of the time series, the transformed observations are more concentrated at lower velocities. 

The normalized turbidity curve in Figure 1.7 can be interpreted as a cumulative distribution function (CDF) of turbidity with respect to Vs.  A CDF describes the probability that a variate is less than or equal to some value. Any point on the curve in Figure 1.7 corresponds to a Vs on the abscissa and a value between 0 and 1 on the dependent axis. For instance, if one chooses the point on the curve corresponding to a Vs of 10 mm/s, one can see that it has a normalized value around 1—meaning nearly 100% of the particles had a Vs less than or equal to 10 mm/s. Likewise, if one chooses the point on the curve corresponding to a Vs of 1 mm/s, it would mean that 60% of the particles had a Vs less than or equal to 1 mm/s.
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Figure 1.7: Normalized turbidity-Vs curve on a semi-log axis, and cumulative distribution function fitted to the data using Equation 1-13. 

While it is convenient to interpret the plot of normalized turbidity vs. Vs as a CDF, there is one aspect of the curve that deviates from the definition of a CDF: the lower bound of the CDF curve must approach zero. It is expected that some colloids will never completely settle out even if an infinite amount of time had elapsed. In fact, the final residual turbidity is an important parameter that characterizes how effectively flocculation was at sweeping up the raw water colloids. Therefore, in order to interpret the curves as CDFs, an offset equal to the residual turbidity was applied to the distribution curve to allow the lower bound to approach a non-zero value.

This method of analysis becomes more robust if a known type of distribution is fit to the experimental data. Since the turbidity-Vs plot spans multiple orders of magnitude, the curve fit was performed on the base 10 logarithm of Vs in order to make it easier for a regression routine to converge. The gamma distribution was chosen because it provides a flexible shape that can fit many types of distributions with a minimal number of adjustable parameters. The gamma distribution probability density function (PDF) is defined as:
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where: ( is the shape parameter, ( is the scaling parameter (both of which must be real and positive), x is the base 10 logarithm of the sedimentation velocity, and the gamma function is defined as
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Therefore, the CDF of the gamma distribution is defined as:
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Equation 1-12 was further modified by an offset parameter (() to account for the non-zero lower bound corresponding to non-zero residual turbidity:
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where log10 of the sedimentation velocity was used as the independent variable x. 

Curve fitting was performed using Mathsoft’s MathCAD 14.0, an engineering calculation program. MathCAD’s curve fitting function (genfit) is capable of fitting a user defined equation to a set of data points using Levenberg-Marquardt method for minimization. MathCAD arrives at its best fit curve by optimizing the three variables ((, ( and () in Equation 1.13. The genfit function requires initial guess values for each of the parameters being fitted. A method for estimating (, ( and ( by estimating the mean and variance of Vs was developed in order to provide the genfit function with guess values that would allow convergence. The mean and variance of a gamma distribution are defined as:
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Therefore, the values of ( and ( can be estimated by approximating the mean and variance of the normalized turbidity versus sedimentation velocity. The estimate of the mean of log(Vs) was obtained from the sedimentation velocity that corresponded to a normalized turbidity of 0.5. The variance was estimated by picking the two Vs data points with normalized turbidities of 0.25 and 0.75 respectively and computing the ΔVs spanned by those two points. The estimated residual turbidity parameter (  was taken as the mean of the last 10 normalized turbidity values.  The derivative of the CDF of the gamma distribution provides a probability distribution of the particle population with respect to settling velocities (see Figure 1.8). 
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Figure 1.8: Modified cumulative distribution function and probability distribution function for the modified gamma distribution, where the data has mean Vs = 0.94 mm/s.

FReTA is capable of capturing the settling characteristics of different flocculent suspensions. Figure 1.9 shows two settling curves from an experiment which examined the effects shear has on flocculation. The curve for the flocs created under low shear conditions fell precipitously not long after the settling phase commenced and reached the residual turbidity level after about 10 minutes of settling. On the other hand, the curve corresponding to the flocs created under higher shear conditions decreased later and more gradually than the first curve. This curve also takes a longer time to reach its residual turbidity level, which is higher than that of the first curve.
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Figure 1.9: Normalized turbidity settling curves from two different flocculent suspensions: one which underwent low shear conditions and the other under high shear conditions in the same 23.3 m tube flocculator.
Figure 1.9 shows a very distinct quantitative difference in the settling characteristics between the low and high shear conditions. It is easy to observe that the flocs created under the lower shear conditions settle out much faster and to a lower residual turbidity level. This data was then processed using the algorithms introduced above to give a more quantitative comparison between the two cases. In Figure 1.10, the probability density functions of the two data sets show that the lower shear condition produced significantly higher Vs values centered around 1.8 mm/s, while the higher shear condition produced a much more narrow distribution of Vs centered about 0.3 mm/s.
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Figure 1.10: Probability distribution functions using the modified gamma distribution fitted to the turbidity data in Figure 1.9 shows that the mean Vs of the low sheared suspension was 2.0 mm/s, while the Vs of the high shear condition was 0.36 mm/s.

Although FReTA was used here to analyze and compare laminar flow tube flocculator parameters, it could readily be used to compare the performance of full-scale turbulent flow flocculators. FReTA is anticipated to be a very useful tool for engineers and plant operators alike to quantitatively compare the sedimentation velocity distribution and residual turbidity, two useful metrics that can guide new designs and help optimize operation. Experiments with FReTA have been carried out to evaluate the contribution of velocity gradients and residence time in the formation of rapidly settling suspensions with low residual turbidity. 
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CHAPTER 2 
Fluid Shear Influences on the Performance of Hydraulic Flocculation Systems

2.1   Abstract
Gravity driven hydraulic flocculators that operate in the absence of reliable electric power are better suited to meet the water treatment needs of communities in the global south than conventional mechanical flocculators. However, current understanding regarding the proper design and operation of hydraulic flocculation systems is insufficient. Of particular interest is the optimal fluid shear level needed to produce low turbidity water. A hydraulic tube flocculator was used to study how fluid shear levels affect the settling properties of a flocculated alum-kaolin suspension. A Flocculation Residual Turbidity Analyzer (FReTA) was used to quantitatively compare the sedimentation velocity distributions and the post-sedimentation residual turbidities of the flocculated suspensions to see how they were affected by varying fluid shear and hydraulic residence time. Results showed that floc break up occurred at all velocity gradients evaluated. There was a correlation between high floc settling velocities and low residual turbidities, both of which were optimized at low fluid shear levels and long fluid residence times. This study shows that, for hydraulic flocculation systems, low turbidity water is produced when fluid shear is kept at a minimum.

2.2   Introduction
Surface water resources such as rivers and lakes contain considerable amounts of colloidal matter which cannot easily be removed because the parameters determining separation performance such as particle size, concentration and surface properties are often unfavorable for aggregation and sedimentation. Sustainable treatment technologies that are both economical and robust are needed in many communities in the global south where turbid surface waters are often not treated prior to consumption, and where limited financial resources and a lack of reliable electric power prevent the implementation of conventional water treatment plants. AguaClara, a project group at Cornell University, has designed and collaborated with the NGO Agua Para el Pueblo of Honduras to implement gravity powered water treatment plants in rural communities and small cities. The process train used in these plants includes a sequence of flocculation, up-flow sedimentation, and chlorination (additional information about AguaClara can be found at http://aguaclara.cee.cornell.edu).  In AguaClara treatment plants, conventional mechanical flocculators are replaced with hydraulic flocculators in which the water is agitated by being routed around baffles rather than mixed by motor driven paddles. 
The goal of any flocculation process is to transform suspended colloidal particles into flocs that can be removed by sedimentation. The design of sedimentation tanks is dictated by the settling velocity of the flocs; as floc capture requires that the fluid residence time in a sedimentation tank or in plate or tube settlers be greater than the time required for flocs to settle to a surface. Therefore, one design goal of flocculators is to produce flocs with sufficiently high sedimentation velocities. Unfortunately, guidelines for proper design and operation of hydraulic flocculators are incomplete. Conventional designs utilize the product of the average velocity gradient (G) and hydraulic residence time (θ) as a measure of the extent of flocculation in a reactor. In principle, any combination of G and θ that gives the same product should work equally well. The appropriate fluid shear levels (measured as the average energy dissipation rate, ) required at different points along the flocculator that will produce the best flocs is not well understood. It is expected that a high energy dissipation rate will increase the collision frequency and hence create large floc aggregates quickly; but on the other hand, a high energy dissipation rate will break up large flocs.  In addition, higher  may form denser flocs (Gregory, 1997). This study evaluated the effect of  and hydraulic residence time on the sedimentation velocity and residual turbidity of the resulting floc suspension.

2.3   Theoretical Considerations

Colloidal particles present in natural waters generally have negatively charged surfaces, causing inter-particle repulsion that keeps inhibits aggregation into larger particles which can be removed by gravity (Kim et al., 2001). Coagulants are normally added to enhance the kinetics for particle aggregation into flocs. When a coagulant such as aluminum sulfate (alum) is added to water, soluble positively charged hydrolysis species are formed that sorb onto the colloids.  In addition, precipitation of Al(OH)3 can occur on colloid surfaces and this solid phase is positively charged at circumneutral pH values. The positively charged products of alum addition act to neutralize the negative surface charge on colloids and allow attractive inter-particle van der Waals forces to promote flocculation. 

Contact of colloidal sized particles is primarily facilitated by diffusion (known as perikinetic flocculation). Fully destabilized particles aggregate as soon as they come into contact with one another (Serra et al., 2008). Molecular diffusion is replaced by differential fluid velocities as the dominant particle to particle transport mechanism in orthokinetic flocculation. It has been shown that the frequency of particle collisions in orthokinetic flocculation is related to the magnitude of the energy dissipation rate,
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 (Ives, 1981; Cleasby, 1984). As flocs grow larger, they become more susceptible to breakup. Eventually the particle size distribution can reach a pseudo-steady state during which breakup balances aggregation (Spicer & Pratsinis, 1996). 

In hydraulic flocculators, differential velocities are generated by the flow of water around baffled channels. Most hydraulic flocculators have staggered baffles which form S-shaped channels that may wind horizontally or vertically. The magnitude of the energy dissipation rate (and thus the magnitude of fluid shear) can be controlled by adjusting either the flow rate through the flocculator or the spacing between the baffles. Since water treatment plants are designed to operate within a target range of flow rates determined by the needs of the communities they serve, varying the spacing between baffles is the primary method of controlling the magnitude of fluid shear in the flocculator. Hydraulic flocculators have narrow, long flow passages and thus approach plug flow. Floc growth occurs as the suspension moves through the flocculator, and thus the extent of flocculation at any position is a function of the energy dissipation rate and the hydraulic residence time (() required to reach that position. 

In laminar flow, the extent of flocculation, or the collision potential, can be quantified by the product of the mean velocity gradient (G) and (  (Ives, 1981). As noted below the mean velocity gradient is related to .  In a comparison of two laminar flow flocculators where one has a higher G value but shorter 
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, the collision potential should be equal as long as the dimensionless G( terms are identical. The goal of this study was to evaluate the relative importance of G and θ in hydraulic flocculation.

2.4   Materials and Methods

Experiments were conducted using an apparatus comprised of a synthetic raw water and coagulant metering system, a coiled tube hydraulic flocculator, and a flocculation residual turbidity analyzer (FReTA) (see Figure 2.1). The synthetic raw water (SRW) metering system consisted of a concentrated stock suspension of kaolinite clay (R.T. Vanderbilt Co., Inc., Norwalk, CT) mixed with tap water to produce a feedback-regulated constant turbidity raw water source. Tap water characteristics were approximately: total hardness ≈ 150 mg/L as CaCO3, total alkalinity ≈ 113 mg/L as CaCO3, pH ≈ 7.7 and dissolved organic carbon ≈ 1.9 mg/L (Bolton Point Municipal Water System, 2009). The concentrated stock and the SRW feedstock were each stirred by a variable speed electric mixer to ensure homogeneous suspensions. A float valve regulated the flow of temperature controlled (25°C) tap water into the SRW tank to maintain a constant water level. The turbidity of the SRW was monitored by an HF Scientific MicroTOL 2 inline turbidimeter and maintained at a constant turbidity by computer controlled metering of concentrated clay stock whenever the SRW turbidity dropped below a threshold of 48 NTU. For all of the experiments performed in this study, the SRW was maintained at a constant turbidity of 50 ± 5 NTU, which corresponded to a clay concentration of approximately 50 mg/L. Technical grade aluminum sulfate (Al2(SO4)3(12-16H20) from Fischer Scientific was used as the coagulant for all experiments performed in this study. The alum stock was prepared with distilled water at a concentration of 2.5 g/L. An alum dose of 38 mg/L was determined by initial settling experiments performed with a tube flocculator at a G = 40 s-1 and G( = 19700 to be the optimal dose for a SRW with a turbidity of 50 NTU. Both the SRW and the alum were metered with Cole Parmer MasterFlex L/S digital computer controlled peristaltic pumps. 
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Figure 2.1: Schematic of the experimental assembly used in this study.

A tube flocculator was used because it can be idealized as a continuous flow, high Peclet number reactor much like a hydraulic flocculator and also because the average velocity gradient (G) in laminar tube flow is well defined (Equation 2.1) (Gregory, 1981).
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where: Q is the volumetric flow rate and r is the inner radius of the tube.
The tube flocculator consisted of a 28 m segment of 9.5 mm (3/8”) inner diameter transparent plastic tubing wrapped in a figure eight shape around two 11 cm outer diameter parallel cylinders for structural support. The length of tubing was chosen based on Camp & Stein’s (1943) recommendation that a G( of 20,000 is typically needed for sufficient flocculation. A differential pressure sensor was attached at each end of the tube flocculator to monitor head loss.
The flocculator was coiled to reduce the effects of sedimentation. In laminar flows there are no turbulent eddies to resuspend flocs that settle on the bottom surface of the flocculator tube. In coiled tubes fluid inertia causes secondary flow patterns that consist of two vortical cells with the line of symmetry being the radius of curvature of the coil (Berger & Talbot, 1983). The secondary flows helped resuspend flocs because the secondary flows have a velocity component that moves flocs away from the bottom of the tube. A simple helical coil was observed to concentrate the flocs into two zones that correspond to the two circulating cells. The coils were configured into a tight figure eight pattern to disrupt the two circulating cells and cause particles to move around in the cross-sectional plane.

The secondary circulation caused by coiling acted to increase the magnitude of the average velocity gradient inside the tube.  Based on dimensional analysis, the velocity gradient G can be expressed as a function of the average energy dissipation rate (ε) and kinematic viscosity (ν) of the fluid (Tennekes & Lumley, 1972):
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From conservation of energy, the average energy dissipation rate can be expressed as mechanical energy loss over a period of time, : 
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where: g is gravitational acceleration and hL is head loss.  
The head loss through a straight tube can, in turn, be defined as (Robertson et al, 1993):
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where: L is the length of the tube flocculator and fs is the friction factor in a straight tube.  


For laminar flow, the friction factor fs = 64/Red, where Red is the Reynolds number defined as: 
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where: U is the average axial velocity, and d is the tube inner diameter.

The formulation for G derived by Gregory (1981) (see Equation 2.1) can also be derived from algebraic rearrangement of Equations 2.2-2.5. The Mishra & Gupta correlation factor (Equation 2.6) can be applied to Equation 2.4 to replace fs with fc and correct for the differences in head loss between straight and curved tubes (Mishra & Gupta, 1979): 
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where: fc is the correlated friction factor in a curved tube, fs is the friction factor in a straight tube, and De is the Dean number which is defined as:
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where: r is the inner radius of the tube, and Rc is the radius of curvature.

Combination of Equations 2.2 through 2.7 gives:
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Equation 2.8 was used to determine the G values reported in this paper.
The flocculation residual turbidity analyzer (FReTA) developed by the AguaClara team at Cornell University was used to measure both the sedimentation rate and the post sedimentation residual turbidity of the effluent from the coiled tube flocculator (Tse et al., 2009). FReTA is capable of optically measuring floc sedimentation velocities (Vs) and residual turbidity and does so without altering or damaging the structure of the flocs in suspension. FReTA consists of three primary components: an HF Scientific MicroTOL 2 infrared turbidimeter, a transparent glass settling column, and an electrically actuated ball valve. The valve is situated atop a glass column that has been inserted through the measurement chamber of the infrared turbidimeter. A distance of 16 cm separates the bottom of the closed ball valve and the middle of the 5 mm zone monitored by the turbidimeter. Any floc contained within this length of the settling column that settles past the measurement area and crosses the beam of infrared light has its turbidity detected. 

Turbidity data was collected over 30 minutes at a 1 Hz sampling frequency for each flocculated suspension. Large fluctuations due to large flocs moving past the measurement volume were problematic for data fitting routines and required smoothing. The data was first averaged over 9 second intervals and then a median filter that reported the moving median value over a set of 5 data points was used to smooth the data. Then the data was normalized to range between 0 and 1 by dividing by the initial turbidity of the settling period. Turbidity, recorded as a function of time, was converted into a settling velocity, Vs, by dividing the length of the settling column (16 cm) by the elapsed time. The turbidity vs. Vs curves were then fit with the following modified gamma distribution’s cumulative distribution function (CDF) in order to determine the mean and variance of the data: 
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where: the independent variable is a base 10 logarithm of Vs, ( and ( are parameters of the distribution that are fitted, ( is an offset parameter that accounts for the non-zero residual turbidity, and Γ(α) is the gamma function. The mean Vs is equal to the product of (( and the variance is equal to the product ((2. Curve fitting was performed using the genfit function in Mathsoft’s MathCAD 14.0.  Genfit is capable of fitting a user defined equation to a set of data points using Levenberg-Marquardt method for minimization.

SRW (turbidity = 50 NTU) and alum were combined to give an alum concentration of 38 mg/L. The mixture was passed through a rapid mix unit comprised of a 120 cm segment of 4.3 mm (0.17”) ID plastic tubing coiled around a cylinder with an outer diameter of 5 cm to ensure thorough mixing of the SRW and the alum. The mixed flow entered a 28 m flocculator divided into 6 equal segments of roughly 466 cm each. Experiments were performed at G values ranging from 40-250 s-1 for each of the six lengths. G( values remained within a non-overlapping range at each of the flocculator lengths, because as G would increase ( would decrease. The minimum G value of 40 s-1 was determined by initial experiments that measured the effects of sedimentation and resulting decrease in turbidity through the flocculator. A G value of 40 s-1 was the minimum velocity gradient shown to not lose flocs within the flocculator from sedimentation.
2.5   Results
Figure 2.2A shows a typical data set obtained using FReTA before and after smoothing and normalization. Figure 2.2B shows the smoothed and normalized data transformed into turbidity as a function of settling velocity and the modified gamma distribution fit of this data. Figure 2.2C shows the cumulative distribution function (CDF) and the resulting probability density function (PDF) of settling velocities obtained from the fitted gamma distribution to the data shown in Figure 2.2A. 

The sedimentation velocity distributions and residual turbidities of flocs formed inside several tube flocculators (see Table 2‑1) were measured with FReTA. For each of the tube flocculator lengths tested, the mean sedimentation velocities were obtained from the PDFs of the gamma distribution fits. Figure 2.3 shows an exemplary set of PDFs obtained from the modified gamma distribution fits experiments performed in a flocculator with Gθ = 19,000.
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Figure 2.2.  A: Raw time series turbidity data obtained from FReTA during the settle state and the same data set after being normalized and median smoothed over a set of 5points. B: Normalized turbidity-Vs curve on a semi-log graph, and cumulative distribution function fitted to the data using Equation 2.8. C: Modified cumulative distribution function and probability distribution function for the modified Gamma distribution, where the data has mean Vs = 0.94 mm/s.
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Figure 2.3: Select modified gamma distribution PDFs of floc sedimentation velocities from experiments done using a tube flocculator with an average Gθ of 19000. Mean and variance statistics for each data set were calculated from similar PDF curves. 
	Length
	2796 cm
	2330 cm
	1864 cm
	1398 cm
	932 cm

	High Gθ
	26000
	21600
	17300
	13000
	8700

	Low Gθ
	19700
	16400
	13100
	9800
	6600


Table 2‑1: Gθ range for each flocculator length used in this study.
Figure 2.4 shows the family of Vs values obtained over the range of Gθ values tested as a function of G. Each curve in Figure 2.4 represents a set of flocculation experiments performed under conditions of almost identical collision potential (or Gθ). In each case the mean Vs was largest at G = 40 s-1 and decreased with higher fluid shear. If Gθ accurately predicted the extent of flocculation and if floc break up were not significant, the curves in Figure 2.4 should not vary with G, but only be affected by the magnitude of the product Gθ. However, each of the plots in Figure 2.4 has a significant negative slope indicating that flocs were able to grow to a larger size at lower G values as evidenced by the larger Vs. These results suggest that floc breakup was a significant factor in limiting floc for each of the five tube flocculator lengths and for all of the velocity gradients that were tested. Results from Figure 2.4 exhibit similarities to the findings of Serra et al. (2007), who showed that shear induced breakup had limited the size of latex flocs formed in various types of reactors when G was greater than 30 s-1.
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Figure 2.4: Mean sedimentation velocities plotted vs. average velocity gradients for various flocculator lengths (listed with their mean Gθ values)

The dispersion of the Vs distribution was also affected by the velocity gradient (see Figure 2.3) as the dispersion of the Vs distributions increased with increasing G. However, since the larger spread coincided with increases in the mean of the distribution, it was more useful to analyze the standard deviation in the context of the mean. The coefficient of variation, obtained from dividing the standard deviation of the log(Vs) by the mean of log(Vs) obtained via gamma distribution fit to the log of the data, are plotted in Figure 2.5. The coefficient of variation was independent of G and no observable relationship could be seen between it and Gθ.
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Figure 2.5: The coefficient of variation computed from the log(Vs) data is plotted against average velocity gradient for various flocculator lengths (listed with their mean Gθ values).

As expected, floc sedimentation velocities generally increased with Gθ (see Figure 2.4), indicating that many of the flocs continued to grow when given more time to flocculate. However, shear-induced breakup prevented further growth at high G values. Curves corresponding to the 4 longest flocculator lengths converged to a Vs ≈ 0.35 mm/s at G > 200 s-1 (Figure 2.4). This convergence indicates that a steady state in which floc breakup balanced floc growth had been reached, as the mean Vs remained constant even as Gθ increased. A similar steady state at Vs ( 0.8 mm/s was observed around a G of 100 s-1 for Gθ ≥ 15000. No point along the curve corresponding to Gθ = 7500 converged with any of the higher Gθ  curves, indicating that flocs produced under those conditions had not yet reached a breakup-limited steady state. Nevertheless, floc breakup may still have retarded floc growth rates at Gθ = 7500 because Vs declined as G increased.  In the absence of floc breakup, a constant Vs would be expected at a given Gθ.  

Figure 2.6 shows that at a capture velocity of 0.09 mm/s the residual turbidity increased with higher fluid shear. These results suggest that increased fluid shear not only decreased the average size and sedimentation velocity of flocs, but it resulted in higher residual turbidities as well. The observed relationships could be explained by two distinct hypotheses: First, the breakup of flocs due to fluid shear released smaller floc fragments with poor settling properties. Second, larger flocs that are created under low fluid shear may be more effective in sweeping up smaller particles.

Figure 2.6 also shows that use of the product Gθ for design of laminar flow tube flocculators is insufficient if performance is measured by residual turbity. At any given Gθ, best performance is obtained when G is small and θ is long. 
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Figure 2.6: Residual turbidity corresponding to a capture velocity of 0.09 mm/s (16 cm height in 30 minutes of sedimentation and given as percentage of the turbidity at the start of each settling period) vs. average velocity gradient for various flocculator lengths (listed with their mean Gθ values).

Several previous studies aimed at identifying fluid shear influences on alum-kaolin floc size and settling properties have found a power law relationship between floc diameter and the energy dissipation rate (Boller and Blaser, 1997). Studies referenced by Boller and Blaser (1997) were carried out in turbulent reactors, many of which employed motorized impellers to generate the fluid shear. Alum-kaolin floc sedimentation velocities can be converted into floc diameters based on an empirical relationship developed by Adachi and Tanaka (1997):
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where: df is the floc diameter based on its downward projected cross-sectional area. 

The velocity gradient (G) term used in describing the magnitude of fluid shear in laminar flow tube flow was converted into energy dissipation rate () using Equation 2.2 and the resulting data is shown in Figure 2.7. A power law relationship between particle diameter and the energy dissipation rate was observed. The effect of breakup in limiting floc growth is also evident in Figure 2.7, as the curves corresponding to the three largest flocculator lengths are superimposed on top of one other at ≥ 3 mW/kg. Thus, increasing Gθ has no effect on mean floc particle size for a given once breakup from shear dictates the steady state size.

Residual turbidity data from Figure 2.6 are plotted against  in Figure 2.8.  Best results for residual turbidity require a combination of low  and long θ. The more efficient removal of colloids at low  could be due to the creation of larger flocs that have a higher sedimentation velocity and a more porous structure, both of which increase their ability to collide with or filter colloids.

In Figures 4, 6, 7, and 8 it is apparent that the G= 7500 plot is unique since it does not converge to the same values at high energy dissipation rates or high velocity gradients. The difference may be that at G of 7500 floc growth was affected but not yet completely limited by shear-induced breakup. The flocs were still growing, but some breakup was occurring. The negative slope in Figure 4 suggests that breakup was occurring. Floc growth was still occurring at all measured velocity gradients because larger flocs appeared by a G of 11,000.
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Figure 2.7: Floc diameters calculated based on mean sedimentation velocity are plotted against the energy dissipation rate.
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Figure 2.8: Residual turbidity after a 30 minutes settling period (given as percentage of the turbidity at the start of each settling period) vs. energy dissipation rate for various flocculator lengths (listed with their mean Gθ values)

2.6   Conclusions

· Increased collision potential (increasing G from 11,000 to 23,000) did not increase mean particle settling velocities when the velocity gradient was greater than 200 s-1. Increased collision potential (increasing G from 11,000 to 23,000) did not reduce the residual turbidity when the velocity gradient was at 250 s-1.

· Floc breakup limited floc growth for each of the five tube flocculator lengths and for all of the velocity gradients that were tested.
· Both large flocs and low turbidity water are only produced when the energy dissipation rates are low. This has very important implications for flocculator design since it suggests that producing large flocs will foster production of low turbidity water. If the only way to produce low turbidity water is to produce very large flocs, baffles spacing and the flow conduits to the sedimentation tank must be designed to ensure they do not break up the large flocs. Since large flocs settle very quickly, it becomes difficult to reduce the energy dissipation rate sufficiently to not break up large flocs while still maintaining high enough velocities to keep them from settling out in the flow conduits. 
· The data presented in this report were obtained under conditions of laminar tube flow. In practice, most hydraulic flocculators operate under conditions of turbulent flow in large baffled channels. It is reasonable to expect that turbulent eddies promote orthokinetic flocculation and floc breakup in a manner that is similar to the effect of fluid shear in laminar flow. Logic suggests that similar trends will occur under turbulent flow conditions, but the temporal and spatial variability in the energy dissipation rate in turbulent flow is expected to influence the relationships.
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CHAPTER 3 
Summary of Conclusions

To summarize the conclusions made in Chapters 1 and 2, this work has demonstrated that:

· FReTA can measure the floc sedimentation velocity distributions and the post-sedimentation residual turbidities of flocculent suspensions. These measurements can be used to quantitatively compare how the effects of varying fluid shear and residence time affects the flocculation performance of a laminar tube flocculator.

· Increased collision potential (increasing G from 11,000 to 23,000) did not increase mean particle settling velocities when the velocity gradient was greater than 200 s-1. Increased collision potential (increasing G from 11,000 to 23,000) did not reduce the residual turbidity when the velocity gradient was at 250 s-1.

· Floc breakup limited floc growth for each of the five tube flocculator lengths and for all of the velocity gradients that were tested. 

· Use of the product Gθ for design of laminar flow tube flocculators is insufficient if performance is measured by residual turbidity. At any given Gθ, best performance is obtained when G is small and θ is long.

· Both large flocs and low turbidity water are only produced when the energy dissipation rates are low. This has very important implications for flocculator design since it suggests that producing large flocs will foster production of low turbidity water. If the only way to produce low turbidity water is to produce very large flocs, baffles spacing and the flow conduits to the sedimentation tank must be designed to ensure they do not break up the large flocs. 
CHAPTER 4 
Suggestions for Future Research

The development of FReTA and the data processing methods used to analyze its measurements has given AguaClara a powerful research tool. This investigation into fluid shear influences on hydraulic flocculation was the first of many studies that could be performed with this apparatus. 

Results of this study suggest several directions for future research into fluid shear influences on hydraulic flocculator performance. Present results clearly show that shear induced breakup significantly affects both the mean floc size and residual turbidity. Steady state floc sizes were observed at high velocity gradients, but not at low velocity gradients. Perhaps extending the length of the tube flocculator to twice or even three times the current length will provide new insights on how floc sizes and residual turbidities are affected at low velocity gradients. 

Additionally, an investigation into the utility of tapered flocculation designs should be performed. Hydraulic flocculators in AguaClara plants are currently designed such that the energy dissipation rates incrementally decrease over the length of the flocculator. The present study showed that while the influences of shear induced breakup was evident early on in the flocculator, floc sizes were not nearly as limited by shear as they were later on in the flocculator. 
Different influent synthetic water compositions (particle type, particle concentration, introduction of organic acids, pH, alkalinity, etc.) should also be tested to see how they affect hydraulic flocculation. For example, performing experiments with different initial turbidities can provide insight into how particle concentration affects floc strength and turbidity removal efficiencies. Likewise, varying the pH of the influent may help elucidate changes in floc strength as a function of pH. It is possible that floc strength is well correlated with optimal alum dose and pH.

There are also questions regarding the role of rapid mix and how it affects flocculation. Do changes in the energy dissipation rate in the rapid mix or in the first

stage of flocculation affect the final floc sedimentation velocity and residual turbidity?

A laboratory scale hydraulic flocculator that operates under turbulent conditions that are relatively homogeneous and easy to characterize could go a long way into understanding turbulent flocculation. Comparison of residual turbidity and floc sedimentation velocity from turbulent and laminar flow flocculators could be used to validate flocculation models.

APPENDIX A 
Process Controller Configuration
The following section details the specific Process Controller settings and configurations used to operate the experimental apparatus detailed in Chapter 2 of this thesis. Detailed description of Process Controller and its use can be found by referencing An Automated Method for Testing Process Parameters by Weber-Shirk (2008). 
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Figure A 1: Screen capture of the configuration panel of Process Controller's graphical user interface

Configurations Panel

Figure A1 shows a screen capture of the configuration panel of Process Controller graphical user interface (GUI). Each item on this configuration panel will be discussed beginning with the Method files box located in the upper left corner of the GUI. 

· The Method files box is where the user can choose to open an existing Process Controller method file from a folder or save the current methods into a file for future use. A separate Process Controller method file was saved for each of the different experiments performed to allow the user to reference what settings had been used for any given experiment. 

· The pump calibration tool was not used in any of the studies. 

· Data from all of the sensor ports along the wall in the AguaClara Research Laboratory were recorded onto the “aguaclara07.cee.cornell.edu” data server, so it must be selected in the Data Source box. When running properly, the data scan rate should fluctuate about 20 Hz. If a value of “inf” is displayed, Process Controller should be restarted. If the data scan rate does not return to about 20 Hz, one must troubleshoot the data server for possible errors.

· A single 7 kPa sensor was configured and calibrated to measure headloss across the tube flocculator  in units of cm of water via the Sensor configuration and calibration box. The sensor should be recalibrated back to zero pressure before beginning a new set of experiments. 

· The various states, rules and set-points can be accessed by opening the edit rules box. Detailed descriptions of these rules can be found in the next section of this appendix. 

· The Process Method box allows the user to set the directory path where data is to be saved in addition to specifying the data log interval or the data logging frequency. Each set of experiments was saved under a separate folder titled with the date on which the experiment was started. Experiments may span multiple days but Process Controller will automatically create new statelog and datalog files upon the start of a new day at midnight, which will all be saved under the specified directory path. Data log interval was set at the minimum of 1 sec, which was equivalent to a data logging frequency of 1 Hz. The HMI capabilities were not utilized and the fields pertaining to HMI should be left blank or at their default values. The “graph update interval”, “history length”, and “data loop interval” fields should be left at their default values of 1.00 s, 1000, and 10 ms respectively. 
Rules Editor-Set Points

By clicking the “Edit Rules” button on the configurations panel, the rules editor window will appear (Figure A2). The Rules Editor will allow the user to define set points, states, and state rules. Table A1 lists all of the Process Controller set points used to run the experimental apparatus. Many of the set points have values that are dependent on the specific parameters used in a particular experiment. Note that set points that are referenced as required variables for other set points must be listed in the same chronological order in which they are referenced. Also, any insertion or deletion of set points into or from the existing set points list will shift all previously referenced set points down or up respectively, so users must be vigilant to double-check variable set points when changes are made.
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Figure A2: Screen capture of the set points tab of the rule editor window of Process Controller's graphical user interface

	Name
	Type
	Value/VI
	Unit
	Description

	OFF
	Constant
	0
	n/a
	Used as an input for switching off binary systems like valves or to input a value of zero.

	ON
	Constant
	1
	n/a
	Used as an input for switching on binary systems like valves or to input a value of one.

	On Duty
	Variable
	duty cycle.vi
	n/a
	Controls duty cycle of solenoid valve regulating the flow of clay stock into the SRW stock.

	On Time
	Constant
	0.5
	seconds
	Required set point for On Duty. Duration for which solenoid valve is open for each duty cycle. Can be adjusted to compensate for different flow rates and turbidities.

	Off Time
	Constant
	10
	seconds
	Required set point for On Duty. Duration for which solenoid valve is closed for each duty cycle. Can be adjusted to compensate for different flow rates and turbidities.

	On Value
	Constant
	1
	n/a
	Required set point for On Duty. Value given to solenoid valve during on time. Can be adjusted to compensate for different flow rates and turbidities.

	Target turbidity min
	Constant
	NTU
	45
	Minimum value of turbidity below which the solenoid valve regulating the flow of clay stock into the SRW is triggered to go into a duty cycle. Can be adjusted for different desired SRW turbidities.

	Target turbidity max
	Constant
	NTU
	50
	Maximum value of turbidity above which the solenoid valve regulating the flow of clay stock into the SRW is off. Can be adjusted for different desired SRW turbidities.

	Turbidity on-off control
	Variable
	on-off controller setpoint sensor.vi
	n/a
	Regulates the SRW turbidity by using inputs from the influent turbidimeter, On Duty and the min and max turbidity values to maintain the SRW at a constant turbidity.

	Cross sectional area
	Constant
	0.713
	cm^2
	Cross sectional area of a 3/8" ID tube flocculator. Adjust accordingly.

	RM cross sectional area
	Constant
	0.146
	cm^2
	Cross sectional area of a 0.17" ID rapid mix. Adjust accordingly.

	Length of flocculator
	Constant
	2796
	cm
	Length of tube flocculator. Adjust accordingly.

	Length of tubing before floc.
	Constant
	150
	cm 
	Length of rapid mix plus additional connective tubing before flocculator. Adjust accordingly.

	Volume of flocculator
	Variable
	multiply.vi
	mL
	Calculates the volume of the tube flocculator as the product of Cross sectional area and Length of flocculator.

	Volume before flocculator
	Variable
	multiply.vi
	mL
	Calculates the volume of the rapid mix plus additional connective tubing before flocculator as the product of RM cross sectional area and Length of tubing before flocculator.

	Total reactor volume
	Variable
	add.vi
	mL
	Calculates the total volume of both the tube flocculator and additional connective tubing by adding the two values.

	1. Backwash Flow Rate
	Constant
	17
	mL/s
	Average flow rate of the low pressure backwash tap line.

	1. Backwash Multiple
	Constant
	2
	n/a
	Coefficient multiplied to one hydraulic residence time to ensure FReTA and tube flocculator are backwashed

	1. Backwash Residence Time
	Variable
	divide.vi
	n/a
	Calculates the hydraulic residence time of the tube flocculator by dividing Volume of flocculator by Backwash Flow Rate.

	1. Total Backwash Duration
	Constant
	180
	seconds
	Calculates the total duration of the backwash state by taking the product of the Backwash Residence time and the Backwash Multiple.

	2. Plant Flow Rate
	Variable
	increment.vi
	mL/s
	The total flow rate through the tube flocculator. Can be incremented using the increment.vi or set as a constant depending on the purpose of an experiment.

	2. Loading Residence Time
	Variable
	divide.vi
	seconds
	Calculates the hydraulic residence time of the tube flocculator by dividing Volume of flocculator by Plant Flow Rate.

	2. Residence Time Multiple
	Constant
	n/a
	2
	Coefficient multiplied to one hydraulic residence time to ensure a steady state flocculent suspension has reached FReTA 

	2. Total Loading Duration
	Variable
	multiply.vi
	seconds
	Calculates the total duration of the loading state by taking the product of the Loading Residence time and the Residence Time Multiple.

	2. Alum Stock Conc.
	Constant
	2500
	mg/L
	Concentration of the alum stock. Can be adjusted to accommodate different doses and/or flow rates.

	2. Alum Dose
	Constant
	38
	mg/L
	Alum dose used for a SRW of 50 NTU. The alum dose must be determined each time a new SRW composition is used. Can be incremented using the increment.vi or set as a constant depending on the purpose of an experiment.

	2. Alum Flow Rate
	Variable
	chem dose flow (mLpers).vi
	mL/s
	Calculates the required volumetric flow rate of the alum stock stream flowing into the SRW stream based on Plant Flow Rate, Alum Stock Conc., and Alum Dose.

	2. Alum Tubing size
	Constant
	14
	n/a
	Size code of the rubber tube fitted into the peristaltic pump head. Can be adjusted to accommodate different flow rates.

	2. Alum # of Heads
	Constant
	1
	n/a
	Number of peristaltic pump heads installed to pump the alum stock. Can be adjusted to accommodate higher flow rates.

	2. Alum Pump Control
	Variable
	peristaltic pump multiple heads (mLpers).vi
	n/a
	Converts the calculated Alum Flow Rate into RPM units used by the pump based on tubing size and # of pump heads.

	2. Raw Water Flow Rate
	Variable
	subtract.vi
	mL/s
	Calculates the SRW flow rate by subtracting the alum stock flow rate from the total plant flow rate.

	2. Raw Water Tubing Size
	Constant
	17
	n/a
	Size code of the rubber tube fitted into the peristaltic pump head. Can be adjusted to accommodate different flow rates.

	2. Raw Water # of Heads
	Constant
	4
	n/a
	Number of peristaltic pump heads installed to pump the alum stock. Can be adjusted to accommodate different flow rates.

	2. Raw Water Pump Control
	Variable
	peristaltic pump multiple heads (mLpers).vi
	mL/s
	Converts the calculated Raw Water Flow Rate into RPM units used by the pump based on tubing size and # of pump heads.

	Alum Reset State
	Constant
	0
	n/a
	Required set point for increment function. Used when iterating Alum Dose. State that triggers the increment value to reset to zero when the state is active.

	Alum State to Increment
	Constant
	2
	n/a
	Required set point for increment function. Used when iterating Alum Dose. State that triggers the increment value to progress one increment when the state is active.

	Alum Slope
	Constant
	5
	mg/L
	Required set point for increment function. Used when iterating Alum Dose. Defines how much each increment will change the value of the Alum Dose.

	Alum Intercept (start)
	Constant
	0
	mg/L
	Required set point for increment function. Used when iterating Alum Dose. Defines the starting value for Alum Dose from which the increment will start.

	Alum Max X (iteration)
	Constant
	20
	n/a
	Required set point for increment function. Used when iterating Alum Dose. Defines how many iterations of Alum Dose to go through. *Inaccurate

	Q Reset State
	Constant
	0
	n/a
	Required set point for increment function. Used when iterating Plant Flow Rate. State that triggers the increment value to reset to zero when the state is active.

	Q State to Increment
	Constant
	2
	n/a
	Required set point for increment function. Used when iterating Plant Flow Rate. State that triggers the increment value to progress one increment when the state is active.

	Q Slope
	Constant
	1
	mL/s
	Required set point for increment function. Used when iterating Plant Flow Rate. Defines how much each increment will change the value of Plant Flow Rate.

	Q Intercept (start)
	Constant
	4
	mL/s
	Required set point for increment function. Used when iterating Plant Flow Rate. Defines the starting value for Plant Flow Rate from which the increment will start.

	Q Max (iteration)
	Constant
	20
	n/a
	Required set point for increment function. Used when iterating Plant Flow Rate. Defines how many iterations of Plant Flow Rate to go through. *Inaccurate

	Influent Turbidimeter ID
	Constant
	1
	n/a
	Required set point for turbidimeter. The I/O address configuration setting on the influent HF Scientific MicroTOL 2 turbidimeter.

	Influent Turbidity
	Variable
	HF turbidimeter (com4).vi
	NTU
	The turbidity reading from the influent turbidimeter will be displayed/saved as this set point. This particular turbidimeter was connected via the computer's com port #4

	Effluent Turbidimeter ID
	Constant
	1
	n/a
	Required set point for turbidimeter. The I/O address configuration setting on the effluent HF Scientific MicroTOL 2 turbidimeter.

	Effluent Turbidity
	Variable
	HF turbidimeter (com5).vi
	NTU
	The turbidity reading from the influent turbidimeter will be displayed/saved as this set point. This particular turbidimeter was connected via the computer's com port #5

	3. Ramp Down Crit HL
	Constant
	3
	cm
	The maximum allowable headloss before state 3 can terminate. Forces flow to slow almost to a halt before closing ball valve.

	3. Ramp Down final value
	Constant
	0
	mL/s
	Required set point for Ramp down control. Defines the final flow rate value at which the ramp down state terminates.

	3. Ramp Down Constant
	Constant
	2.5
	mL/s2
	A constant that fixes the ramp down rate so that the speed of the pump decreases at a constant rate regardless of initial flow rate.

	3. Ramp Down Duration
	Variable
	divide.vi
	seconds
	Calculates the time duration needed to ramp down the flow rate from the initial to final values by dividing the Plant Flow Rate by the Ramp Down Constant.

	3. RW Ramp Down Control
	Variable
	ramp.vi
	n/a
	Controls the ramping down of the peristaltic pump controlling the SRW flow rate.

	3. Alum Ramp Down Control
	Variable
	ramp.vi
	n/a
	Controls the ramping down of the peristaltic pump controlling the Alum flow rate.

	4. Ball Valve Duration
	Constant
	6
	seconds
	The electrically actuated ball valve requires 6 seconds to switch from on to off and vice versa.

	5. Settling State Duration
	Constant
	1800
	seconds
	Duration of the settling state.

	Rep Counter
	Constant
	increment.vi
	n/a
	Used as an alternative to the Max Iteration set point used by the increment function to determine how many reps were in a set of iterations.

	Max rep
	Constant
	20
	n/a
	Set point used in certain state rules to exit state after sufficient reps had been iterated through.


Table A1: Process Controller Set Points used to control the experimental apparatus. Variables are listed with their virtual instrument code (.vi) and can all be found in the folders located at the following directory path: \\Enviro\enviro\Software\Process Controller methods\

Rules Editor-Rules and States

The rules and states tab of the Rules Editor allows the user to set the various states, the conditions executed during each state, and rules controlling the execution or termination of each state (Figure A3). A list of the states and their respective exit rules can be found on Table A2. A list of each states valve and pump output settings can be found on Table A3. Detailed descriptions of the purpose and function of each state can be found in Chapter 2 of this thesis. 
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Figure A3: Screen capture of the Rules & States tab of the configuration panel of Process Controller's graphical user interface

	State
	Rule(s)
	Next 

State

	OFF
	n/a
	n/a

	1. Backwash 
	IF Elapsed time in current state > 1. Total Backwash Duration
	2

	2. Loading State
	IF Elapsed time in current state > 2. Total Loading Duration
	3

	
	OR IF Rep counter > Max reps
	OFF

	3. Pump Ramp Down
	IF Elapsed time in current state > 3. Ramp Down Duration
	-

	
	AND IF Head Loss Sensor (7 kPa) ≤ 3. Ramp Down Crit HL
	4

	4. Shutoff Ball Valve
	IF Elapsed time in current state > 4. Ball Valve Duration
	5

	5. Settle State
	IF Elapsed time in current state > 5. Settling State Duration
	6

	6. Open Ball Valve
	IF Elapsed time in current state > 4. Ball Valve Duration
	1


Table A2: List of states and their exit rules.

	Settings for state:
	OFF
	1
	2
	3
	4
	5
	6

	Valve influent to flocculator
	OFF
	OFF
	ON
	ON
	ON
	OFF
	ON

	Valve controlling backflow drainage
	OFF
	ON
	OFF
	OFF
	OFF
	OFF
	OFF

	Valve effluent 

to column
	OFF
	OFF
	ON
	ON
	ON
	ON
	ON

	Ball valve (on = close)
	OFF
	OFF
	OFF
	OFF
	ON
	ON
	OFF

	Valve controlling backflow
	OFF
	ON
	OFF
	OFF
	OFF
	OFF
	OFF

	Valve metering clay stock
	OFF
	Turbidity on-off control
	Turbidity on-off control
	Turbidity on-off control
	Turbidity on-off control
	Turbidity on-off control
	Turbidity on-off control

	Alum Pump on/off
	OFF
	OFF
	ON
	ON
	OFF
	OFF
	OFF

	Alum Pump cw/ccw
	OFF
	OFF
	ON
	ON
	OFF
	OFF
	OFF

	Alum Pump speed
	OFF
	OFF
	2. Alum Pump Control
	2. Alum Ramp Down Control
	OFF
	OFF
	OFF

	SRW Pump on/off
	OFF
	OFF
	ON
	ON
	OFF
	OFF
	OFF

	SRW Pump cw/ccw
	OFF
	OFF
	ON
	ON
	OFF
	OFF
	OFF

	SRW Pump speed
	OFF
	OFF
	2. Raw Water Pump Control
	3. RW Ramp Down Control
	OFF
	OFF
	OFF

	Clay Pump on/off
	OFF
	ON
	ON
	ON
	ON
	ON
	ON

	Clay Pump cw/ccw
	OFF
	ON
	ON
	ON
	ON
	ON
	ON

	Clay Pump speed
	OFF
	ON
	ON
	ON
	ON
	ON
	ON


Table A3: List of valve and pump output settings for each state.
APPENDIX B 
DATA PROCESSING PROCEDURES

The procedures described in this appendix include methods used to organize and catalog experimental data and the MathCAD processors used in analysis. A brief overview of how data is collected and processed is first given. Detailed descriptions of the individual steps and processes appear in the following section, along with some commonly encountered problems and solutions to those problems.

Overview of Procedures

Process Controller (PC) saves data as two file types: statelogs and datalogs. Statelogs keep track of when and why states in PC change and datalogs store the data. Prior to starting a new set of experiments, a directory path to which PC will save statelogs and datalogs must be set. PC will save one of each file type with the calendar date appearing in the filename for each day. When actively collecting data either in manual control or automatic control, PC will create a new set of datalog and statelog files in its current folder at the start of a new day (at midnight). To prevent PC from saving separate experiments performed on the same date in a single set of files, a new directory path should be set before the start of any new experiments. A meta-data Excel spreadsheet catalogs all of the information required by the MathCAD data processor to correctly access and analyze a set of data. The information contained in the meta-data file must be filled in by the user. Each experimental run is given a numerical ID tag. Once all of the required information for a particular experimental run has been provided, the user can input this numerical ID into the MathCAD data processor to commence analysis. The data processor retrieves the data set and performs the routines outlined in Chapter 1, section 1.5 of this thesis.

The established folder convention is to have a semester-specific folder in which all files created or used during a particular semester are saved. Different types of files, e.g., data files, meta-data files, MathCAD data processors, and Process Controller methods, are then further divided into subfolders within that semester’s folder.
Meta-data Excel Spreadsheet

The meta-data spreadsheet is a nine column Excel file containing information about each set of experimental data. A new “Meta File.xls” should be created at the start of a new semester’s work and be saved in the corresponding semester’s subfolder. The meta-data file’s nine columns are described below.

· ID Tag – a numerical identification tag assigned to each set of data. While the ID Tags have been assigned in chronologically descending order in the past, the numbers themselves have no special meaning and any unused number can be assigned to a data set. While using the MathCAD data processor, the user selects which set of data to analyze by inputting the ID Tag corresponding to the desired experiment. 

· Begin, Middle, Last – These next three columns are where a user can log the first, second and third calendar dates, respectively, over which an experiment spanned. If an experiment began and concluded on the same date, that date must be logged in “Begin” and a value of “0” should be given to the other two fields. If an experiment spanned two dates, the “Begin” and “Middle” fields must contain the dates spanned and a value of “0” must be given to the last field. Dates must be reported with the following format: M-D-YYYY. Single digit months and dates need only be logged with one digit, but of course two digit months and dates require both digits. Only three date fields are available, so if an experiment spanned 4 or more days, the MathCAD data processor must be rewritten to accommodate for the changes. In the past, experiments never spanned more than 3 days.

· Duration – the number of dates over which an experimental run spanned. This field is directly related to the previous date fields. The MathCAD data processor will first look at this column to determine how many dates it must retrieve. The “duration” field must have the same number (from 1 to 3) as the number of dates logged in the date fields, or MathCAD will encounter an error.

· Directory Path – the directory path of the folder in which the statelogs and datalogs are saved. For all of the other columns in the meta-data file, a description of the column was put at the top in the first row of the spreadsheet. For the directory path column, however, the first row of the column should contain a parent directory path in which all of the experimental data path folders are located. This assumes that all of the experimental data are saved in a similar place either on the network or on the local computer. For instance, all of the experiments performed in the Spring semester of 2009 were saved in subfolders located within the “Spring09” folder, so the column header may look like this: \\Enviro\AguaClara\aguaclara\AguaClara Team Folders\Research and Development\LabFlocTeam\Spring 2009\, while the individual rows corresponding to an experimental run will then contain the remainder of the directory path: Experimental Data\5-14-09\. 

· Length – the length in cm of the tube flocculator used to obtain that set of data. The information in this column was not used by any MathCAD data processor and was included because it can help the user quickly identify his/her target experimental data set.

· Settle – the number of the settling state. The number corresponding to the settling state was 5 for the Process Controller method used to run experiments in this study.

· Comment – general comments and description of the experiment or the quality of the data. Detailed comments are important and very helpful when analyzing older data that the user has not revisited recently.

Data Processor Overview

The data processor is a MathCAD worksheet that functions to retrieve data from the datalogs, organize them into matrices, and allow users to easily select sets of data for analysis. The current data processor contains the data processing operations described in Chapter 1, section 1.5 of this thesis. 

The data processor obtains all of the effluent turbidity data from the settle state of all increment cycles in an experimental set. It places this data into a two dimensional array after smoothing the data. The data is then passed through a median filter and then normalized by the effluent turbidity measured at the beginning of the settle state. The normalized and smoothed turbidity data is transformed from the time domain into the sedimentation velocity domain. An estimate of the mean Vs, range of the variance, and residual turbidity is made to provide guess values for the three fitted parameters (,) of modified gamma distribution. The genfit function fits the modified gamma distribution function to the normalized turbidity verses sedimentation velocity data by varying these three adjustable parameters. The derivatives of the gamma distribution fits are calculated to obtain points to plot the PDF. The statistics of each Vs distribution are calculated using the adjustable parameters ,  obtained by the curve fit routine.

Data extraction and management
By referencing the meta-data spreadsheet, a user can select which experiment to analyze and declare the “metaID” variable with the meta-data ID tag corresponding to the desired experiment. Once “metaID” is declared, MathCAD will begin computing the solutions for all subsequent functions and graphs. If computations do not begin automatically, pressing down the keys “Ctrl” and “F9” simultaneously will command MathCAD to calculate the entire worksheet.

First, the “getdatalog” function extracts all of the data from the datalogs from the experiment the user had chosen using the information from the meta-data file. All of the data from the entire experiment is stored locally and can be retrieved. The downsides to storing all of the data locally are the large memory requirements and the longer processing times. MathCAD can sometimes freeze and crash unexpectedly when processing a large file. Since the data collected during the settle state contains the information we want to process, data processor has been hard-coded to extract all of the data from the settle state using the “dataextract” function, which retrieves all of the data from one state. The resulting subset of data obtained from “dataextract” is stored as a three dimensional matrix. Each “sheet” of data corresponds to all data collected in the chosen state of a given increment cycle. Each column corresponds to a different variable logged by PC (e.g., time, head loss, effluent turbidity, etc) and each row corresponds to data collected at a given time. For instance, for data extracted from the settle state, the third “sheet” contains 30 minutes worth of various types of data collected during the settle state of the third increment cycle of the experiment. 

Tools for verifying data quality

Unexpected errors can occur during the experiment that may go unnoticed until the data is examined. Several tools are coded into the data processor to allow the user to examine the quality of the data sets.
The column headers of the “datalog” display the variables that were recorded by PC. Used together, the “finddatatype” and “getdatatype” functions provide the user with a way to identify the initial value of any variable in each increment cycle. In past studies, the total plant flow rate and alum dose have been incremented variables. By inputting an incremented variable’s header into “finddatatype,” the user can extract the value of that incremented variable for all of the increment cycles. This is particularly useful for graphing purposes, as the value of an incremented variable is used to differentiate between curves from different increment cycles.

The functions “threeDplot” and “twoDplot” allow the user to plot 3 or 2 variables against one another respectively. These functions collapse data that would otherwise be stored across three matrix dimensions into a two dimension matrix. Additionally, both functions provide the user with the ability to smooth the data.  The user must selecting a range over which the mean will be reported in place of the original range. Selecting a range value of “1” means no smoothing is performed. “Sheets” of data of the same type will be output from these two functions. For instance, if a plot of effluent turbidity versus time is needed, the “twoDplot” function should collect each column of effluent turbidity data and time from each increment cycle and output them as two separate “sheets”, one with effluent turbidities and one with time. The “threeDplot” function is specifically used to plot raw data in three dimensional plots for the user to qualitatively examine the data for unexpected errors.

Functions used in curve-fit analysis

The data processor file contains comments that describe the purpose of each function and the variables required by it. The function “twoDplot” was used to extract and smooth the effluent turbidity data used for the curve-fit analysis. The choice of smoothing over 9 data points (corresponding to 9 seconds) was the smallest smoothing interval that provided sufficient data smoothing. When smaller smoothing intervals were used, some of the curve fits would not converge to a solution. 

The first “sheet” created by the “twoDplot” function is a two dimensional matrix containing columns of the measurement time stamps, or the time elapsed from the beginning of the state at the moment each measurement was taken. The settle state had a total duration of 30 minutes, but the data was sampled once per second triggered by a clock that was not synchronized with the clock monitoring the time elapsed in each state, because the length of the data set captured during the settle state was often one measurement short of 1800 samples per 30 minutes. To account for this problem, the last row is excluded to account for this unevenness in data set lengths.
The “normalize” function passes the data through a median filter and then divides all the data by the initial turbidity. The “medsmooth” MathCAD function was used to smooth the data by replacing each value in the data set with the median of 5 points centered about that value. The choice for using 5 points was selected because it smoothed the data sufficiently to allow convergence for all of the data sets in this study. The initial turbidity of the settle state was calculated by averaging the turbidity values of the first five points. The values of these five points have already been averaged and median smoothed and correspond to data obtained in the first 45 seconds of the settle state.

The modified gamma cumulative distribution function was coded using MathCAD’s “pgamma” function. However, the “pgamma” function would not allow the  term to be input as a denominator of the independent variable, so a  term was put in the numerator and multiplied by the independent variable. Thus actually represented 1/. 

A unit conversion variable designates what units the sedimentation velocity data is used for analysis. Varying the units of the sedimentation velocity data affects the ability for the data processor to converge. The “pgamma” function requires that the  parameter be positive. If the units of the sedimentation velocity were chosen such that its logarithm is negative for a significant subset of the entire data set, the “genfit” function will want to fit the modified gamma function with a negative value for , which will violate the rules set for the “pgamma” function. In this study, the curve-fitting analysis was performed with the velocity in meters per day, because the log of the velocity data was always positive. When the same analysis was performed with the velocity in millimeters per second, convergence was not achieved because a significant percentage of the logged data had negative values and encountered the aforementioned problem. If the units are chosen such that the log of the velocities are mostly non-negative, the analysis results are consistent and independent of the units chosen.
The “getGuess” function estimates values for the fitted parameters , , and . The genfit function requires that the user provide guess values for these parameters. The “genfit” function can only converge when the guess values are accurately estimated. The threshold for convergence is unknown, but it was shown that when the guesses for  and  are chosen such that the mean and variance of the distribution computed by equations 1.14 and 1.15 approximate the actual values, “genfit” will converge. The estimate of the mean of log(Vs) was obtained from the sedimentation velocity that corresponded to a normalized turbidity of 0.5. The variance was estimated by picking the two log(Vs) data points with normalized turbidities of 0.16 and 0.84 respectively, computed the Δlog(Vs​) spanned by those two points, divided that value by two to compute the standard deviation, and finally squared it to find the variance. The  and  terms were computed using the following equations: 
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The estimated residual turbidity parameter (  was taken as the mean of the last 10 normalized turbidity values.
The functions and routines in data processor were tailored to process the data collected in this study, meaning the specifics, i.e., how many data points over which to smooth and other routines were determined based on whether “genfit” was able to converge to all of the data collected in this study. If data processor does not converge when performing the curve fit to data sets collected in the future, adjustments to how the data is averaged, smoothed, and normalized could help.

APPENDIX C 
DATA PROCESSING PROCEDURES


Chapters 1 and 2 of this thesis were both prepared to be submitted to peer-review journals. This appendix contains figures and analysis that were not included in those papers, but that may have value for future investigations.

Figure C1 shows mean sedimentation velocities as a function of the average hydraulic residence time inside the tube flocculator corresponding to the plant flow rate used to obtain that data point. This figure suggests that the mean sedimentation velocities increased as a function of time spent in the flocculator. This curve also suggests that for a given hydraulic residence time, faster settling flocs were produced under lower velocity gradients when the hydraulic residence time was higher than about 100 seconds. Figure C2 shows the post sedimentation residual turbidity as a function of the average hydraulic residence time. This figure also shows that performance increased with longer hydraulic residence time as residual turbidity continued to decrease with increasing time. Figure C2 suggests that given a fixed residence time, higher velocity gradients create lower turbidity water. Since turbidity removal is facilitated by the collision and adhesion of particles to one another, given a fixed residence time, the higher the velocity gradient the greater the collision potential and the more turbidity removal.

Based on the fractal flocculation models created by Monroe Weber-Shirk, the more accurate measure of the extent of flocculation (or collision potential) involves the product of hydraulic residence time and energy dissipation rate raised to either the 1/3 power or the 1/2 power depending on the flow regime (see Figures C3 – C6). Unfortunately, the figures do not show any discernable relationships between the experimental results and either of the two calculations for collision potential.
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Figure C1: Mean sedimentation velocity vs. hydraulic residence time in seconds for the various flocculator lengths tested.
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Figure C2: Residual turbidity vs. hydraulic residence time in seconds for the various flocculator lengths tested.
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Figure C3: Mean sedimentation velocity vs. the product of energy dissipation rate raised to the 1/3 power and the hydraulic residence time with overall units of mW1/3s2/3 for the various flocculator lengths tested.
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Figure C4: Residual turbidity vs. the product of energy dissipation rate raised to the 1/3 power and the hydraulic residence time with overall units of mW1/3s2/3for the various flocculator lengths tested.
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Figure C5: Mean sedimentation velocity vs. the product of energy dissipation rate raised to the 1/2 power and the hydraulic residence time with overall units of mW1/2s1/2 for the various flocculator lengths tested.

[image: image58.wmf]0

10

20

30

0

10

20

30

G

q

 = 23000  

G

q

 = 19000  

G

q

 = 15000    

G

q

 = 11000  

G

q

 = 7500  

e

^(1/2)

q

Residual Turbidity (% of initial turbidity)


Figure C6: Residual turbidity vs. the product of energy dissipation rate raised to the 1/2 power and the hydraulic residence time with overall units of mW1/2s1/2 for the various flocculator lengths tested.

Figure C7 and Figure C 8 are plots of residual turbidity as a function of the corresponding mean sedimentation velocity and mean projected floc size respectively. An inverse power law type relationship seems to describe both relationships. Generally, increases in mean sedimentation velocities (or floc size) corresponded to decreases in residual turbidity.

[image: image59.wmf]0.1

1

10

1

10

100

G

q

 = 23000  

G

q

 = 19000  

G

q

 = 15000    

G

q

 = 11000  

G

q

 = 7500  

mean Vs (mm/s)

Residual Turbidity (% of initial turbidity)


Figure C7: Residual turbidity vs. mean sedimentation velocity for the various tube flocculator lengths tested.
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Figure C 8: Residual turbidity vs. mean projected floc size calculated from equation 2.10 for the various tube flocculator lengths tested.
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� The contents of this thesis chapter are planned for submission to Water Research with co-authors M. L. Weber-Shirk and L. W. Lion.


� The contents of this thesis chapter are planned for submission to Water Research with co-authors M.L. Weber-Shirk and L.W. Lion





16

_1310726035.unknown

_1310726043.unknown

_1310726047.unknown

_1310726051.unknown

_1310726053.unknown

_1310726056.unknown

_1310726057.unknown

_1310726054.unknown

_1310726052.unknown

_1310726049.unknown

_1310726050.unknown

_1310726048.unknown

_1310726045.unknown

_1310726046.unknown

_1310726044.unknown

_1310726039.unknown

_1310726041.unknown

_1310726042.unknown

_1310726040.unknown

_1310726037.unknown

_1310726038.unknown

_1310726036.unknown

_1310726031.unknown

_1310726033.unknown

_1310726034.unknown

_1310726032.unknown

_1310726029.unknown

_1310726030.unknown

_1310726028.unknown

