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Abstract
The Vertical Flocculator Pilot Plant division of the Research and Development team worked on constructing and installing a turbulent-flow hydraulic flocculator and rapid mix unit at the Cornell University Water Treatment Plant (CUWTP). Previous flocculation research used a small scale, laminar flow tube flocculator. In order to test flocculation under turbulent flow conditions the pilot plant hydraulic flocculator was built. It is a rectangular tank that is divided into three sections that are filled with vertical baffles similar to the baffles used in Ojojona, Honduras. The vertical baffles were spaced using equations written in a MathCAD program created to test for different velocity gradients, G and amount of mixing, Gθ. The current setup has a baffle spacing of 6.45 cm with 27 baffles per section. Settling tubes were designed to measure flocculation performance at different locations in the tank. Through manipulation of the flocculator flow rate it will be possible to manipulate G. The effects of changing the parameter Gθ can be easily measured by varying the location of the sedimentation tubes. This setup will allow a systematic method to identify an optimal combination of the two parameters and verify their roles in efficient flocculation. Our goal for efficient turbidity removal is defined as NTU < 1. 
Keywords: turbulent-flow, hydraulic flocculator, rapid mix, vertical flocculator, Cornell Water Treatment Plant, velocity gradient, Gθ, efficient flocculation, efficient turbidty removal.
Introduction and Objectives

Since 2004, Cornell University’s AguaClara team has worked in conjunction with Engineers for a Sustainable World (ESW), and Agua Para El Pueblo (APP)—a Honduras-based NGO—to design and build two water treatment plants in Honduras. In addition to providing clean water to the La 34 and the Ojojona communities, these plants also function as pilot operations, demonstrating successes and potential problems for future plants. 
The R&D team focuses on optimizing flocculation technologies to make them more efficient and effective. Two sub-teams work on this task, each using a unique approach. The lab sub-team runs bench-scale experiments in the AguaClara lab, using a tube flocculator that operates in the laminar flow regime. In spring 2007, the VFPP sub-team worked with various Cornell University staff to design and build a larger-scale vertical flow flocculator at the Cornell University Water Treatment Plant (CUWTP) in order to facilitate testing under turbulent flow conditions. The new flocculator more closely models Ojojona’s existing configuration, hopefully allowing for more practical testing. This experiment will also allow verification and possible reduction of the large Gθ range (20,000 to 150,000) recommended for community-based flocculation 1. Flocculation effectiveness is influenced by a number of factors, including coagulant dosage, mixing value, influent turbidity and velocity gradient. The team hypothesizes that velocity gradient is the central variable for optimizing flocculation.

Procedures (Design)
Procedures for Tank Design and Configuration:

In January 2007, the VFPP team started the design and the construction of a flocculation unit using a polyethylene tank of dimensions 182.9 cm × 91.4 cm × 121.9 cm (length × width × height) with a wall thickness of about 0.8 cm. The design goal was to divide the tank into 3 separate sections, basically condensing a long, narrow flocculation tank into a more compact space by snaking the flow back and forth. The initial design divided the total minimum mixing value (20,000) evenly among the three sections, with each section having an even velocity gradient (G) of 45 s-1. This initial design will then be compared and contrasted with alternative designs with different G distributions. In these alternative configurations, the velocity gradient (G) will be gradually decreased along the flow path by either widening the baffle spacing or introducing small obstacles between baffles. Initially a high G is used to maximize floc formation. Then G is gradually decreased in later sections to minimize breakup of large flocs. It is hypothesized that larger and better quality flocs will be formed in the latter tapered configurations. Below is a list of fixed parameters (or “givens”) and the values of G to be used in each setup. 
Givens:

· Tank dimensions: 182.9 cm × 91.4 cm × 121.9 cm

· Tank wall thickness: 0.8 cm

· Tank divided into 3 sections (serpentine flow path)

· Total minimum mixing value (Gθ) = 20,000

· Initial 1st, 2nd, and 3rd sections of tank to have velocity gradient (G) of 45 s-1

[image: image1]
Figure 1. Exterior view of flocculation tank before construction.


[image: image2]
Figure 2. Tank layout (top view). Large dotted black lines represent section dividers. Small dotted blue lines represent the flow path. Water enters at section 1 and snakes through sections 2 and 3 by passing through an opening in the end of each divider.
Variables:

With initial design constraints defined, a MathCAD program was used as a design/calculation tool to determine variables. 

MathCAD-calculated values include:

· flow rate (Q)

· number of baffles per section (n)

· baffle spacing (b)

· baffle dimensions 


-width x height


-different heights for top and bottom baffles)

· dimensions of openings in dividers 


-width x area of flow path

· total head loss

· water level (L)

Calculations:

The purpose of adding baffles was to increase mixing (G) by acting as an obstacle and forcing water through a restricted flow-path. G is a variable that controls the upper limit of shear. There is a maximum G (and thus a maximum shear) that a floc can experience before being broken up. The value of G directly controls the baffle spacing needed for efficient floc formation and preservation. A flow rate of 120 L/min and an effluent depth of 76.2 cm were chosen for baffle configuration design. Presented below are the equations and values used for design calculations. 

Baffle Design 
Total minimum mixing value (Gθ = 20,000) is a function of path dimension and residence time. The equations used to calculate baffle spacing are presented below 2: 
`
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where

· G = velocity gradient

· V = flow velocity through the channel

· ν = viscosity of water

· Kmin = 3 × (number of 180˚ turns) 

· f = corresponding friction factor f(Reynolds number, material)

· L = flow depth (water level)

· Ls = shear length = water level – 1.5b
· w = 1/3 the tank width, and 

· b = baffle spacing. 

Since both V and f are functions of baffle spacing (b), the above equation cannot be solved explicitly, and thus multiple iterations were employed in MathCAD to solve for b within a 1% error tolerance. The resulting b value for the first configuration with identical G (45 s-1) is 6.45 cm with a total headloss of 11 cm. Given these b values and the corresponding flow velocity (V), the below equations were then used to calculate the number of baffles in the each section 2:
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where 

· n = resulting number of baffles in corresponding section. 
Number of baffles (n) in each section was calculated to be 27.

After the spacing and number of baffles was designed next was the height of the baffles. The baffles needed to be large enough to control the flow of the water and produce mixing. However, if they were too large the turning radius of the water would be small and create unwanted shear, which could break up flocs. To control this, the flow expansion around the turn of the baffles needs to be large enough to minimize unwanted shear. In order to do this, a flow space of 1.5b × (w/3) is required. The equations below were used to determine the dimensions of both types of baffles. The two types of baffles are top and bottom baffles. Figure 3 below shows the configuration, including what is meant by a top and bottom baffle. 


[image: image6]
Figure 3. This is a side view of the tank. The top black line represents the top of the tank. Water is shown in light blue and the flow path is shown in dark blue. At the end in dark blue is the port in the divider that allows flow to enter another section of the tank. H is the height of the tank, and D is the water depth.
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Resulting fabrication height of top baffle is 88.9 cm while that of bottom baffle is 71.1 cm.
To move from one section to the next, water must travel through a port (shown in dark blue in Figure 3) in the divider. The dimensions of these ports were determined with the following equations:

Between section 1st & 2nd section---
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Between section 2nd & 3rd section---
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To avoid short-circuiting of flow, the ports were cut in rectangular shape of lesser width than the corresponding baffle spacing for that section. Dimensions of hole between 1st and 2nd sections = 21.8 cm × 4.1 cm, while that between 2nd and 3rd = 20.1 cm ×6.1 cm.
Operational Condition:
After the baffles were cut and assembled, it was discovered that with an effluent water level of 76.2 cm, the 71.1 cm long bottom baffles did not allow enough space for the water to flow over the baffles without introducing extra shear. The operational effluent flow depth was the raised from 76.2 cm to 96.5 cm to increase the flow over the baffles. 
A MathCAD program (N:\Research and Development\Vertical Flocculator PPT\AutoCAD\Flowrate trouble-shoot (identical G).mad) was made to understand how the manipulation of G and Gθ can be achieved by altering Q. As both G and Gθ are functions of headloss (hl) and hydraulic residence time (θ), two sets of equations (for computing hl and θ) are used to assess their values. Total headloss can be separated into major and minor loss. Minor loss is a function of the fiction factor (f), which can be obtained from the Moody’s diagram for a known Reynolds number. For this particular baffle configuration, major loss only makes up for less than 1 cm of the total headloss (11 cm); majority of hl comes from corner-turning which is accounted for by minor loss 2. 
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where (for this configuration)
· Q = 120 L/min

· V = flow velocity

· Ls = shear length = water level – 1.5b
· w = 30.5 cm
· b = 6.45 cm
· n = 27 per section

· Re is the Reynolds number

· hl is the total headloss

· f is the frictional factor

· g is gravity

· ν is viscosity of water

The following set of equations listed below is used to compute θ, and thus G and Gθ along with the previously calculated headloss of the configuration 2.
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where
· θ is the hydraulic residence time

· Effluent Flow Depth = 96.5 cm

· Length​tank = 182.9 cm

All the equations described above were input into the MathCAD program for generation of the graph in Figure 4 (below) which dictates the exact relationship between Q and G and Gθ.
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Figure 4. G and Gθ plotted as a function of tank flowrate (Q). G has a unit of s-1, while Gθ remains as unitless and Q is expressed in unit of L/min. An increase in Q raises both G and Gθ.
Our initial experimental condition was to test flocculation at G of 45 s-1. According to Figure 4, a flow rate of 138 L/min is required attain a G value of 45 s-1. With this flow rate applied, however, Gθ will greatly exceed the original estimate of 20,000 at the tank outlet, instead reaching a value of 34,170 for Q = 138 L/min. A different function was programmed in the same MathCAD file mentioned in the previous paragraph to re-estimate the new location of where Gθ = 20,000 is reached in the tank. Knowing the values for Gθtarget (20,000) and average G (45 s-1), adjusted reactive volume can be computed with equation 17

 is applied. ΔLocation value indicates the new sampling port location measured from the influent end of tank 2.
16

. To assess this volume change in terms of tank length, Equation 
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For this particular design, the sampling tube would have to be placed 320 cm (ΔLocation = 320 cm) in the flow-path away from the influent end of the tank to measure a turbidity value for Gθ = 20,000. In other words, since one section of the tank is 182.9 cm long, this sampling port would reside at 137.1 cm from the flow-entry end of the 2nd section in order to measure turbidity for a Gθ of 20,000. 
Procedures for Rapid-Mix: 
A total Gθ of 1000 was estimated to be the required mixing in the rapid-mix unit in order to completely blend the alum with the inflow water before entering the tank. This is done to ensure that the clay and alum are well mixed and the two types of particles are in close proximity to allow efficient collision and adhesion to occur along the flow path in the tank. The initial design was based on only having a 3-inch inner diameter (I.D. = 7.6 cm) PVC pipe. The following equations were used to determine the number of 90˚ turns and required path length to achieve the desired Gθ 2:
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where 

· Rh = wetted perimeter
· D = pipe diameter
· A = flow-area
· L = path length
· f = friction factor
· ∑Kminor = number of 90˚ turns × 0.3
These calculations yielded a flow path (L) of 2 m with 4 90˚-turns. Figure 5 shows the configuration of the rapid-mix unit.
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Figure 5. Schematic figure of rapid-mix design with arrows indicating flow direction.
Procedure for Tube Settlers and Data from Floc Tank

After the completion and installation of the flocculation tank in the water treatment plant, tube settlers are used to test effluent turbidity at different locations. The tube settlers were designed to mimic the sedimentation tank that would traditionally follow the flocculator. Tube settlers were chosen because they provide an inexpensive way to sample and create a minimal disturbance within in the tank. Using this method, different locations of the tank can be sampled. Data gathered can be used to assess how each stage of the tank is affecting the final effluent turbidity. The tube settlers were designed using the following equipment. 

Equipment

· Glass tube settlers (3)

-
Length: 60 cm 

-
Diameter: 2.5 cm

· Peristaltic pump 

· Turbidimeters (3)

Once the equipment was gathered, the next step was to design the flow rate for the peristaltic pump. The following assumptions were used in the calculation for the flow rate: 

Assumptions
· The optimum angle for tube settler is 60°

· The critical velocity is 10 m/day 

Sixty degrees is used because it is the angle at which the distance required for floc settling is minimized and still allows the solids that settled on the side of the tube to slide down. The critical velocity is taken from a range of accepted values and has been found to be the critical velocity in previous plants in Honduras. The flow rate was calculated using the following equations based on Figure 6 (below):
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Figure 6. Schematic drawing of the inlet of the tube settler with dimensions.
Dimensions and Variables chosen: 

· b = diameter = 2.5 cm

· L = length of the tube settler = 60 cm

· α = optimum angle = 60°

Equations

The following equations were adopted from Shultz and Okun for determining critical velocity in a tube 1 3.
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 where 

· Vα = velocity in the direction of the axis of the tube settler
· Vc = critical velocity

· Q = sampling tube pump rate
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Equation 23

) was manipulated using MathCAD to create a span of tube flowrate results for different Vup applied (Figure 7). The flow rate calculated for our initial configuration was 44 mL/min. 
22

 and 24

 (from combining equation 
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Figure 7.
Graph of pump flow rate (L/min) used in sample collection vs. critical velocity (m/day)
The setup of the tube settlers in the tank was the next design step. Originally the tube settlers were to be hung from the edge of the tanks at designated locations. On further inspection however, when laid between the baffles on top of the connectors they are at the correct angle and so can easily be relocated and do not require any attachment to the tank. 

The final design consists of the tube settlers nestled between the baffles, and then connected to the peristaltic pump. The peristaltic pump pulls water from the peristaltic pump at the correct velocity and the water is routed through a turbidimeter in order to measure the turbidity. Also installed is a turbidimeter that measures the influent turbidity of the water before it reaches the tank. This turbidimeter is gravity fed. 

Results and Discussion (Implementation of Design)

Operational Flexibility and Future Experiment:
It is important to understand the high flexibility of the facility for characterizing the optimal values of G and Gθ. As mentioned earlier, the highlight of this design is to provide the ability to model Honduran treatment plants and to improve flocculation performance. Through manipulation of G and Gθ, this set-up allows a systematic method to identify an optimal combination of the two parameters and verify their roles in efficient turbidity removal.

Initially, the plant would be operating at a constant G of 45 s-1 (controlled by Q). Easy relocation of sampling ports makes turbidity measurements possible at any point in the tank; and because of this arrangement, more refined turbidity vs. Gθ trends can be dictated along the flow path for any particular G value applied. Performance is measured by effluent turbidity; and the current goal is set at 1 NTU. Listed in the table below are some hypothesized result trends with graphic illustration presented in Figure 8:
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Figure 8. Hypothetical Result of turbidity plotted against tank location for high and low G. Experimental goal is to obtain a combination of G and Gθ for effective turbidity removal of < 1 NTU.
	Table 1. Hypothesized turbidity trends with presumed explanations and remedies


	Observation
	Cause/Explanation
	Action

	Rapid Turbidity Drop Region
	1. Not enough mixing (Gθ).

2. Floc size can further increase.
	Increase Gθ by moving sampling ports and collect more data downstream.

	Turbidity Stabilization Region (for NTU > 1)
	1. Formation and destruction of flocs are co-occurring.

2. G is too high at effluent end.
	Decrease G by lowering Q, but maintain constant Gθ by increasing θ.


This initial (obstacle-free) design can be used to find the optimal combination of G and Gθ through systematic refinement of the two parameters. Further design optimization can be attained by the addition of small obstacles. With the assistance of FLUENT software, the team was given the ability to take a close look at the different levels of velocity gradient experienced by moving water along the flow path (more detailed information and result on FLUENT can be found on Earl Foster’s semester report). This study allows the team to estimate locations in the tank where extra shear is needed and can be added by installing small obstacles.

With the help of FLUENT data, it was discovered that water experiences much higher velocity gradient while turning around baffle corners, as compared to the relatively lower shear experienced along the length of the baffles. Obstacles (being added along straight sections of baffles), while helping to bring G values along the baffle length closer to the G values around corners (in other words, smoothing out the G gradient), they can also be added in the earlier section of the tank to allow for a tapered G configuration. One significant advantage of obstacle-enabled tapered configuration is that the reactive length (defined by location of last sample port) of the tank can be cut back. For an increased average G made possible by obstacle addition, optimized constant Gθ will allow efficient flocculation to take place in decreased tank length. The efficient cut-back on reactive tank length makes optimized flocculation possible in reduced space, and thus for less materials and lower cost.

Construction and Implementation 

Tank:

The tank needed to be divided into three sections. At first the team planned to purchase two plastic sheets as dividers, potentially welding them vertically into the tank This option was soon rejected due to two major concerns: difficulties of welding inside the cramped spaces of the tank, and lack of strength in the welds. After much contemplation, the maintenance shop proposed a plan to build a structure that would provide support and flexibility. The sketch in Figure 9 (below) shows that the dividers were welded onto a base slab and the completed module was placed into the tank. A port (hole through which water flows between sections) was cut in each divider prior to welding. The dimensions of the dividers are approximately 182.9 cm x 121.9 cm with a 0.6 cm thickness . The choice of material for the dividers as well as the base slab is high-density polyethylene and was specifically chosen for its non-reactive property in water treatment process, and most importantly its ability to be welded.
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Figure 9. Sketch of divider unit
Originally the dividers did not create a tight fit with the tank because of the curvature of the tank wall.Water-safe caulk was considered for sealing the spaces between the divider unit and the tank walls. However, we opted to add extra plastic material, the same kind as the dividers to cover the gaps.
Baffles:
The baffles are cut from plastic corrugated roofing material which can be purchased at most local hardware stores such as Lowe’s and Home Depot. It is cheap, accessible and very similar to the material used in Honduras.
Since baffle design and dimensions depended on the divider design, baffles were not cut until the dividers were installed. Baffle dimensions were determined to be approximately 88.9 cm × 30.5 cm for the top baffles and 71.1 cm × 30.5 cm for the bottom baffles. Baffles were cut slightly wider than the section width (30.5 cm) . This was done to tighten the fit of the baffles, provide support for the dividers, and to prevent leakage of water between the baffle and the tank walls.

Baffles were attached as a contiguous unit for each of the three sections and then slid into the proper section. To assemble these units, plastic caps were screwed into four locations on each baffle. Short lengths of PVC pipe were fitted into the caps. The arrangement is shown below in Figure 10. This design has various advantages. First, it allows for relatively easy assembly. It also allows for easy disassembly, which means that it is easy to take apart the units to change baffle spacing by adding shorter or longer pipe sections.  The design also decreases the amount of material used. To achieve the baffle spacing of 6.4 cm we cut connecting pipes to about 5.3 cm, accounting for the thickness of the caps. A band saw was used to cut the pipes at this dimension. A lathe and a mill were both used to bore ¼” holes into the caps.
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Figure 10. Top-view photograph of staggered baffles with pipes connecting top and bottom baffles.
Four different ¼” (0.6 cm) screw holes had to be drilled into each individual baffle at the location of the connectors. To position the holes we placed one top baffle on a bottom baffle and marked the desired location at the center of the nearest concave to improve accuracy and get a clean cut. The average position is about 2.5 cm from the top and 2.5 cm from the side for those holes at the bottom of the bottom baffles.

Outlet Pipe:

Excess pipe material (standard schedule 40 pipe) from the rapid mix unit was used to build the outlet pipe. The turns were composed of two elbows joined at the ends by a small cut of piping. Each length of pipe for the rapid mix was about a meter in length to provide the 2 m flow length. A sanitary tee-fitting serves as the inlet of the unit. 
Assembly:

After these tasks were completed we began to assemble the baffle arrangement for each section of the tank. With the use of power tools, assembly was quick and easy. A single screw was drilled through each cap so that the caps hold back to back with a baffle separating them. A nut tightened on the other end of the screw then holds the fixture in place. The arrangement is illustrated below.
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Figure 11. Picture showing alternating arrangement of top and bottom baffles connected together as a contiguous unit for each section.
After assembling the baffles, each set was pushed into each of the three sections of the tank. Adjustments were made and some baffles were even removed to make space available for the outlet pipe. It was important that the connecting pipes and caps were fully compressed to ensure that the baffles were at the correct spacing and to make sure that none of the baffles overlapped with the ports in the dividers.
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Figure 12.
Installing contiguous baffle units. This photo shows nearly the entire length of one baffle unit being installed into section 1.
Transportation & Set-Up:

Constant communication with the Cornell Water Treatment Plant was needed to attempt to integrate our pilot plant into their facility. We realized that some modifications would be necessary after we actually transported and set up the tank at the plant. We fabricated a frame to hold the rapid mix in place on the side of the tank. The inlet pipe had to be redirected to fit into the rapid mix pipe. We concluded that directing the inlet pipe directly straight down into the top of the rapid mix pipe would give us the maximum flow from that pipe. The outlet pipe was reconstructed to prevent leakage. Water from the treatment plant is directed to us before treatment. After the water is treated in our system the effluent exits the tank and reenters the treatment plant at the same point through a nearby drain. Assembly and installation of the turbidimeters, sedimentation tubes, and alum feeder were completed in the same day.

Conclusions 
The objective of our design was to experimentally determine G and Gθ for optimizing effluent turbidity removal. We accomplished our initial goal of constructing a small scale version of the vertical flow hydraulic flocculator similar to the one constructed in Ojojona. Future plans involve using the tank at the CUWTP to test flocculation at different locations in the tank. The pilot plant flocculator will further allow future teams to experiment with different values for G and Gθ. 
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