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Abstract
Plate settlers and tube settlers are commonly used to create compact sedimentation tanks. Conventional design guidelines are based on obtaining a desired sedimentation capture velocity. The possibility of reducing sedimentation tank depth by reducing the spacing between plate settlers is explored and the mechanism of failure at small tube settler diameters and small plate settler spacing is elucidated.
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Introduction
Background on state of the art guidelines for Plate Settler design.
The AguaClara program at Cornell University has been developing parametric designs for municipal water treatment plants based on the fundamental physics of each of the unit processes. One of the program goals is to substantially reduce the costs of water treatment so that resource poor communities can have access to safe drinking water. To achieve substantial cost reductions the program has eliminated the use of electricity for chemical dosing, rapid mix, flocculation, and for process control. The program has also reduced sedimentation tank depth to about 1.8 m by eliminating horizontal velocity within the sedimentation tank and by using custom fabricated plate settlers to achieve high particle capture efficiency. It became apparent that a significant constraint on the overall depth of the sedimentation tanks was the depth required by the plate settlers. Plate settlers commonly have a spacing of 5 cm. For an upflow velocity to capture velocity ratio of 10 the length of the plate settlers needs to be about 20 times as long as the spacing. Thus for a spacing of 5 cm the plate settler length is 1 m and the plate settlers occupy 0.86 m of sedimentation tank depth. Reducing the spacing to 2.5 cm would reduce the required sedimentation tank depth by 0.43 m and given the economic advantages of shallower tanks the AguaClara designs already incorporate this reduction. This study was initiated to evaluate the potential for further reductions in plate settler spacing.
Although the context of this research was sedimentation tank optimization for AguaClara, the testing was performed on tube settlers rather than on plate settlers because tubes were easier to implement at the laboratory scale. The equation for the capture velocity of tube settlers is

[bookmark: ZEqnNum945408]	 	()

where L is the length of the plate settlers, D is the tube settler diameter, is the average vertical component of the fluid velocity in the tubes, and VC is the terminal velocity of the slowest settling floc that is reliably captured by the tube settler. It is important to note that equation  does not apply to plate settlers or to commercially produced tube settlers because they have entrance and exit geometry that is different. Equation  only applies to single tubes such as the ones used in this study where the ends of the tube are cut perpendicular to the axis of the tube.
The tube settler performance is maintained as long as the ratio of L/D is constant. Thus it would be possible to reduce L by decreasing the diameter of the tube settlers, D. The objective of this research was to identify and characterize the failure mechanisms related to reducing the tube settler diameter. 
Introduce floc roll up. Floc roll up is one mechanism that was described in Tubular Settlers-A Technical Review, from the Journal AWWA, 331:335 (June 1978), written by Mr. Roderick M. Willis,
[image: ]
[bookmark: _Ref289009876]Figure 1.  Definition sketch for the geometry and velocity profile experienced by a floc on the bottom surface of a tube or plate.
Equation derivation for tube settlers
After a floc settles on the lower surface of a plate or a tube it continues to experience the upward drag caused by the fluid flow. The velocity at the centerline of the floc increases if the spacing between plates or the diameter of the tube is decreased while maintaining a constant average fluid velocity. The gravitational force would tend to cause the floc to roll or slide down the incline while the fluid drag will tend to cause the floc to roll or slide up the incline. The failure condition occurs when the fluid drag and the gravitational forces balance. The floc is not able to move down the slope when its terminal velocity down the slope is balanced by the fluid velocity up the slope. This condition is met at least approximately when the velocity at the centerline of the floc is the same as its terminal velocity along the slope.
The velocity of the fluid at the centerline of the floc can be obtained from the parabolic velocity profile in fully established laminar flow. For flow in a tube the equation for the velocity gradient evaluated at the wall is

[bookmark: ZEqnNum901983]		()


where is the velocity in the direction of the mean flow, y is a coordinate normal to the tube or plate surface, D is the tube diameter, and is the average velocity in the direction of flow.  Plate and tube settlers are generally designed based on the equivalent vertical component of velocity. The relationship between the velocity in the direction of the slope and the vertical component is

[bookmark: ZEqnNum959771]		()

where is the vertical velocity component.

An approximate equation for the fluid velocity as a function of distance from the wall can be obtained by using the velocity gradient at the wall. The velocity at the center of a floc, , resting on the wall of a circular tube is

[bookmark: ZEqnNum827992]		()
where D is the diameter of the tube settler.

The terminal velocity of flocs is a function of their porosity, density, and diameter. The floc density can be approximated based on a fractal model (Weber-Shirk and Lion, 2010). The diameter of a floc can be estimated from the properties of the primary colloidal particles and its terminal velocity, .

[bookmark: ZEqnNum368114]		()





where is the diameter of the primary colloidal particles, is the floc diameter,  is the floc shape factor,  is the kinematic viscosity of water, DFractal is the fractal dimension, is the density of the primary colloidal particle, and is the density of water. 
The fractal dimension of the flocs is a critical parameter in the floc roll up model. Primary particles have a fractal dimension of 3, but have a lower fractal dimension after they aggregate. Meakin determined that flocs with 2 contact points have a fractal dimension of 2.13 and flocs with 3 contact points have a fractal dimension of 2.19 (Meakin, 1988). Lambert found that the fractal dimension of E. coli flocs ranged from 1.90–2.20 (Lambert et al., 2003). Jarvis et al. (2005) report values of the fractal dimension ranging from 1.66 to 2.56 for coagulated natural organic matter. Nan et al. (2009) reported the fractal dimension of optimally coagulated clay suspensions to be 2.2.  Li and Ganczarczyk analyzed fractal dimensions of aggregates based on reported settling tests and size-density relationships and determined a fractal dimension of 2.3 for alum aggregates (Li et al., 1989).  Thus the range of the floc fractal dimension,  is potentially quite large and it will be necessary to evaluate the model over a range of DFractal.
The terminal velocity of a floc sliding down a frictionless surface in a quiescent fluid is obtained by using the component of gravity along the surface. The terminal velocity for laminar conditions is linearly proportional to the acceleration due to gravity. For the case of sliding down an incline the velocity is proportional to the component of gravity in the travel direction. Thus the terminal velocity down the incline of the tube settler is 

[bookmark: ZEqnNum573240]		()
where  is the angle between the horizontal and the tube. Setting the fluid velocity at the floc centerline equal to the terminal velocity of the floc along the slope we obtain

[bookmark: ZEqnNum603276]		()
The relationship obtained in equation  is an approximation of the interaction of fluid drag and the gravitation force on the floc that will cause the floc to not be able to slide down the incline. Substituting equations  and  into equation  results in an equation containing both the terminal velocity of a floc and the diameter of a floc.

[bookmark: ZEqnNum685397]		()
The terminal velocity and the floc diameter are not independent. The floc diameter is eliminated by substituting equation  into equation . For design purposes the vertical velocity component is more convenient and thus the velocity in the direction of the incline is eliminated using equation .

[bookmark: ZEqnNum997332]	()

The floc terminal sedimentation velocity in equation  represents the sloest settling floc that can slide down the incline. Flocs with a terminal velocity lower than will be carried out the top of the tube even if they settle on the tube wall. Thus this terminal velocity represents a additional capture velocity constraint for tube settlers. Unlike the sedimentation capture velocity (equation ) which is exclusively a property of the geometry and flow characteristics of the sedimentation tank, the roll up capture velocity is a property of the floc as well as the sedimentation tank geometry. This complexity is a result of the interaction between the size of the floc and the linear velocity gradient. The floc roll up capture velocity represents interplay between floc density, tube settler flow characteristics, and geometry. 

The floc roll up capture velocity can be made explicit by solving equation  for the floc terminal velocity. This terminal velocity represents the floc that will be held stationary on the incline because of a balance of drag and thus we can define that terminal velocity as the flow roll up capture velocity, .

[bookmark: ZEqnNum317232]		()


The influence of fractal dimension, up flow velocity, primary particle size, and primary particle density on the floc roll up capture velocity is dramatic. The floc fractal dimension is only slightly greater than 2 and thus the exponent of the last term in equation  can be quite large. The exponent on the up flow velocity, , is . For a fractal dimension of 2.3 the exponent has a value of 4.3 and for a fractal dimension of 2.2 it increases to 6. Flocs with a low fractal dimension are especially vulnerable to rolling up the tube settlers. 
The smallest diameter tube settler that will capture a floc with a given terminal sedimentation velocity is obtained by solving equation  for 

[bookmark: ZEqnNum868933]		()
Equation  provides a method to calculate a minimum tube diameter given a target floc terminal velocity to be captured
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[bookmark: _Ref290805426]Figure 2.  Theoretical roll up capture velocities for 3 different up flow velocities for tube settlers. The floc parameters were (=2.3, = 1 m, = 2624 kg/m3). Up flow velocities are given in parenthesis. Larger tube diameters are required for higher up flow velocities.
The direction of the curves shown in Figure 2 reverses for fractal dimensions less than 2. The effect of changing fractal dimension is shown in Figure 3.
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[bookmark: _Ref290806537]Figure 3.  Theoretical roll up capture velocities for tube settlers given 3 different floc fractal dimensions. The parameters were ( = 1 mm/s, = 1 m, = 2624 kg/m3). 
Floc roll up is independent of floc size for a floc fractal dimension of 2 (Figure 3). Flocs with fractal dimensions less than 2 become prone to floc roll up as they increase in size. In that case flocs that aggregate while on the inclined surface could be carried upward. Flocs with fractal dimensions greater than 2 become less susceptible to floc roll up as they increase in size and thus floc aggregation on the slope aids in transport to the bottom of the tube.  This analysis suggests that flocs with a fractal dimension less than 2 are not well suited for capture on tube or plate settlers.
Flocs that form from natural organic matter rather than from clay may have a smaller effective primary particle and thus have a fractal dimension less than 3 at a smaller length scale. The net effect of starting aggregation at a smaller length scale is to reduce the density of the resulting aggregate. The fractal dimension may well be unaffected by the size of the primary particle because the fractal dimension is influenced by the aggregation mechanism. Thus for flocs that form in a hydraulic flocculator it is expected that the fractal dimension will be independent of the primary particle characteristics. The influence of primary particle size on floc roll up potential is illustrated in Figure 4.
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[bookmark: _Ref290811949]Figure 4.  Theoretical roll up capture velocities for tube settlers given 4 different primary particle sizes. The parameters were ( = 1 mm/s, =2.3, = 2624 kg/m3). 
The roll up capture velocity is defined based on a fully developed laminar flow velocity profile. The entrance region where the boundary effects are gradually extending into the core of the flow can extend a significant distance. Given that the velocity gradient at the wall is substantially higher in the entrance region it is important to analyze the fate of flocs that are able to slide from the region of fully developed flow into the entrance region. As the velocity gradient at the wall increases these flocs are unable to continue down the slope. As more flocs slide down from above these trapped flocs grow and as they grow they are able to progress further down the slide. The entrance to the tube presents very high velocity gradients and experimentally we observe the formation of a large rotating mass of flocs that maintains an almost steady volume and that releases flocs in bursts into the sedimentation tank below as flocs slide into the rotating mass from above.
Materials and Methods
The following section describes the experimental apparatus and data analysis components for the results and discussion section of this study. This study used a sequence of bench-scale reactors to evaluate the effects of tube settler diameter on floc capture efficiency.  The plant flow rate was x mL/s.
Raw Water Conditioning
Conditions of constant input turbidity were created using a concentrated kaolin clay suspension diluted with temperature controlled, aerated tap water to produce a raw water source for treatment. Water temperature was kept at 21ºC with an absolute coefficient of variation of ±1% and sampled utilizing a thermistor. When the temperature dropped below 21ºC, a solenoid valve containing hot water was opened. When the temperature went above 21ºC, a solenoid valve containing cold water was opened. The temperature controlled water was aerated to reduce the concentration of supersaturated gases. 
The conditioned tap water was further modified by adding kaolin clay. The raw water turbidity was continuously sampled and controlled utilizing a turbidimeter coupled with a feed-back control loop. The process was automated utilizing process control software and an output control box. The raw water turbidity was kept at 100 NTU with a coefficient of variation of ±5%.
The pH of the raw water source remained relatively constant at 7.5 varying by no more than 0.3 pH units. Total hardness (150 mg l-1 as CaCO3(s)), total alkalinity (111 mg l-1 as CaCO3(s)) and total organic carbon (2.0 mg l-1) were obtained from the 2010 consumer water quality report for Cornell University Water System (City of Ithaca 2010). 
Coagulant Dosing
A laboratory grade alum solution was prepared daily with distilled water. The alum dosage of 45 mg/L, was experimentally determined to be sufficient to produce a majority of particles with settling velocities greater than the 0.12 mm/s capture velocity used by Hurst, Weber-Shirk, and Lion (2010).  Raw water and alum were combined in rapid mix by directing the flow through a tube 4.8 mm ID (inner diameter), 1 m in length with an energy dissipation rate of 0.1 W/kg. 
Tube Flocculator

The tube flocculator had a length of x m, a coil diameter of x cm, a inner diameter of x mm, a head loss of x cm, and a hydraulic residence time of x seconds. The head loss in the coiled tube flocculator was slightly larger than for straight flow in a tube due to the secondary currents generated by the coil. The Reynolds number for the tube flocculator was x and thus was laminar. For laminar flow the collision potential of a flocculator is proportional to (Ref Fractal Floc model paper) where

		()
The average energy dissipation rate in the flocculator was x mW/kg. The hydraulic residence time in the tube flocculator is

[bookmark: ZEqnNum778179]		()
where L is the length of the flocculator, D is the internal diameter of the tube, and Q is the volumetric flow rate. The velocity gradient is obtained from the energy dissipation rate and the kinematic viscosity of water.

[bookmark: ZEqnNum390069]		()
A measure of the collision potential provided by the flocculator is obtained by combining equations  and .

		()

The  for the tube flocculator was x. Although this value is on the low end for hydraulic flocculators, it performed well in this study because the floc volume fraction was relatively high (given 100 NTU source water) and additional aggregation occurs in the floc blanket.
Floc Blanket
The  plant sedimentation tank upflow velocity was 1.2 mm/s and was set to be close to the optimal upflow velocity for turbidity removal by floc blankets  (Hurst, Weber-Shirk, and Lion, 2010). 
Floc blankets produce consistent effluent turbidity with a coefficient of variation of less than 25% (Hurst, Weber-Shirk, and Lion, 2010).  
Process Control
Add description of states used (the ones in the first version didn’t seem to be descriptive of this experiment) and explain the batch turbidity sampling method, why it was developed and how it was tested.
[bookmark: _Ref261550739][image: ]
Figure 5. Schematic of laboratory set-up and turbidity monitoring. 
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[bookmark: _Ref289880483]Figure 6.  A diagram of the sampler and tube settler inlet in the top portion of the clarifier column.  Water is sampled at A to measure the influent turbidity to the tube settler, and is pumped through the sampler tube at a velocity equivalent to the reactor upflow velocity () to prevent settling.  Water enters the tube settler at B, and the performance of the tube settler is quantified by turbidity measurement downstream of the tube.  Floc is wasted from the floc blanket at C, which controls its upper extent.
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[bookmark: _Ref290805124]Figure 7.	Roll up capture velocities for the two tube diameters used in the experiments. The upflow velocities and tube lengths were varied for each diameter to maintain the same sedimentation capture velocity for all experiments. The parameters were ( = 1 mm/s, = 2.3,  = 2624 kg/m3).
Data Acquisition and Sampling
Continuous effluent turbidity readings of the floc blanket clarified effluent and the tube settler were taken using Micro TOL Turbidimeters (HF Scientific Model 20053, Ft Myers, Florida).  The configuration of the sampler and tube settler inlet in the clear zone of the upflow clarifier is shown in Figure 6.  

Data was analyzed in terms of negative log remaining ().

[bookmark: _Ref289692868]		(1)






pC* is a convenient dimensionless measure of particle removal efficiency that is independent of the influent turbidity. In this study, pC* was calculated for overall removal efficiency of the floc blanket and tube settler (), for the floc blanket (), and for the tube settler (). By definition is the sum of and .
Experimental Results
The experimental results should be plotted on an x axis that is consistent with the model presentation. I am currently stumped about how to do this. I’d like a dimensionless x axis to go with our dimensionless y axis. If we get the right x axis, that changes to parameters such as V.Up shouldn’t change the graph.  Maybe the current graph with velocity gradient is correct. If so, then how can we create a model curve on a similar graph?
Once those results are added we can add text to go with the graphs.
[bookmark: _Ref288230499][image: ]
[bookmark: _Ref290203516]Figure 11. This graph shows that the floc blanket pC* remained very constant over the whole range of experiments except for one point.

Discussion
All of the equations with the linearized velocity gradient at the wall are changed by a factor of ¾. The velocity gradient is less steep for the 2 dimensional geometry presented by plates than it is for the axissymetric geometry of tubes. Equation  becomes

		()
Where S is the spacing between parallel plates. Thus plates are slightly less vulnerable to floc roll up than are tubes given the same diameter and spacing.
Conclusions
The floc roll up model delineates a failure mechanism wherein flocs are unable to flow in the countercurrent direction due to high velocity gradients at the plate or tube wall. Velocity gradients increase as the plate settler spacing is decreased and as the upflow velocity is increased. We hypothesized that high velocity gradients can cause flocs to roll up the inclined surface and increase effluent turbidity. High velocity gradients can cause roll-up of flocs that would otherwise be captured if the tube settler diameter or plate settler spacing is too small.  
We tested the hypothesis utilizing a combined tube-settler floc blanket system to characterize the removal effectiveness for colloidal particles at different flow conditions, but at a constant capture velocity of 0.1 mm s-1.  Experimental data suggests that plate spacing as small as 1 cm for an upflow velocity of 1 mm/s can be implemented without causing performance deterioration. 
Tube settler performance deteriorated when the the floc roll up capture velocity was larger than the sedimentation capture velocity.  
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