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Background

The City of Napa, California serves a population of approximately 75,000 people through 22,707 active service connections. The City of Napa (City) owns and operates three surface water facilities, two of which currently provide complete conventional treatment.  The Department of Health Services with the City of Napa agreed to conduct a tracer study at the Hennessey Water Treatment Plant (Hennessey WTP) to determine the detention efficiency of the finished water clearwell.  This paper present the procedures utilized for and results obtained from the tracer test at Hennessey.  

The Hennessey WTP was placed in service in 1981.  It is a 20 million gallon per day (MGD) facility that utilizes conventional treatment, including alum coagulation, sedimentation, and dual media gravity filtration.  The facility injects sodium hypochlorite for primary disinfection.  Process flow schematics are shown in Figures 1.1 and 1.2.   

On July 8, 1999, a single slug (pulse-input) test was conducted on the Hennessey clearwell.  The clearwell is actually broken into two stages.  The first stage is a concrete intake structure (31,600 gallons) followed by a long concrete rectangular basin (257,000 gallons).  The second stage consists of two large bay tanks operated in parallel.  The test was conducted to determine the overall effective contact time, t10, for both tanks (first and second stage) operated in series and t10 for the first tank (first stage) alone.  The primary clearwell is an underground concrete tank split into two bay tanks having a total volume of approximately 4.8 million gallons.  As illustrated in Figure 1.2, water enters the intake structure; overflows into the contact chamber; moves through the contact chamber; exits into the bay tanks; and discharges into the transmission line.  

Before the tracer study was initiated, protocols were submitted to the City of Napa.  Some of these protocols contained the study’s parameters and procedures, including:

· Type of tracer test (pulse-input)

· Selection of tracer and quantity (liquid fluoride, 58.2 pounds added)

· Sample frequency, method of sampling, and data analysis

· Sample bottle type and labeling

· Preparation of data forms 

· Number of personnel required and pre-test personnel training

· Test duration

· Pre-test preparation (lower water levels in distribution tanks, backwash all filters, etc.)

· Plant operation (operate at least 91 percent of capacity of plant)

· Roles and responsibilities of participants
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Figure 1.1  City of Napa Hennessey Water Treatment Plant process flow schematic
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Figure 1.2  Fluoride injection and sampling points
The dimensions of the clearwell tanks are summarized in Table 1.1.

Table 1.1  Unit process criteria

· Intake Structure

· Type: Two rectangle chambers separated by overflow weir

· Dimensions (first chamber): 16 ft deep, 6 ft long, 24 ft wide

· Dimensions (second chamber): 16 ft deep, 5 ft long, 24 ft wide

· Volume:  31,598 gal (119,597 L), Total

· Average flow rate during test: 18.6 MGD (12,917 gpm)

· Theoretical detention time:  2.45 minutes

· Contact Chamber

· Type: long rectangular basin - serpentine

· Dimensions: 16.8 ft deep, 272 ft long, 7.5 ft wide (dual units)

· Volume:  256,372 gal (970,367 L)

· Average flow rate during test: 18.6 MGD (12,917 gpm)

· Theoretical detention time:  19.85 minutes

· Bay Contact Tanks

· Type: (two) rectangular, sloping bottom, no baffles, corner feed

· Dimensions: 24 ft deep, 136 ft long, 116 ft wide (each)

· Water depth during test: 19.2 ft average

· Volume (operating during test):  3,604,174 gal (13,641,800 L)

· Average flow rate exiting bay tanks: 16.8 MGD (11,667 gpm)

· Theoretical detention time:  309 minutes (5.15 hrs)

· Tanks in series (Intake & contact chamber plus bay tanks)

· Total Average Volume (during test):  3,892,144 gal (13,641,800 L)

· Average flow rate exiting bay tanks: 16.8 MGD (11,667 gpm)

· Theoretical detention time:  337 minutes (5.62 hrs)

Tracer Test Procedure

Tracer test procedures used for evaluating the finished water chlorine contact tanks at the Hennessey WTP generally followed the guidelines presented in Appendix C, Determination of Disinfection Contact Time, of the U.S. Environmental Agency (USEPA) Guidance Manual (USEPA 1989) and research presented by the American Water Works Association (AWWA), Tracer Studies in Water Treatment Facilities: A Protocol and Case Studies (1996).  Since only one test could be run, the plant was operated near maximum to generate a “worst case” t10 value.  The term t10 is defined as the time it takes for 10 percent of a material to pass through a reactor.

Tracer Selection

Fluoride, in the form of hydrofluosilicic acid (H2SiF6), was selected as the tracer for the clearwells because it was readily available, easily analyzed, available access to analytical equipment, and acceptable for use in potable water applications at the concentration levels that would be experienced during the study.  Because the contact basins to be tested were downstream of the filtration process, there was no potential for interference between the fluoride and the primary coagulant.  Sodium fluoride (NaF) was not used because of problems experienced in the past.  This compound comes in powder form and previous studies have shown that this material does not readily dissolve at high-localized concentrations. 

Tracer Dosing

A pulse-input test (also referred to as a slug dose) involves adding the entire amount of tracer to be used at the beginning of the test.  The addition of the pulse must be as instantaneous as possible and the chemical must be completely mixed with the influent flow steam.  For this study, two 15-gallon drums of 24 percent of hydrofluosilicic acid were poured in series into the hatch opening of the intake structure of the clearwell.   Respirator, safety goggles, gloves, shoes and clothing were required due to the high concentration of acid and fumes that may be released to the atmosphere.  Each drum was handled by two personnel and poured one at a time into the intake structure to the clearwell.  As a rule of thumb, the time it takes to get the pulse of chemical into the basin should not exceed 1 percent of the theoretical detention time through the basin to be tested.  The fluoride was poured into the intake structure within recommended time frame when the overall clearwell detention time is used.  However, if only considering the contact chamber, it took approximately 3.5 minutes or 16 percent of theoretical time, which exceeded the recommended 1- percent.   

The background fluoride concentration was approximately 0.09 mg/L.  The desired feed dispersion concentration was approximately 20 times the background level, or 1.78 mg/L.  The quantity of fluoride needed to obtain this dispersion concentration was calculated based upon the entire clearwell volume.  

The weight of actual fluoride added to the intake structure was 58.22 pounds, which produced peak fluoride concentration leaving the bay tanks of approximately 1.74 mg/L or 19 times the background levels.  The fluoride concentration of the water leaving the chlorine contact chamber and entering the bay tanks were much higher due to its relative volume (7 percent) to the total clearwell volume.  The peak fluoride concentration was approximately 37.63 mg/L or 418 times the background levels.

Fluoride Tracer Analysis

All fluoride samples were collected into polyethylene bottles and analyzed on-site within 24 hours using the Hach Combination Fluoride Electrode Model 50265.  The Hach 50265 has a concentration range of 0.02 mg/L to saturation.  Calibration curves were developed for the Hach instrument with a series of fluoride standards over the range of anticipated measurements.  The calibration curves were periodically checked during analysis and immediately after analyses were completed.  Figures 1.3 and 1.4 present the calibration curves used for the fluoride samples taken from the contact tank and bay tanks.

As seen in the calibration curves, the maximum fluoride standard used was 100 mg/L for the samples taken from the contact tank versus 10 mg/L for the samples taken from the bay tanks.  As discussed later in the report, the fluoride concentration in the samples taken from the contact tank were over twenty times higher than the concentration in those taken from the bay tanks.
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Figure 1.3 Standard Calibration Curve for Contact Tank

Figure 1.4 Standard Calibration Curve for Bay Tanks 
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To check if the electrode probe is operating properly the electrode slope is measured.  Slope is defined as the change in millivolts observed with every tenfold change in concentration.  The difference should be in the range of –54 to –60 mV/decade.  In this study, the voltage differences were within the required ranged.   

Flow Rates

The U.S. Environmental Protection Agency (USEPA) SWTR Guidance Manual (USEPA 1989) recommends performing tracer tests for at least four flow rates that span the entire range of flow.  However, systems with limited resources are permitted to conduct a minimum of one tracer test for each contact basin at a flow rate of not less than 91 percent of the highest flow rate experienced. 

The study was conducted at an average plant flow rate of 18.6 MGD or 93 percent of rated plant capacity.  The flow through the intake structure and chlorine contact chamber was equal to the flow through the filtration process of the plant.  However, the water leaving the bay tanks is gravity flow, which varies based on system demands.  During the study, the average flow rate out of the clearwell was approximately 16.8 MGD or 84 percent of rated plant capacity.  In 1999, during the month of maximum system demand, the average daily peak flow rate out of the clearwell was 18.3 MGD.  The average flow rate out of the clearwell during this study, 16.8 MGD, was approximately 92 percent of average daily peak outflow experienced by the clearwell. 

The water level in the intake structure and contact chamber basins at the plant is maintained constant using basin effluent overflow weirs.  Therefore, rising or falling basin levels were not a concern.  However, this was a concern for the bay tanks.  The bay tanks water levels slowly rose throughout the test.  The water level at the start and end of the test were 18.7 and 20.0 feet, respectively.  The filters were backwashed prior to beginning the test and distribution storage tank water levels were reduced in order to minimize upsetting the flow rates during the tests.

Sample Location & Collection Frequency

Fluoride samples were collected at two locations.  The first sample location was the outlet of the clearwell contact chamber.  At this location is a sample line used for monitoring the chlorine residual entering the bay tanks.  This line was utilized for taking fluoride grab samples.

The second sample location was the outlet of the clearwell bay tanks.  A sample line extends from the discharge line of the clearwell to the plant laboratory.  Water continuously flows from this line into the laboratory sink.  Grab samples were taken from this point.  The time it took for the flow of water from the clearwell to reach the plant laboratory was considered before the study.

Tracer discharge concentration must be carefully monitored during the initial phase of the pulse-input test, as this is when abrupt changes may occur.  The theoretical detention time of the combined clearwell intake structure and contact chamber was approximately 22.3 minutes (1,338 sec).  Therefore, to be sure the sharp concentration increase in the tracer curve front was not missed or underrepresented, the initial maximum sampling frequency was once every one-minute or 0.045T, where “T” is the theoretical detention time of a reactor.     The sample frequency was decreased where it was expected to be on the declining concentration curve.  The sample frequency was decreased to once every 2 minutes (0.090T), then to 3 minutes (0.13T) and to 4 minutes (0.18T) at the end of the run. 

The theoretical detention time of the combined clearwell intake structure, contact chamber and bay tanks was approximately 337 minutes.  The initial sample frequency was once every 10 minutes or 0.030T.  Later into the test, sample frequency was decreased to once every 15 minutes (0.045T) and then to once every 20 minutes (0.060T).

The sampling frequency was pre-determined based on where the predicted tracer concentration would be on the curve.  Because of this, the following precautions were taken: 

· Sample bottles were prenumbered (with waterproof labels) and readily available at sampling point.

· A customized recording sheet was prepared to assure that all pertinent data were collected (this included elapsed time intervals).

· Protocols were reviewed with the sampler to minimize sampling errors.

Problems Encountered

The major problem encountered was the initial dosing of the fluoride solution.  Pouring the fluoride solution into the intake structure took longer than expected.  As a rule of thumb, the time it takes to get the pulse of chemical into the basin should not exceed 1 percent of the theoretical detention time through the basin to be tested. When evaluating the overall clearwell contact time, which was the main objective of this study, the 1- percent was not exceeded.  However, the 1- percent was exceeded when considering only the combined intake structure and contact chamber. The dosing time could have been improved by cutting out a large hole in each of the fluoride drums.  With a large opening, the fluoride solution could have been poured into the intake structure rather quickly compared with pouring the solution through its spout.  In evaluating the data for the samples taken from the contact chamber, the results showed a longer tailing off of the concentration curve.  This would effect the results by reducing the peak tracer concentration measured and increasing the value of the calculated short circuiting factor, t10/T.  The overall short-circuiting value of the whole clearwell should not have had been effected by the dosing. 

Test Results for Combined Intake Structure and Contact Chamber

The City of Napa chlorine intake structure and contact chamber tracer test results are shown in Table 1.1 and plotted in Figures 1.5 and 1.6.  A spreadsheet program was developed to handle all the data input and analysis.  Table 1.2 is a summary of that spreadsheet.  A mass balance of the tracer recovered is a good indication of how well the tracer experiment performed.  Results showed that 98.7 percent of the tracer mass was recovered, which is a very good recovery rate.  The value generated for t10 was 20.1 minutes compared with the theoretical detention time of 22.3 minutes.  The short-circuiting value (t10/T) is then calculated to be 0.90.  The short-circuiting value can graphically be determined as illustrated in Figure 1.6.  Results show that this portion of the clearwell’s flow regime models closely to plug flow, which is what is preferred in disinfection.  

The calculated number of continuous-flow stirred-tank reactors (CFSTRs) was 8.8.  In a CFSTR, fluid particles that enter the reactor are instantaneously dispersed throughout the reactor volume.  Hence, the tracer concentration in the water leaving the reactor is the same tracer concentration in the reactor at a point in time.  When several CFSTRs are put in series, the flow characteristics begin to model the characteristics of a plug-flow reactor (PFR).  In a PFR, fluid particles pass through the reactor and are discharged in the same sequence in which they entered the reactor.  Each fluid particle remains in the reactor for a time period equal to the theoretical detention time.

As discussed earlier, the t10/T value of 0.90 is most likely higher than the actual short-circuiting value for this portion of the clearwell. If the tracer analysis for the combined intake structure and contact tank were based on the time period starting near the end of tracer dosing opposed to time 

Table 1.2  Combined intake structure and contact tank tabulated tracer data and analysis* (pulse input)
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Tracer Results

Tracer recovered
=
57.5 lbs. (26,074 Kg)
Theoretical detention time, T 
=
22.3 minutes

Tracer added
=
58.2 lbs. (26,409 Kg)
t50
=
26.4 minutes

Percent recovered
=
98.7 %
t10
=
20.1 minutes

NCFSTR
=
8.8
Short-circuiting factor, (t10/T)
=
0.90(
* Initial conditions: average flow into and out of reactor = 18.6 MGD (12,917 gpm); background concentration = 0.091 mg/L.

(Actual concentration = measured concentration – background.

(As discussed in this report, the actual short-circuiting value is most likely 0.80 and should replace the 0.90 value. 

Figure 1.5  City of Napa combined intake structure and contact basin pulse input test
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Figure 1.6  City of Napa combined intake structure and contact basin pulse input test converted to 

F-curve

[image: image7.wmf]
beginning at the moment the tracer was poured, the t10/T value would be closer to 0.80.  In assigning a short-circuiting value, a t10/T of 0.80 should be used.

Shown in Figure 1.5 is the concentration curve.  The maximum fluoride concentration measured leaving the contact tank (or entering the bay tanks) was approximately 38 mg/L, which is very high.  This was expected since the volume of the combined intake structure and contact chamber is relatively small compared to the bay tanks.  Figure 1.6 shows the normalized F-curve.  In order to plot the F-curve, the cumulative recovery is plotted on the y-axis against the time on the x-axis.  t10 can then be determined graphically by drawing a horizontal line from 0.1 on the y-axis to the curve and vertical line down to the corresponding time.  All calculations were based on the mass of tracer added and not the amount of tracer recovered.

Test Results for Combined Intake Structure, Contact Chamber & Bay Tanks

The City of Napa combined chlorine intake structure, contact chamber, and bay tanks tracer test results are shown in Table 1.3 and plotted in Figures 1.7 and 1.8. Results showed that 96.3 percent of the tracer mass was recovered, which is a very good recovery rate.  The value generated for t10 was 55 minutes compared with the theoretical detention time of 337 minutes. Results show that when evaluating all the reactors as one unit the clearwell’s flow regime modeled most closely to a CFSTR. The calculated number of CFSTRs was 1.3.  The short-circuiting value (t10/T) was calculated to be 0.16.  This is much lower than expected and not conducive to the disinfection process.  Before the test, it was expected that the short-circuiting factor would be greater than 0.4 based on test results for an another tank of similar design.  

Fluoride sampling of this test was terminated after 810 minutes or 2.4T, at which time the filters had to be backwashed.  It was known that the tracer test would indeed be terminated before 3T.   It was our hope that this would be long enough to obtain adequate tracer mass recovery.  At the 810-minute mark, the actual tracer recovered was 91 percent.  One other sample was taken the next morning at the 1,380-minute mark (4.1T) to determine if the fluoride concentration was back to normal background level.  Results showed that fluoride levels were still slightly greater than background. Based on the slope of the declining C-curve, the level of fluoride concentration at 810 minutes, and the level of fluoride residual the following morning, it was decided that the C-curve could be extrapolated with minimal error.  This was done to obtain a more developed C-curve and F-curve, and to obtain a greater accuracy for other data analysis.  An equation was developed using an Excel spreadsheet to determine the extrapolated curve. This procedure added approximately 5 percent of tracer mass to give a mass recovery 96.3.

Shown in Figure 1.7 is the concentration curve, which is very similar to what a CFSTR reactor plot curve would look like.  The maximum fluoride concentration measured leaving the bay tanks was approximately 1.74 mg/L.  If this tank was a true CFSTR, the initial mixed concentration would be 1.78 mg/L, which is very close to the actual peak concentration measured.    Figure 1.8 shows the normalized F-curve.  It should be noted that the points on the curves in Figures 1.7 and 1.8 between 810 minutes (2.4T) and 1,380 minutes (4.1T) are extrapolation points. 

Table 1.3  Combined intake structure and contact tank tabulated tracer data and analysis* (pulse input)
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Table 1.3  Continued
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Tracer Results

Tracer recovered
=
56.0 lbs. (26,074 Kg)
Theoretical detention time, T 
=
337 minutes

Tracer added
=
58.2 lbs. (26,409 Kg)
t50
=
230 minutes

Percent recovered
=
96.3 %
t10
=
55 minutes

NCFSTR
=
1.3
Short-circuiting factor, (t10/T)
=
0.16

* Initial conditions: average flow into and out of reactor = 16.8 MGD (11,667 gpm); background concentration = 0.091 mg/L.

**Data between 810 and 1,380 minutes is extrapolated data.

(Actual concentration = measured concentration – background.

Figure 1.7  City of Napa combined intake structure, contact basin & bay tanks pulse input test 
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Figure 1.8  City of Napa combined intake structure and contact basin pulse input test converted to 

F-curve
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Summary and Recommendations

The pulse-input test conducted at the City of Napa Hennessey surface water treatment plant was important and useful in determining t10 in the plant’s clearwell.  Knowing t10, plant operators can adjust the applied disinfectant concentrations to maintain compliance with regulatory standards for primary disinfection without unnecessarily overdosing the disinfectants, which not only is costly but also can lead to an increase in disinfection byproduct formation.  The overall short-circuiting factor for the clearwell (combined intake structure, contact chamber, and bay tanks) was 0.16.  Based on the hydraulic characteristic, the clearwell model most closely to one CFSTR.  In evaluating the combined intake structure and contact chamber portion of the clearwell, a short-circuiting factor of 0.90 was generated.  However, based on the discussing in this report, a short-circuiting factor of 0.80 is a more realistic value that should be used.  Using either the higher or lower value, however, this portion of the clearwell exhibits hydraulic characteristics of a plug flow reactor.     

Several conclusions regarding tracer test procedures can be made from the tracer testing performed at the Hennessey water treatment plant.

· The planning stage of a tracer test cannot be overemphasized.  Prior to actually conducting the test, plant personnel should be informed of the importance of this test and be trained on what is required of them to ensure success of a tracer test.

· Have good communication with personnel throughout the test and be prepared to make on-site decisions and adjustment to tracer test if the situation calls for it.   

· When performing a pulse-input test, it is important to apply enough tracer mass to have a well define peak.  Sampling frequency is very important in defining the peak curve.   It is better to take more samples than necessary and not enough.

· Maintaining constant gravity flow in a finished water storage tank during tracer testing may be difficult.  Prepare ahead of time to minimize fluctuations.

· Maintaining a flow greater than 91 percent of the expected peak hourly flow for the duration of a tracer test will be difficult when testing a finished water storage tank.  Choose the month to conduct the test that will give you the greater assurance of success.

· It is important to have good quality assurance and quality control (QA/QC) when performing the analytical analysis.  This includes using proper lab techniques and equipment in conducting analysis; checking calibration of measuring equipment; and systematically checking calibration curve for variants. 
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