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Testing of a Vertical Flow Hydraulic Flocculator on a real surface water 
Abstract

AguaClara is a Cornell University organization that is developing sustainable water treatment solutions for small communities. Its research and development team focuses on improving flocculation, and other processes that are used, and making them as cost effective and easy to use as possible. One of the current design focuses is flocculation and the parameters that affect it.  Specifically G (s-1), the velocity gradient, Gθ, a dimensionless measure of mixing, and alum dose. This past spring the vertical flow pilot plant team designed and built a hydraulic vertical flow flocculator. The flocculator is a small scale version of a flocculator that has been built in Ojojona, Honduras. It is a square tank 3’ wide, 4’ tall and 6’ long that has been divided into three sections and consists of alternating baffles spaced evenly to produce a uniform G of 45 s-1. The flow through the tank is serpentine and is at a flow rate of 114 L/min. The tank was originally designed to be easily disassembled, with the baffles and dividers being separate modules from the tank. Sampling and testing of the tank was done through glass tube settlers attached to a pump and fed through turbidimeters. These could be moved to sample at different locations and give a reading of settled water turbidity. When the tank first became operational several problems were discovered with the flocculator and the tube settlers. The biggest of the problems was short circuiting which was discovered by visual observation of the tank as well as head loss measurements. The calculated head loss through the tank was around 11 cm while the original measured head loss was only 2 cm. These short circuits were fixed with Kwik Foam, caulk, and sand in order to seal the gaps and make them water proof. Another problem was divider bowing which when fixed by clamping 2x4’s to the edge of the dividers to straighten them out, the head loss rose to 7 cm. It appears with the module design of the baffles that this head loss is the greatest achievable head loss and corresponds to a G of 30 s-1 with a Gθ of 22,630. Preliminary testing showed that this design was capable of producing water under 1 NTU with a derived alum dose equation at low turbidities. The third section of the tank produced water a the same or greater turbidity than the other two sections of the tank providing evidence that there could be an optimum Gθ. Future experiments will look into tapered flocculation and finding an optimal Gθ and G value. 
Keywords: Alum Dose, Flocculation, Pilot Plant, Cornell University Water Treatment Plant, Vertical Flocculator, Turbidity, Baffle, Honduras, Head Loss, Turbulent flow, Rapid Mix, Velocity Gradient, Gθ, Efficient flocculation, Efficient turbidity removal

Background

AguaClara
AguaClara is an organization based at Cornell University that is designing sustainable water treatment plants for small communities. Its mission is to “improve water treatment technologies so that communities in the Global South can afford safe, clean drinking water” (Capurso and Weber-Shirk , 2007). This mission fits in with one of the United Nation’s Millennium Development Goals, which is to ‘ensure environmental sustainability.’ As a target, this goal’s aim is to halve the proportion of people without sustainable access to safe drinking water (UN Web Services Section, Department of Public Information , 2005). AguaClara has focused on Honduras when designing water treatment plants. Many of the communities in Honduras do not currently have ‘sustainable access to safe drinking water.’ Honduras is one of the poorest countries in Central America, with most of the population living on less than $1 a day (http://www.globalpolicy.org/socecon/gpg/2004/0704waterprivatization.htm). Water sources are often located far from the home and are surface waters such as lakes and streams. For those lucky enough to have water supplied to their communities or homes, the supply is often inconsistent or fluctuating because it is only turned on for a few hours a day. During the rainy season the water can becomes so turbid that chlorine disinfection is insufficient. AguaClara’s technology focuses on improving the water supply to medium sized communities (population range: 1,000 to 50,000) that already have a distribution network in place but do not have a current way to treat their drinking water. The technology provides a way to decrease the turbidity of the water using only a gravity fed water treatment plant design. 

Since its conception in 2005, AguaClara has built two water treatment plants in Honduras, one for the community of La 34 and another in Ojojona. AguaClara works in partnership with Agua Para el Pueblo (APP), a Honduran Organization that has been building water supplies in Honduras for over 20 years. They have a staff of civil engineers and a technical staff that are committed to spreading water technology throughout Honduras. In the future the hope is that APP will be instrumental in helping to identify and negotiate with new communities for establishing water treatment plants. 

This past year AguaClara has been divided up into four teams. One to troubleshoot and help the existing Ojojona plant, one to write programs and design future water treatment plants, another to manage capacity building and finally a research and development team (R&D). Research has been focused on improving flocculation, which will result in better water quality and lower construction and operation cost of plants. Another of R&D’s focuses is to help narrow guidelines for different parameters such as flow rate and alum dose. The Vertical Flocculator Pilot Plant sub-team of the R&D team has, with the help of Cornell University’s Water Treatment Plant (CUWTP) staff, built a pilot plant that is currently located at the CUWTP. It was built and finished by the Spring 2007 team and tests were started in early June. 

Theoretical

The R&D teams have focused their research on hydraulic flocculators that do not require electricity but still use the fundamental principals of flocculation. Flocculation is a process by which solid particles and natural organic material is destabilized by the addition of a coagulant to decrease the natural negative charge of these particles and increase the likelihood that they will stick together after a collision. The larger particles created by these collisions are called flocs. As the particles continue to collide the flocs become larger and have a greater settling velocity and thus settle out faster which produces lower turbidity water. Flocculators are used to increase the amount of mixing the water and added coagulant experience. The more mixing that occurs the greater the number of collisions and opportunity for flocs to form. 

Flocculators are built on two fundamental ideas. The first is G (s-1), the velocity gradient, and the second is Gθ, a dimensionless measure of mixing. θ is the residence time of the tank and so G times θ yields a dimensionless number. The velocity gradient is important because the larger G is, the greater the intensity of the mixing that the particles and coagulant will undergo and the more collisions there will be. Gθ is important because it is a measure of overall mixing, and is dependent not only on the intensity of the mixing but on the time that the water and coagulant are exposed to the mixing. 

The goal is to create large flocs that settle quickly. To create flocs of a specific size there needs to be a certain amount of mixing. One way to reach a target Gθ is to have a large G. This will lower θ and create flocs quickly, efficiently and with a smaller flocculator. The problem is that the larger flocs become the more fragile they are. Some of the larger G values that are good for initially creating floc are too large for well formed floc and can cause floc breakup. Thus, small G values and large θ values can actually yield lower settled water turbidity than a higher G value and a lower θ value even if both scenarios have the same Gθ value. If a lower Gθ overall can be found to produce good floc however, then the shorter overall the flocculator needs to be. Thus it is beneficial to lower Gθ and to find a G at which flocs can be formed efficiently and not broken up. G and Gθ are calculated using equations Figure 39

 (see 1
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Values

· Velocity (V, m/min)

· Flow rate (Q, L/min)

· Baffle spacing (b, cm)

· Baffle width (w, cm)
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Values

· Sum of all minor losses (∑Kminor) 

· Minor Loss coefficient per baffle (K​minor)
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Values

· Reynolds number (Re) 

· Kinematic viscosity of water (ν, m2/s)
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Values

· Friction factor (f)

· Roughness coefficient (ε) 
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Values

· Baffle number (n)

· Baffle length (Ls, cm)



[image: image6.wmf]1

****

2

exit

VolumeDheadlosswNL

æö

=+

ç÷

èø


(6

)

Values

· Volume (Vol, m3)

· Depth at exit (Dexit, cm)

· Head Loss (hl, cm)

· Width of each section (w, cm)

· Number of sections (N)

· Length of the flocculator (L, cm)
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Values

· Residence time of flocculator: (θFlocculator, min)
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Values

· Velocity Gradient (G, s-1)

· Depth at exit (Dexit, cm)
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Values

· Non-dimensional measure of mixing (Gθ)

Currently in the literature acceptable values of Gθ for water treatment plants range from 20,000 to 175,000 (Lawler and Nason , 2004). This is a relatively large acceptable range for water treatment. If we can narrow down a range of Gθ it would help with the design of the plants. Gθ and G are the two design parameters that affect the size of the tank and the number of baffles. The baffles create obstacles through which the water must flow creating a restricted flow path. It is this restricted flow path that causes a velocity gradient and mixing which creates flocs. 

G is dependent on head loss. Head loss is a drop in water level due to the dissipation of energy caused by friction and turbulent flow. It is the friction caused by the restricted flow path imposed by the baffles that cause head loss and create a velocity gradient. Therefore, the greater the head loss the greater G there will be as well. The more head loss that one has, the more energy dissipated; it is this energy that goes into mixing. Head loss can be calculated using equation 5

 or it can be measured. Head loss is dependent on the spacing between the baffles and since G is dependent on head loss G is too. G increases with flow rate and decreasing baffle spacing (increasing head loss). The larger G is the greater the intensity of the mixing and so less time is needed to reach a target Gθ than at a lower G. If it is possible to have reasonable floc formation at a higher G and thus lower residence time, θ; money could be saved on construction of the flocculator because the reactor volume could be reduced.

The pilot plant flocculator built consists of a rapid mix unit, tube settlers, and a flocculator. The rapid mix was designed to ensure that the coagulant is evenly distributed and that the water is well mixed before entering the flocculator. With the coagulant being evenly distributed before it enters the tank, it ensures that the whole flocculator is efficiently used.  

Tubes settlers are used to test flocculation effectiveness. They were designed to mimic the sedimentation basin that would traditionally follow the flocculator. Tube settlers are usually placed at an angle. The optimum angle has been found to be 60º, this angle is steep enough that it  creates a short distance over which the particles need to settle and allows the settled particles to slide down the side of the settler to the bottom of the tank. The flow rate through a tube settler is based on the critical settling velocity of the particles. Tube settlers were chosen because they provide an inexpensive way to sample and create a minimal disturbance within the flocculator. Using this method, different locations of the flocculator can be sampled. Data gathered can be used to assess how each stage of the flocculator is affecting the final effluent turbidity

Another aspect that affects flocculation and effluent turbidity is the amount of the coagulant added. Aluminum sulfate, Al2(SO4)3, more commonly known as alum is the current coagulant being used in Honduras. It is readily available and cheap. The amount of alum being added affects floc formation and thus settled water turbidity. Historically alum dosing has been more of an art, with some of the best water treatment plant operators using an “eyeball” test. They would observe the water in the settling basin and decide whether more or less alum needed to be added (American Water Works Association , 1992). Often to ensure acceptable floc formation, when in doubt, operators would double the alum dose. This process is often ineffective in that it creates flocs that look large but often are simply chemical flocs of neutral buoyancy that do not settle well. Thus overdosing wastes chemicals without adding any additional benefit. For AguaClara water treatment plants alum is one of the major operating costs. If a streamlined way of dosing alum is found then a lower settled water turbidity could be achieved at a lower operating cost.

Objectives
The flocculator was designed to test flocculation conditions under turbulent flow and to be a small scale model of the plant built in Ojojona, Honduras. The main objective is to ensure that clean water can be produced by using AguaClara technology. That the vertical flow hydraulic flocculator by using a gravity fed restricted flow path with the addition of a coagulant can produce flocs that will settle out in a sedimentation basin and produce clean water. Clean water is defined as having a turbidity less than 1 NTU. 

Secondary objectives include testing and improving flocculation effectiveness in regards to alum dose, G and Gθ. As well as testing the performance of the flocculator at different locations, working with a dynamic system, and gaining experience with alum dose and how it affects flocculation. 

Introduction

The pilot plant that the Vertical Flocculator Pilot Plant Team (VFPPT) designed and built this spring (Chu et al. , 2007) is a turbulent flow hydraulic flocculator and rapid mix unit. In May it was transported to the Cornell University Water Treatment Plant (CUWTP) where flow from the grit chamber is diverted to the flocculator and then back into their rapid mix unit. The water treatment plant gets its raw water from Fall Creek. Design values and pictures of the flocculator and rapid mix unit are shown from Figure 1 to Figure 4.

Flocculator Design

The flocculator was designed using a MathCAD file designed by the design team of AguaClara. The tank was donated and so the dimensions of the tank and type of plastic were fixed.

Design Values

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

· Tank wall thickness: 0.8 cm

· Flocculator divided into 3 sections (serpentine flow path)

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

· Initial 1st, 2nd, and 3rd sections of flocculator to have velocity gradient (G) of 45 s-1
· Reynolds number (Re): 10,220

· Flow designation: Turbulent
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[image: image10]
Figure 1. Exterior view of flocculator during construction.


[image: image11]
Figure 2. Flocculator layout (top view). Thick black lines represent section dividers and the space between them and the end of the tank represents the porthole. Small dotted blue lines and arrows represent the flow path. The two circles are the inlet and the outlet pipes. Bottom baffles are represented by dark blue lines and top baffles by light blue lines. S1 is the first section of the flocculator and water flows from S1 to S2 through the porthole. There are 79 baffles in the tank. 
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Figure 3. Picture of baffles inside each section of the flocculator. The width of each section is w, and b is the spacing between two baffles, so the space between two top baffles is 2b. 

[image: image13]
Figure 4. Side view of the flocculator. The dark blue lines and arrow show the flow. The dark rectangle at the end represents a port hole. The stripped red and black rectangles are baffles. The length of the submerged baffle is Ls.
Rapid Mix Design

The rapid mix unit was designed using a 3 in diameter tube. It is attached to the side of the tank and creates turbulent flow through the addition of corners in the flow path. 
Design Values

· Rapid Mix Length: 2 m

· Number of elbows: 4

· Minor Loss Coefficient(90º elbow): 0.3
· Total minimum mixing value (Gθ):  1,000

· Reynolds Number (Re): 31,750

· Flow designation: Turbulent
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Figure 5. Drawing of rapid mix unit depicting entrance locations of alum and influent water. 
Tube Settler Design

The final design consists of the tube settlers nestled between the baffles, and then connected to a peristaltic pump. The peristaltic pump pulls water from the tube settlers 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 enters the flocculator. The setup is shown below in Figure 6 and Figure 7.

Design Values

· Optimum angle: 60º 

· Critical Settling Velocity: 10 m/day

· Flow Rate: 44 ml/min


[image: image15]
Figure 6. Tube settlers. 
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Figure 7. Mounted turbidimeters and pump. 
Alum Dosing

One of the parameters that we are investigating using the Vertical Floc Pilot Plant is alum dosing. One option for setting coagulant dosing is the jar test. The jar test is used to mimic the rapid mix, flocculation and settling processes in the water treatment plant. It allows an operator to try varying alum doses on the incoming water and visually see which dose produces the best floc and lowest settled water turbidity.

[image: image17.jpg]



Figure 8. Picture of Jar Test being performed at CUWTP.

The jar test is based off of the velocity gradient concept. Each process is run at the same velocity gradient for the same length of time. Two MathCAD files were created to calculate the velocity gradient and residence times for the rapid mix unit and for the flocculator. Equations 9

 are the equations used to calculate the values for the flocculator.  
1

 - 13

 are for the rapid mix and equations 10

 - 
Rapid Mix
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Values

· Flow (Q): 114 L/min

· Diameter(D): 3 in
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Values

· Length(L): 2m

· Residence time of rapid mix (θRapidMix)
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Values

· Minor Losses Coefficient(Kminor): 0.3

· Number of Corners(C): 4

· Sum of minor losses(∑Kminor): 1.2

· Friction factor (f, calculated from equation 4

): 0.023

· Kinematic Viscosity(ν): 10-6 m2/s

Procedure

Process Controller
After the successful completion and transportation of the flocculator to the water treatment plant a method of data collection using Process Controller was designed (see Appendix 1: Process Controller). Process Controller is a software package that is used to control the raw water pump, the alum pump and data collection. For the raw water pump Process Controller only controls the on/off status of the pump. When the flocculator is running the raw water pump is turned on and the flow rate is controlled by a valve that can only be changed in increments. The flow rate was calculated by partially draining the flocculator to below the outlet pipe height. The valve was then opened to a noted location and the time it took for the water to rise 5 cm was recorded. Equations 15

 shown below were used to calculate the flow rate. When this technique was used the head loss over the flocculator was small and did not affect the measurement. If the head loss increases then a new way to measure the head loss will need to be created.  14

 and 
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Values

· Length (L): 182.9 cm

· Width (W): 91.5 cm

· Change in height (ΔH): 5 cm
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Values

· Time (T): 44 sec
There are three main states that Process Controller is used to control: Hold, Change Location, and Increment Alum. In state Hold, Process Controller has the raw water pump turned on and the alum dose is set using a log equation of the turbidity (described below). This state is a default state. The process controller is put into this state whenever the data that will be collected is not relevant. For example when the turbidimeters are being cleaned, or adjustments are being made to the flocculator. This state allows the goal of the flocculator running continuously to be achieved and lets the user know that the data is not significant. Change Location is the same as the Hold state except that this state is used when an experiment (described below) is to be run. Change Location stays in this state for two residence times of the tube settlers to ensure that the water being tested is from the specific location in the flocculator. The residence time of the tube settlers was found using equations 17

. 
16

 and 
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Variables

· Volume of the Tube Settler (VolTubeSetlers)

· Tube Diameter(D): 2.5 cm

· Tube Length(L): 60 cm

· Flow (Q): 44 ml/min

The final state is Increment Alum. It is described in detail under the Alum Dosing section. 
These three states allow the flocculator to run continuously and data to be collected about how alum dose and changes in Gθ affect flocculation and settled water turbidity With the configuration of the baffles spaced evenly throughout the flocculator G remains constant through the 3 sections. However, by sampling at different locations the volume of the flocculator that the water travels through changes which changes θ and thus Gθ. The tube settlers were placed one at the end of each section. Figure 9 below shows the configuration that was originally tested and used to collect data. This configuration was chosen to get a general understanding of how each section contributed to floc formation and final settled water turbidity. 
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Figure 9. A drawing of the top view of the flocculator and initial locations for tube settler sampling. 
Each day that the flocculator was run it was decided that 4 separate experiments or configurations of tube settlers would be tested. 

Alum Dosing

Currently being used for alum dosing is an equation derived from data that was collected and analyzed by students working on the AguaClara project through CEE 453 during spring 2005 (Wilson and Rog , 2005). It utilizes a log relationship and is shown in Figure 10, with the equation below it: The equation is only relevant for turbidities under 100 NTU, at higher turbidities another relationship will need to be derived.  


[image: image27]
Figure 10. Graph of Alum dose versus initial turbidity for Kaolin clay. 
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Values
· Y – alum dose (mg/L)

· A – fit parameter (15 mg/L)

· B – fit parameter (15 mg/L)

· NTU – raw water turbidity (NTU)

In order to investigate alum dosing further, Process Controller was used to cycle the alum dose from 0 mg/L to 30 mg/L in increments of 5 mg/L. Each increment was run for two residence times of the flocculator. The residence time of the flocculator was calculated using equations 7

 with a flow rate of 114 L/min.  6

 and 
 The first residence time was to establish a stable environment and ensure that the water being sampled was using the alum dose being recorded. The second was time during which the data that was analyzed was collected. During these tests tube settlers were left in specified locations. Unless there was a rainstorm or some other large disturbance the raw water turbidity remains relatively constant. It is hoped that this setup will allow the impact of different alum doses to be seen at a specific Gθ and turbidity.

Head Loss

The values for G (45 s-1) and Gθ (20,000) were calculated at a plant flow rate of 120 L/min. With these design parameters in mind it was calculated using equation 5

 that there should be a head loss of 11 cm from the inlet to the outlet. 

In order to get a more accurate reading of head loss two holes were drilled into the lower part of the tank and a tube connected to the holes. The tube acts as a manometer and the water in the tube reaches the same height as the water in the flocculator at the position of the hole. 

.
[image: image29]
Figure 11. Depiction of head loss apparatus. The blue lines represent the tube that was connected to the hole and the dark blue represents the height of the water in the tube, which is the same as the height of the water in the flocculator. . 

The tube can be moved to different locations around the outside of the flocculator and still maintains the height of the water at the position of the hole in the flocculator. The water level in the tube can be compared to the water level at almost any position in the flocculator. Since the change in water level is so small this allows a more accurate measurement than simply measuring the height of water at each location and helps to minimize error. 

Using the manometer method, with a hole at the inlet and a hole at the outlet, the measured head loss can be used to find G, Gθ and K can be back calculated. Equations 5

 rearranged.  
19

 is simply equation 20

 were used to back calculate K. Equation 19

 and 
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Values
· Width of section (w, cm)
· Baffle spacing (b, cm)

· Head loss (hl, cm)

· Number of baffles(n)

· Baffle length (L​s, cm)

· Velocity (V, m/min)

· Friction factor (f)
Results

Residence Times
A flow rate of 114 L/min was the closest flow rate to the target flow rate of 120 L/min that could be achieved. The residence time of the tube settlers was found to be 7.6 min, and the residence time of the flocculator was 18 min. In order to ensure that our measurement of the residence time of the flocculator was correct a test was run. This test consisted of turning off the alum and waiting till there was little or no floc formation. Then the alum was turned on and when there was observable floc it was timed to see how long it took to reach the end of the flocculator. When this measurement was done it was discovered that the residence time of the flocculator was about 35 min. This value was the value that was used in Process Controller. This and other evidence discussed in Data collection and troubleshooting below helped us to conclude that that was short circuiting of water in the flocculator. This evidence was used to make further adjustments to the tank, also discussed in detail in Data collection and troubleshooting. 

Adjustments

At the beginning of the summer there were some minor adjustments made to the flocculator. The first is that the baffles at the end of the first section appeared to be rising up and away from the bottom of the flocculator causing baffle skipping. There was also some concern that water might be flowing under the dividers from the first section to the third section. To fix both these problems sand was added to the bottom of the flocculator at a thickness of about 5 cm.

The module in the last section of the flocculator also seemed to be drifting towards the end of the section. This was due to the force acting on the baffles causing them to drift with the flow. The force is due to the water level on either side of the baffle being slightly different due to head loss. This causes the pressure on one side of the baffle to be slightly higher at each point on the baffle than on the other side creating a force over the entire area of the baffle. The pressure on each baffle is translated through the PVC connector pipes from one baffle to another, until the last baffle and the final connector pipes are carrying the entire force. A MathCAD file labeled “Force on baffles” was created to assist with this calculation. Equations 24

 were used to find the total force on each section and then the force each connector pipe would have to support. 
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 - 5

 were used to find the head loss over just one section. It was found that there should be a head loss of 3.8 cm over each section. With this information, equations 1

 - 
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Values
· Pressure (P): 372 Pa

· Density of water (ρ): 998 kg/m3
· Head loss (hl): 3.8 cm
· Baffle length (L​s): 72 cm

· Width of section (w): 30.5cm

· Baffle area (Abaffle): 2,168 cm2
· Force (F): 80.7 N

· Force on each PVC pipe (Fpipe): 20.2 N

·  Number of Pipes(Npipes): 4

With a head loss of 3.8 cm (which is the calculated head loss for each section of the flocculator) the force on the end connector pipes would be close to 81 N or around 20 N per connector pipe. This is a considerable forward force on the baffles and is the reason that the end connector pipes from the tank to the last baffle are instrumental in holding the baffles at the correct spacing from the end of the wall. 

In the third section of the flocculator, the end connector pipes were cut to 6.7 cm which was causing the last baffle to push up against the exit pipe and deform the baffle as well as the flow area. The connector pipes that were cut at the end were not long enough to push against the walls of the flocculator. Measurements were taken and new connector pipes were cut and added on. The connector pipes are an important part of the design of the baffles because they transmit the force. If the pilot plant flocculator was not in three sections but in one long module like the design in Honduras the calculated force would be 242 N with each connector pipe supporting more than 60 N.

Another modification was a change in the exit pipe height. The calculations that were done in spring calculated the water height at the exit being 76.2 cm high. When first installed the pipe was cut to this height. However, there was an exit hole cut into the side of the flocculator and then an elbow installed where a pipe could be attached. This means that even with the pipe installed in the elbow it was already about 12.7 cm above the bottom of the flocculator. Therefore the pipe was re-cut to 63.5 cm to ensure a water level of 76.2 cm. However, even after the pipe was cut and installed the water level is about 81.3 cm. Future studies should again try to re-cut the pipe and maintain the water level at 76.2 cm.  

Data Collection and Troubleshooting

Figure 12 displays the graphed data that was obtained in the original configuration shown in Figure 9. Throughout the experiment the raw water turbidity remains around 15 NTU (dark blue). The alum dose is consistently around 25 mg/L because of the use of the log function of the turbidity which is relatively constant. The tube settlers after Baffle 40 (pink) and Baffle 52 (yellow) under these conditions consistently read settled water at about 2 NTU. This is markedly different from the tube settler after Baffle 66 (light blue) which is reading settled water turbidity at around 5 NTU or above. More tests were run and it was subsequently verified that water sampled from the third section was constantly at a higher turbidity. 
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Figure 12. Graph of analyzed data. It can be seen that the tube settler after Baffle 66 in section 3 was producing water at a higher turbidity than tube settlers further upstream. Data was collected on a 5 second interval.

It was hypothesized that flocs were being broken up somewhere between the end of the second section and the beginning of the third section of the flocculator, more specifically somewhere between S2A2 and S3G2 (see Figure 9). Observation of the flow through the flocculator verified that there was good floc at the end of the first and second sections of the flocculator. However, when looking at the beginning of the third section the floc was smaller.

At the same time that the problem at the end of the flocculator occurred a problem with the tube settlers was discovered. After a certain period of time the tube settlers would become clogged as shown in Figure 13 below. 
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Figure 13. Clogged Tube settler

The flocs would get pulled up into the tube settler but instead of settling out and falling out the bottom they would start to stick to the sides of the tube settler.  Eventually they would start to stick together as well and create a large mass of flocs. Part of these masses would be pulled up into the tubing and into the turbidimeters where they would clog the turbidimeter and skew the readings. When looking in the flocculator it appeared that we were creating very large flocs, and so the fact that they weren’t settling out was confusing. As it turns out we were overdosing the flocculator with alum, and creating the chemical flocs of close to neutral buoyancy. After we lowered the alum dose the tube settlers no longer became clogged. The value of A was lowered to 7 mg/L and flocs were still being formed in the flocculator but the large masses of flocs were no longer seen in the tube settlers. Lowering the alum dose fixed the clogging problem and didn’t appear to be detrimental to producing lower turbidity water. The water being pulled from the tube settlers was approximately 2 NTU, which is also shown in Figure 12 as the change was made on June 20th. Since this didn’t meet our goal of under 1 NTU the value of A was upped to 10 and kept at this value for subsequent data collection. 

After the tube settler problem was corrected, data collection resumed. There still appeared to be floc breakup from the end of the second section to the beginning of the third. With closer inspection of the flocculator it was discovered that the third section had more eddy currents around the pipes and appeared to be at a higher velocity than the other two sections. It was eventually discovered that water from the first section was short circuiting the first and second sections of the flocculator by flowing from the end of the first section into the end of the third section. The flocculator was drained and the edges of the dividers that met the wall were caulked. Data collection again resumed and there didn’t appear to be any flow from the end of the first section to the outlet. 

After the flocculator was started again, the problem with flocs being broken up in the third section was given more attention. It appeared that the third section was flowing at a greater velocity than the first two sections of the flocculator. The first two sections had large flocs that were moving at a slower velocity while the third section appeared to have smaller flocs that were moving much faster. There also appeared to be more eddy currents around the PVC pipe connectors than in the other two sections. 

At this time the head loss for the tank was around 2 cm, which was far short of the 11 cm of calculated head loss. G (calculated using equation 8

 and based on the measured head loss) was found to be 16.5 s-1 with a Gθ of 1200. Then the head loss equation with the measured head loss was used to calculate minor loss coefficient. This was done because K is an empirical constant found through experimentation. The value of K that corresponds to the measured head loss with our given parameters was 0.558. This value is drastically different from the published and widely accepted value of 3. 

With the vast difference in calculated versus measured head loss and the visual appearance of the change in velocity from the second section to the third section it was thought that the water might be somehow short circuiting the first and second sections of the tank to the third section. This would explain the greater velocity of the third section because it would be receiving more water than the other two sections. It would also explain why the head loss was so low. If the water was short circuiting the first and second sections of the tank then it would not be going through the flow path that was calculated and thus not experiencing as much friction, yielding a lower head loss reading. 
The tank was again drained and water was poured between the edge of the dividers and the tank. When this was done it was discovered that there were leaks through the caulk that was applied. The space between the divider and the flocculator in some locations was substantial and the water had forced its way through. In some locations the gap between the edge of the divider and the flocculator were as big as a centimeter. It was clear that simply caulking the edges would not be a suitable solution. Kwik Foam was chosen to fill the gaps as it will conform to the space it is placed in and is a water sealant. Figure 14 and Figure 15 show the gaps filled with Kwik Foam. 
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Figure 14. Gap between divider at end of section 1 and beginning of section 2 filled with Kwik Foam. 

Both sides were filled with Kwik Foam from top to bottom. This was done by inserting a tube connected to the spray bottle inserting it in the space and slowly pulling it up while filling. The Kwik Foam worked very well in the gap between the beginning of the first and third sections. However, when the same method was applied to the gap at the end of the sections there was a bend in the plastic that caused the bottom of the divider to expand out and farther away from the edge of the tank. This created a bow shape if viewed from the side. This bow shape caused the port hole between sections 1 and 2 to close up significantly. 
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Figure 15. Picture of port hole between sections 1 & 2 after Kwik Foam and caulk have been applied.

It was decided to leave the Foam and re-caulk the edges of the dividers to provide an extra seal. This now allowed the caulk a spot to bind where before there had been large gaps. The picture above shows the new caulk as well as the bowing of the end of the divider. In order to fix this problem port hole was made wider. Calculations using the equations below were done and a new width was chosen based on the area the port hole should be and the current length. This new width was measured out taking bowing into consideration and the port hole re-cut. The new width was found to be 5.8 cm
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 Values

· Baffle spacing (b): 6.7 cm

· Width of section (w): 30.5 cm

With a wider port hole the bowing problem was fixed but now the width of the hole was larger than the spacing between the end of the flocculator and the last bottom baffle in the flocculator. This means that the last baffle at the end of the first section and the first baffle at the beginning of the third section would be short circuited. One option was to attach longer connector pipes to the end of the last baffle to increase the space between the flocculator and the last baffle. However, the method that was chosen was just to take a top and bottom baffle out. This option was chosen because with the rapid mix inlet pipe hanging over the edge of the flocculator installing and removing the first module of baffles was complicated. When trying to lower the module in it would need to be lowered at an angle which would stress the structure and break the connection in the middle of the modules. Removing two baffles resolved both issues. The connector pipes after the last baffle were elongated and the module was now smaller and easier to fit into place. 

Removing two baffles in the first section resolved two problems, but the same problem was occurring in the second section. This time instead of removing baffles, which would decrease the overall Gθ of the flocculator, the structure of the first two baffles was altered. The bottom baffle was angled, so that on one side of the baffle the spacing between it and the next baffle was smaller. In order to preserve the area of the space and not increase G the opposite was elongated. Now the flow area instead of being a rectangle was a trapezoid. From looking at the area it appeared that by shrinking the connector between the first bottom and top baffle in the second section that the skipping would no longer occur. This along with the formula for the area of a trapezoid rearranged was used to calculate the length of the other connectors to ensure that the area and G remained the same. 
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Values

· Change in length(Δ): 2.54 cm

· Connector length near port hole(b1): 3.91 cm

· Connector length across from port hole(b2)
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Figure 16. Picture of new baffle spacing to prevent skipping next to port hole. 

More Adjustments

After the major adjustments to the flocculator were made experiments were focused on the end of the second section and beginning of the third. This was done to ensure that the sealing of the dividers to the side of the tank had fixed the short circuiting problem. There appeared to be more flow through the first and second section sections and there was no discernable difference in velocity between the three sections. Tests were run to see if the floc breakup was less. Visually this appeared to be the case, and tests were run to see if the settled turbidity at this point was lower. Figure 17 shows the first experiment that was run to test. This configuration was chosen, to see if the third section around the bend was still causing flocs to breakup. 
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Figure 17. Setup of experiment run on July 7th after the flocculator was caulked and resealed.

Figure 18 shows that the turn from the end of the second section to the beginning of the third section is not breaking flocs up. This is demonstrated by the tube settler after baffle 52 having a lower turbidity reading than the tube settler after baffle 49. However, it looks like the third section is still breaking up flocs. To ensure that this is the case the flow rate was changed which changed G and thus Gθ. If the floc breakup is due to mixing or the velocity gradient then the location of floc breakup should change.
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Figure 18. Data collected from the setup shown in Figure 17. The red line indicates when the turbidity is below 1 NTU, which is our target for settled water turbidity. Data was collected every 5 seconds, but into each point 5 data points were averaged. So each data point is actually the average of that data point and the two before and after it.

The flow rate was lowered to 50 L/min and the three tube settlers were spaced out in the last section of the flocculator. They were positioned this way because if it was the tank then there should still be floc breakup in that section, however if it was due to Gθ then the water being sampled should be gradually decreasing in turbidity. The tube settler represented in blue is at the beginning of the third section, the tube settler in the middle of the third section is in green and the final tube settler at the end is in pink. Therefore if the third section is producing floc there should a drop in turbidimeter from the blue line to the green line and then to the pink. Figure 19 is a graph of the performance of the third section under a flow rate of 144 L/min and Figure 20 is  a graph of the performance under a flow rate of 50 L/min. 
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Figure 19. Flocculator Performance of the third section under a flow rate of 114 L/min. 
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Figure 20. Flocculator Performance of the third section under a flow rate of 50 L/min.
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Figure 21. Average turbidity of raw water and 3 sampling locations in Flocculator under two different flow rates. The y-axis is settled water turbidity in NTU. The average incoming turbidity at a flow rate of 114 L/min was 3.83 NTU and a flow rate of 50 L/min it was 2.56 NTU. 
It appears that with a flow rate of 50 L/min (talk about what G and Gθ that is) the third section of the tank is creating flocs and not breaking them up. As you can see in Figure 21 there is a drop in turbidity from the floc turbidity 4 to floc turbidity 2. This is not as clear with a flow rate of 114 L/min. This trend was seen on multiple other days when testing with the flow rate of 114 L/min was done. With this information it is assumed that floc breakup is occurring due to over mixing and not to problems with the design of the flocculator. It appears that the intensity of mixing in the third section was too great for the flocs that had been formed, suggesting that G is too large.  

Head Loss

After the short circuiting of the sections was discovered and the flocculator repaired, the head loss readings increased to 4 cm. This value of head loss yields a G of around 23 s-1 and a Gθ of close to 17,000. The head loss was not near the calculated value of 11 cm and on close inspection of the tank it could be seen that the divider bowing was causing compression of baffles in the third section and was allowing skipping in parts of the first and second sections. In an attempt to correct this problem two 2x4 pieces of wood were clamped to the edge of the dividers along their length. This helped a bit with the bowing. Also string was used to pull the divider near the third section closer to the second section. After this change was made the head loss increased to 7 cm which gives a G of 30 s-1 and a Gθ of 22,600. With this head loss if the coefficient of K is back calculated using equation 19

. 

When this calculation is done the value of K is 2, which is close to the published value of 3. Measurements of each section were taken. The first section had a head loss of 1.5 cm, the second a head loss of 3.5 cm and the third a head loss of 2 cm. The middle section shows that a head loss of 3.5 cm can be reached if the dividers are correctly spaced and the baffles made to fit correctly. When this value is used to back calculated K a value of 2.94, which is essentially 3, is found. This supports the accepted value of 3 being used in calculations for head loss, and suggests that skipping is occurring if the measured and calculated values of head loss are not close. Upon visual inspection the first section does appear to have space between the baffles and the divider still. If the dividers could be made to stay flush against the first section it would ensure skipping would be less of a problem and that the baffle design is not problematic with water skipping around the edges if they are cut to fit snug in the spacing. G for section 1, 2, and 3 was calculated and found to be 25 s-1, 38 s-1, and 29 s-1. 
Alum Dose

Alum dosing has been an important variable throughout flocculation history. It is considered an art form and is generally picked up through practice and experience. At the Cornell Water treatment plant the operators rely on past data and a streaming current director to establish their alum dosing. They also rely on some rules of thumb that are affected by the temperature and the turbidity of the water. It appears that the higher the temperature the less alum is needed. This data is displayed in Table 1. 

	Table 1. Rule of thumb data used by Cornell University’s Water Treatment Plant Operators.

	 
	Temperature > 10°C
	Temperature < 10°C

	NTU
	Alum dose  (mg/L)      
	Alum dose  (mg/L)

	1
	17
	10

	10
	27
	20

	50
	43
	34

	100
	60
	46

	200
	77
	60


In an attempt to automate and decrease the mystery behind alum dosing equation Figure 1218

 was used to test its impact on flocculation in the pilot plant flocculator. After the value of A was lowered and the tube settlers stopped clogging there appeared to be good floc formation and clean water being produced in the flocculator. While the third section appeared to break floc ups the alum dosing was sufficient so that by the end of the second section the turbidity was usually around 1 NTU and was almost always below 2 NTU (see  GOTOBUTTON ZEqnNum347952  \* MERGEFORMAT  and Figure 18). The raw water turbidity coming into the flocculator stayed between 2 and 6 NTU during most tests that were run. While the turbidity is low equation 18

 allows good floc formation and for clean water to be produced by AguaClara technology.  

Alum dosing was also investigated by watching floc formation in the flocculator at different alum doses. This was done in an attempt to note if it was possible to visually discern when the alum dose needed to be changed. Doses of 0, 5, 20, and 50 mg/L were noted.  
Upon observing 0 alum dose, it was very clear that there wasn't any improvement through the tank. In fact the whole way through the flocculator it looked as though there were tiny particles floating along with big particles and this never changed. 

When observing 5 mg/L the difference was hard to discern. It appeared that there was improvement through the tank. The last two sections didn’t appear to have as many small particles in between some of the larger particles were but the flocs that were seen appeared to be smaller than those observed when using equation 18

. 

When I raised the alum dose to 20 at first there appeared to be a rush of floc at the beginning that moved up the first section of the tank. It is not clear if this was due to the introduction of the higher alum dose or not. After the initial rush of flocs the water entering the tank didn’t seem as dirty as the raw water entering the tank without any alum. The floc formation appears earlier in the tank, after about a third of the first section. They are still small at this point but the improvement over the end of the first section and the middle of the second section is rapid. Most of the particles are in floc and there are not as many particles in between flocs.

When I finally increased the dose to 50 mg/L the water in the first section appeared to have the same small particles in between larger particles as the raw water when there was no alum added.. Through the tank it appeared that there lots of medium to small sized flocs, almost as though there were more medium sized flocs and not any large flocs. It does not look like the flocs are large. They are small and never get bigger throughout the tank. There are a few rare flocs that could be considered large. This is contrary to what I had expected to see, I thought I would see the same type of floc as when the tube settlers were clogging. It appeared almost as though by overdoing it negated the effect of the alum, by creating the reverse charge on the particles which again had a repelling affect.  
Operational Guidelines 

Daily Maintenance
1) Check turbidimeters

The turbidimeters tend to become clogged and give high inaccurate readings usually after running for over 6 hours. Due to the low flow rate through the turbidimeters flocs tend to collect in the turbidimeter vials and settle out. This means that they need to be checked before a test is run and sometimes data collected after this length of time should be assessed carefully. 

2) Clean turbidimeters

Place the tank into Hold so that the data collected won’t be analyzed. Turbidimeter vials should be emptied and washed out with tap water. There is a bottle near the tube settler pump for this purpose. If the vial is particularly dirty fill it half way with water and then add a few drops of the acid also near the pump. Swish for about 10 seconds and empty (note: if acid is used the water needs to be dumped down the lab sink). If there is still buildup or the glass is dirty wrap two Kim wipes around a brush until it is covered and use that to scrub the inside of the vial. 

*Remember to tightly seal the vials and to wipe with a Kim wipe before replacing.* 

3) Check tubing to turbidimeters 

Make sure tubing (especially raw water turbidity tubing) isn’t full of gunk, or blocked. The raw water tubing should be replaced about every two weeks. To replace simply turn the red valve at the entrance to the rapid mix and remove tubing. Be careful when removing the tubing from the rapid mix side, there is an extra seal that needs to be replaced.   

4) Make a folder in AguaClara data with the date 

Example – 6.18.07. This way all information for tests run that day can be saved in a separate file, making data analysis quicker and easier. 

5) Save datalog and statelog in correct folder

Go to the configuration tab, At the bottom under and to the left of Data directory path there is a button with the picture of a folder. Click on the button and choose the folder for the directory (this will save the statelog and the datalog to the chosen folder, if a statelog and datalog already exists for that day it will start a new one in this folder)

6) Save a copy of the setup

Look in the folder of the last date that data was collected. The most up to date version of the setup should be in there. In this excel sheet is where variables are listed; if you change any of them note it here. This is also where the location of the tube settlers should be moved/changed. Make sure before you change anything you save it in the correct folder and call it SetUp “date”

7) Save a copy of process controller method

Save in the folder with the date and call it PC setup. This will allow future users to see what the logic and variables were set to the day of the experiment. If for some reason a variable is changed and not noted this will allow the user to check to see what was used. Also, if for some reason Process Controller isn’t working properly and states or set points disappear then this file can be used to re-install them and is the most up to date.

8) Run the tests that need to be run.  
Weekly Maintenance

When working with the flocculator there are several things that do not need to be checked daily but still need constant attention. The turbidimeter vials need constant attention but there is another part of the turbidimeters that also needs to be checked. This is the desiccant, which is located under the vials inside the turbidimeter. When looking down on the turbidimeter from the top there are four silver screws, one on each corner. When these are removed the entire top of the turbidimeter including vial and display can be lifted. It is inside this compartment that the desiccants are located. They need to be checked weekly to ensure that they are active. The desiccants are important because they keep the compartment with the turbidimeter vials dry. A humid chamber can cause condensation on vials that will give false readings. 

When checking a desiccant, there is a rectangular piece of paper, which has a circle and rectangle upon it, which needs to be checked. If the color of the circle is lighter than the rectangle the desiccant is no longer active. When this occurs bring the desiccant back to Hollister room 150 and leave it in the heating oven overnight at 100ºF. This will regenerate the desiccant and it will become active again. 

General Maintenance/Procedure

There are a few things that will come up while working with the flocculator that one should be aware of. The first is when working with the inlet and outlet of the flocculator. If for some reason the raw water pump is turned off and then turned on sometimes the water left in the tubing will get pushed up into the T that connects the raw water pipe to the rapid mix. This will cause the cap that is laid on top to blow off and water will spill over. This can be fixed by simply stopping the pump and having someone hold the cap when the pump is turned on again.

At the exit to the flocculator when removing the PVC pipe that controls the water level one again needs to be careful. This pipe needs to be removed whenever it is desired to lower the water level below the height that the PVC pipe controls it at, such as for checking or changing the flow rate. When the pipe is removed water rushes into the elbow that the pipe used to be connected too. This flow is too great and thus pushes water up into the PVC pipe that was just removed. To avoid this a 3 in diameter cap has been provided to seal the pipe before pulling it out of the elbow. Otherwise after pulling the pipe out simply by quickly placing a hand over the pipe the operator will merely get sprayed instead of getting soaked.

After running for a few days the top of the tank will become covered in what looks like a Foam. This is organic material or scum and does not pose a problem to the running of the flocculator. However, it obstructs the view of the flocculator and makes it difficult to see what is going on. This can be fixed by skimming the top of the tank. There is a small orange bucket that can be used to hold the organic Foam. It can be simply scooped out by hand, and there are gloves that can be used. This will help clear the top of the flocculator and make it easier to see what is going on. 

The head loss at any point in the tank can be checked simply by moving either the outlet or the inlet head loss tube to the location that needs to be checked and compare the difference. This is a more accurate way to measure head loss through the tank and minimizes the error that is introduced by manually measuring the depth of the tank. 

Conclusions

After the initial design and construction of the flocculator was complete, attention focused on getting the flocculator running. The beginning of the summer was spent ensuring that all the individual parts of the flocculator and tube settler setup were working and that all Process Controller methods were setup. Once this was finished data collection started and it was at this time that flaws in the design became apparent. Attention then shifted to fixing those flaws. The design of the dividers was the most problematic portion of the tank. The dividers were made as a separate piece and then lowered into the tank. This created several spaces and large gaps between the tank and the divider where water could skip sections and head directly towards the outlet. Several steps were made to fill the gaps and stop the leaking caused by the gaps. This caused more problems as the dividers were not straight and easily deformed, which caused bowing and other deformations when the Kwik Foam was used. The divider design thus caused skipping around the end of sections as well as around baffles. The leaks in the tank were discovered through observation, and head loss measurements. The first leak was discovered by observation of the tank and the subsequent leaks discovered and fixed through use of the head loss tubes and sampling in the tank.

Alum Dose 

For the majority of testing, alum dose was set by equation 18

, observing the floc tank and conversations with the operators at the water treatment plant it has become apparent that there is still a lot of research that needs to be done regarding alum dose. Observing the floc tank was helpful in being able to identify different kinds of floc and what different alum doses looked like in the water entering the water treatment plant. The water treatment plant has now switched to a different coagulant but if they had to go back to alum they said they would use past experience and alum doses as well as jar tests to set their doses. This suggests that for each water treatment plant an equation, formula or at least a rule of thumb could be developed off of past water treatment for future dosing. If this formula would be translatable to other water treatment plants and different water types is uncertain. The run increment alum dose test should help to shed light on alum dosing as it allows the alum dose to be changed while at a relatively constant raw water turbidity. Hopefully the data from this test will show either an optimum dose or a small range of optimal doses for specific settled water turbidity.     18

. After the change of A from 15 to 10 was made this approach was effective for the low turbidities that the flocculator experienced this summer. Hopefully in the future the raw water turbidity will change enabling testing of higher turbidities. Through use of equation 
Design Suggestions (for future plants)

If a serpentine flow is again used, future designs should include a way to make the dividers a more central part of the design, and a material that does not deform easily but holds its structure and can be sealed to the tank should be chosen. If this is not a possibility then re-enforcement to the dividers should be added to ensure that deformation does not cause problems with baffle skipping. This way the width of the sections can be easily controlled as well as locations where leaks could be problematic could be observed during installation. The problem with making the divider and the tank not one central piece is that it is difficult to make the two pieces fit together and make them water tight.

Another suggestion that would make maintenance of the tank easier would be to include an outlet that could be opened and closed nearer to the bottom of the tank than the outlet pipe currently is. The current design leaves water at a height of a few inches above the bottom that needs to be pumped out before the tank is fully drained. Even then with the design of the dividers the bottom of the tank can never be fully drained because the bottom piece of the divider covers most of the bottom of the tank. This is problematic if repairs to the caulk or Kwik Foam need to be made, as they seal best on dry surfaces. 

When dealing inside the tank the current configuration of the modules is sturdy and provides a structure that allows the baffles to move as a whole maintaining baffle spacing. This is an advantage as it ensures that they are evenly spaced and that the value of G is constant throughout each module. One of the problems encountered this summer was that in the pilot plant configuration the inlet and outlet are both pipes that were added that decreased the space in the first and last section of the flocculator. If this design is to be replicated the space that the inlet and outlet occupy should be taken into account when designing the number of baffles. This is due to the fact that the connector pipes that are used to keep the baffles from drifting to the end could become caught on the exit pipe and cause the baffles to be pushed against the inlet. When lowering the modules into the tank they need to be lowered very carefully and each portion of the section needs to be lowered at the same time, necessitating at least two people, usually three. If the modules were bent the connector pipes would pop out of the caps and it would be hard to replace them. The connectors are important because of the forces that they carry. 

Experiment Suggestions

It is assumed that all leaks due to dividers have been fixed either with sand, or with Kwik Foam and caulk. This idea is supported by the increase in head loss and the visual appearance of the velocity in all three sections being equal. The major concern that should be further evaluated is skipping around the edge of the baffles due to divider bowing. After skipping is either confirmed to be minimal or fixed future experiments should include focusing on the third section. Data collected and analyzed up to this point suggests that the third section is breaking floc up. In building this pilot plant it was hoped to test tapered flocculation where changing the value of G over the three sections is explored. It is suggested that future experiments change the spacing of the third section from a G of 29 s-1 to a G of 15 s-1. In order to ensure that the design for G does not actually yield a lower value of G than wanted it is suggested that the head loss for the third section is measured and the K value back calculated. This new K value should take into account any skipping that is occurring around the side of the baffles. It is assumed that the skipping in this section is coming from between the baffles and the divider. Thus when G is decreased only the baffle spacing and thus number of baffles will be changed. This new K value assumes that the skipping is occurring uniformly over each baffle and thus should account for the skipping around the baffles that will be left. It should yield a more accurate calculation of head loss and G as it takes into account the space between the dividers and the baffles, which should stay constant as the same baffles will be used, just less of them. When this is done the focus should be on collecting data on the effect of settled water turbidity and floc formation. It is hypothesized that a lower G will not break up larger flocs but still provide gentle mixing allowing smaller particles to be integrated into floc.

Clean Water

The Vertical Hydraulic Pilot Plant Flocculator was built to test flocculation effectiveness with a dynamic system. Despite initial problems with the tank the flocculator has been shown to produce water that is cleaner than the raw water entering the tank. This is promising as it shows that flocculation using a baffle configuration can produce clean water even at low raw water turbidities, which is often harder than producing clean water at higher turbidities. Data also suggests that there could be an optimum amount of mixing, or Gθ after which more mixing doesn’t contribute to lower settled water turbidity.  Though further experimentation still needs to be done the vertical flow hydraulic flocculator is up and running and data collection about how G, Gθ and alum dose affect flocculation is the next step. 

Appendix 1: Process Controller 

(Co-Authors: Amelia Symonds and Jefferson King)
Terminology/Background

Many of the lab experiments run by the AguaClara team use Process Controller, a LabVIEW based program, to run methodically run experiments and collect data. Users can configure sensors to control the system and collect data simultaneously.  Before any experiments are run, Process Controller must be programmed correctly to control the processes of the experiment. There are four types of things that need to be defined in Process Controller in order for the program to control any process. These are Set Points, States, Rules and Sensors.
Basics

States  

States represent different control configurations. Each has different control settings and each have different rules that determine when the state ends and what state comes next.  Each state has independent control settings which means that each is defined uniquely by which pumps are on or off and which valves are opened or closed.  It is these states that tell Process Control what to make the system do.  Not all are necessarily used in a process; states can be designed for testing pumps, to clean the system and so on.  States are listed in a drop-down list and can be added or removed but they are place sensitive, each is assigned an identification number in the list of states so deleting a state will alter the number ID of the states proceeding it.  When using a state you must pull it using this number.  Also important to remember is that the first position is “0”, not “1.”

Rules 

Rules set exit conditions for states.  It tells a state when to turn on, off, or switch to a different state.  Rules can have multiple conditions and can be based of sensor values, time elapsed in a state, etc.  They are executed sequentially and the state will change upon reaching the first true rule (“if” statement-causes state to exit).  Rules are defined using a greater-than or equal to sign so one must be careful to ensure that set points are defined properly.

Sensors 

Process Control is setup so individual sensors and meters (such as a turbidimeter) can directly transmit their information to Process Controller. Information obtained from these is stored and can also be used to control how the program behaves.  They must be properly calibrated with the Process Controller software in order to obtain meaningful units.  There are conversion files for doing this.

Set Points

Values that process controller uses in defining States and Rules.  They can be either constant or variable and can define the flow rate through a pump for example.  Like states, set points are assigned a numerical identification number based upon their position in the list.  Set points can be called by name, unlike states, but they are still identified internally by this number.  When one is deleted the internal sequences becomes a mess so generally we do not delete set points once they are created, even if they are not being used.  Set points can use pre existing methods (in the methods folder) that will need to be imported.  The set points (if) required by the method will be listed under Required Set Points and these required set points will need to be selected.  If the set points used do not match those required the light next to “data match” will be red, indicating an error.

Experimentation

Before running process controller for the day, you first must create a new folder to save data collected on this day.  To do this, go to Datalog directory path and click the folder icon to the right.  Create a new folder titled with the days’ date in the format of MM.DD.YY and save by selecting Current Folder. Process Controller will save two excel files of the experiment in this folder: a datalog file and statelog file. The first column in both files is a time stamp that records time as a fraction of the day. The statelog file tracks when a state changes and what caused it to change; whether it was a rule or it was changed by an operator.

Upon opening Process Controller, click edit rules to see all the available states and rules.
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Click on either the Set Points or Rules and States tab to view a list of each.

Under the Rules and States tab is a list of the states that control the pump. These states have different rules that determine when the state ends and which state is next.
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After all modifications are made in process controller for the day that day’s setup should be saved.  To save, click the disk icon (shown by the red arrow) and save in the setup in format of Setup Month DD in the folder created for the day.
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HMI VI path is an application that displays a visual representation of the system and system sensors after the system has been programmed in.  We generally do not use it so HMI Failure is not a problem.
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States

To toggle between states, click on the Plant Operation tab after opening process controller. On the upper left corner, the states can be changed by clicking the up or the down arrow. 

OFF

Every pump is turned off. Nothing is running during this state.

Rule – The rule for this state is never true and thus will never exit unless manually changed. 

Turn Pump On

This state turns only the water pump on. 

Rule – This rule is circular, and so is always true but points back to itself. So when the rule occurs it simply goes back into this state again. It must be manually changed. 

Both Alum and Pump On 

This state turns on both the alum pump and the water pump. For alum dosing, the A + Blog(NTU) formula for dosage is used. 

Rule – This rule is also circular like turn pump on and so must be changed manually. 

Change Location Stay

Both pumps are on in this state. For the alum dosing, the A + Blog(NTU) formula for dosage is used.

Rule – Once elapsed time in current state is longer than the residence time of the tank (a set point) the rule tells it go into the hold state. 

Residence Time of Tank

Process Controller runs both pumps. The A + Blog(NTU) formula for dosage is used for the alum dosing.

Rule – Once elapsed time in current state is longer than the residence time of the tank it will switch into Both Alum and Pump On. 

Hold

This state is the idle state. Leave Process Controller in this state when modifications are being made to the tank. It functions the same way as Both Alum and Pump On except data recorded while in this state are ignored.

Rule – This rule is again circular and so must be changed manually. 

Change Location - Leave

Both pumps are on in this state. The A + Blog(NTU) formula for dosage is used for the alum dosing.

Rule - After the residence time of the tank has passed by, Process Controller switches to the Both Alum and Pump On state.

Increment Alum 

Both the alum and water pump are on in this state but a different dosing of alum is used that starts the alum dosage at a set level and increases it by a preset amount. 

Rule - Process controller runs on this state until the residence time of the tank has elapsed, then Process Controller switches to the Run Increment Alum state. 

Run Increment Alum

This state is the same as Increment Alum.  
Rule - Process Controller switches to the Increment Alum state after the residence time of the tank has elapsed, making the run increment alum and increment alum states circular. 

Set Points

OFF

(unit: none, Type: Constant, value: 0)

if “if” statement reads true, whatever is running (plant, alum pump, etc.) is turned off. 

ON

(unit: none, Type: Constant, value: 1)

if “if” statement reads true, whatever is running (plant, alum pump, etc.) is turned on a 

a (for alum dose)

(unit: mg/L, Type: Constant, value: varies). 

See: Alum dose

Constant for alum dosing equation 

b (for alum dose)

(unit: mg/L, Type: Constant, value: varies)
See: Alum dose

Constant for alum dosing equation. 

raw water 1 ID

(unit: none, Type: Constant, value: 1)

Method that identifies the raw water turbidimeter 
floc sample 2 ID - 4 ID 

(unit: none, Type: Constant, value: 2-4 depends on which turbidimeter it is connected to.)
Methods that identify turbidimeters 2-4. These are connected to the tube settlers. 
raw water turbidity 1 

(unit: NTU, Type: Variable, value: turbidity reading)

Uses set point “raw water 1 ID”
Method that connects the turbidimeter to process controller and allows data collection.  

floc turbidity 2-4 

(unit: NTU, Type: Variable, value: turbidity reading)

Uses set point “floc sample _ ID” .

Methods that connect the turbidimeters to process controller and allows data collection.  

plant flow rate 

(unit: mL/min, Type: Constant, value: determined flow rate of plant. MAKE SURE UNITS MATCH ACTUAL VALUE)

Place to keep track of incoming flow. This effects alum dose and is used throughout process control. 

alum stock concentration 

(unit: mg/L, Type: Constant, value: determined stock concentration. MAKE SURE UNITS MATCH)

Used for alum dosing.

Keeps track of concentration of alum stock solution. 

alum dose 

(unit: mg/L, Type: Variable, value: matches current dosing value)

Set points: a (for alum dose), b (for alum dose), raw water turbidity.
Method for alum dosing, based on equation: y = a + b*log(NTU
tubing size (for alum pump) 

(unit: none, Type: Constant, value: depends on type of tubing used.  Usually 16.)

Size of tubing being used with alum pump.  Important for proper alum dosing.  
alum pump control 

(unit: none, Type: Variable, value: equivalent to current alum dose)
Set points: plant flow rate, alum stock concentration, alum dose, tubing size (for alum pump)

Method that controls alum pump.  Essential for alum dosing 
residence time of tube settler 

(unit: s, Type: Constant, value: actually 7, but 14 minutes used.  Must be in seconds)

Residence time of tube settler. 
Residence time of tank 

(unit: s, Type: Constant, value: 18 mintus, or 1080 seconds.)

Residence time of tank. 
Alum dose increment 

(unit: none, Type: Variable, value: 0)

Uses set points: reset state, state to increment, slope, intercept, max x.  
Method that allows for a state to automatically vary the alum dosing according to specified parameters. Runs the equation y = mx + b. 

The method automatically starts at x = -1.

Reset state

(unit: none, Type: Constant, value: 6.  This is the position of the Hold State. The state was picked randomly.)

state that automatically sets to 0 when entered. 

State to increment  

(unit: none, Type: Constant, value: 8 – this is the position of the state “Increment Alum” in the State list.)

Identifies which state is being incremented. In our case it is the state “Increment Alum” 

Slope (m)

(unit: mg/L, Type: Constant, value: 5)

x is automatically incremented by 1 so since we want to go by increments of 5 we must change the slope to 5. For our case we are using 5 because we are incrementing from 0-30 and don’t need to test all 30 data points. 

Intercept 

(units: mg/L, Type: Constant, value: 0)

Defines what you want the y-intercept to be.  In our case we are using it to vary the alum dosing.  We want results for values between 0-30 meaning the first data point is at 0 so we have a y intercept of 0

Max x

(unit: mg/L, Type: Constant, value: 7)
Maximum value of incrementation.  In this case it is being used by “Increment Alum”. We are incrementing by five and want a maximum dose of 30, so our max value is 6.

Found residence time of tank

(unit: s, Type: Constant, value: 18 minutes)
Is the residence time for the tank when done visually by turning off alum, letting the tank run for a while, then turning the alum back on and watching how long it took for flocs to exit.  This was originally needed when the found residence time was 39 minutes due to skipping, now that skipping no longer occurs the found residence time of the tank is the same as the residence time of the tank.   

Increment alum time

(unit: s, Type: Constant, value: 18 minutes)
Is the time that increment alum spends in increment alum. When process controller enters this state x is automatically incremented up. Thus this time is used in the state increment alum to re-establish the dose and bring the tank to equilibrium before sampling occurs. 

Alum pump control increment

(unit: none, Type: Variable, value: 0)

Set Points: plant flow, alum stock concentration, alum dose increment, tubing size.

Method that controls alum pump, uses alum dose increment instead of alum dose. 

Tubing size (for alum pump) 

Same as other set point, but used by alum pump control.  Selected Set Points must be in same order as in Required Set Points so this was created to have proper sequencing.
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