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The U.S. Environmenta Protection Agency (EPA) has created the Environmenta Technology
Veification (ETV) Program to facilitate the deployment of innovative or improved environmenta
technologies through performance verification and dissemination of information. The god of the ETV
program is to further environmental protection by substantialy accelerating the acceptance and use of
improved and more cost-effective technologies. ETV seeks to achieve this god by providing high qudlity,
peer reviewed data on technology performance to those involved in the design, ditribution, permitting,
purchase, and use of environmental technologies.

ETV works in partnership with recognized standards and testing organizations, stakeholders groups which
consst of buyers, vendor organizations, and permitters; and with the full participation of individua
technology developers. The program evaluates the performance of innovative technologies by developing
test plans that are responsive to the needs of stakeholders, conducting field or laboratory tests (as
appropriate), collecting and analyzing data, and preparing peer reviewed reports.  All evaluations are
conducted in accordance with rigorous quality assurance protocols to ensure that data of known and
adequate quality are generated and that the results are defensible.

NSF International (NSF) in cooperation with the EPA operates the Drinking Water Systems (DWYS)
Center, one of 12 technology areas under ETV. The DWS Center recently evaluated the performance of
a medium-pressure ultraviolet radiation system used in drinking water trestment system applications. This
verification statement provides a summary of the test results for the Trojan Technologies Inc. UV Swift
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4L.12 System. Montgomery Watson Harza (MWH), an NSF-qualified field testing organization (FTO),
performed the verification testing.

ABSTRACT

Veification testing of the Trojan Technologies UV Swift 4L12 system was conducted over a 45 day period
from 9/1/01 to 10/15/01. The feedwater to the ultraviolet (UV) unit during the testing was the effluent
from the Otay Water Treatment Plant (OWTP), a conventional plant with flocculation, sedimentation, and
dual-media filtration of Otay lake water. In the first part of the testing, a virus seeding experiment was
conducted at a flow rate of 695 gpm, UV transmittance of 84%, and at 81% lamp power setting. During
this experiment the log inactivation of virus ranged from 2.1 logs to 3.0 logs as shown in Table below:

Virus Seeding Summary

95 Per cent
Standard Confidence
Parameter Unit Count Median Range Average Deviation Interval
Feed MS2 conc. pfu/100mL 9 7E+04 5E+04 - 1.1E+05 8E+04 2E+04 6E+04 - 9E+04
Effluent MS2 conc. pfu/100mL 9 2E+02  1E+02 - 4E+02 2E+02 1E+02 1E+02 - 3E+02
Log Inactivation logs 9 2.7 21-30 2.6 0.3 24-29

UV edtimated effective dose using MS2 virus is used as an indicator to obtain the inactivation of other
microorganisms such as Cryptosporidium and Giardia. A collimated beam test was performed using feed
water collected during the seeding experiment and a dose-response curve generated to determine the UV
sengitivity of the MS2 virus used as the seed stock during the flow-through reactor challenge study. The
dose response curve determined that an effective dose of 42.8 mJ¥cnf was necessary to achieve 2log
inactivation of MS2. The log inactivation achieved during the virus seeding experiment was between 2.1
and 3.0 logs corresponding to an equivalent dose between 40.3 and 67.6 mdcm? obtained from the
collimated beam dose response curve. The reactor was operated for a period of more than 27 days at a
flow rate of 400 gpm and 81% lamp power setting with daily cleaning. During the first 320 hours the
following operating parameters were monitored regularly: flow rate, total flow, UV sensor readings, lamp
cleaning frequency, lamp hours, lamp shut-down periods, lamp eectric power consumption, operating
pressure and headloss through the UV unit. Data indicate that the system can operate reliably under these
testing conditions. Water quality data collected from both the UV feedwater and UV effluent included:
temperature, pH, totd akalinity, hardness, total organic carbon (TOC), UV-254 absorbance, turbidity, true
color, nitrate, iron, free chlorine, and total chlorine. No sgnificant change in these water quality
parameters was seen from the feed water to the effluent water. Heterotrophic Plate Count (HPC) and
total coliforms were both below the detection limit in both the feed and effluent water. Continuous
monitoring of the UV irradiance did not indicate a clear fouling trend during the testing period since the
UV irradiance measured is a strong function of the UV transmittance of the water, which varied between
81% and 90% (field measurements). However, a the end of the testing period visua inspection of the
lamp and sensor sleeves indicated that while the lamp deeves were relatively clean, the sensor sleeve had
fouled. A 7% increase in the UV irradiance was observed when the fouled sensor sleeve was replaced
by a new sensor deeve. Replacing the lamp sleeve caused no further improvement. The sensor was
found to drift from 1.8% to 11% of the reference sensor reading during the testing period but handling of
the sensor window was found to contribute to approximately half of the sensor drift.
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TECHNOLOGY DESCRIPTION

The technology tested during the ETV was the Trojan UV Swift Model 4L12 UV System. The UV Swift
system utilizes UV light to disinfect waterborne microorganisms and is designed specificaly for municipa
drinking water applications. UV light is capable of disinfecting waterborne organisms including viruses,
bacteria and protozoa. UV light accomplishes disinfection by atering the genetic material of the microbes
and thus diminating their ability to reproduce and cause infection (Jagger, 1967). Giardia and
Cryptosporidium, two waterborne pathogens that are relatively resistant to chemica disinfection, are
particularly susceptible to UV disinfection (Bukhari et a, 1998). This makes the use of UV technology an
attractive aternative for drinking water treatment, especially in cases where the potential for formation of
disinfection by-products, from chemica disinfectants, is high. UV units are typicaly tested for proper
performance using surrogate microbes such as MS2 virus. UV estimated effective dose using MS2 virus
is used as an indicator to obtain the inactivation of other microorganisms such as Cryptosporidium and
Giardia.

The UVSwift line of reactors utilizes acompact, inline design that alows retrofitting into existing pipe
gdleries in a minimum of space. The UV Swift is available in sizes compatible with 12-inch, 18-inch, 24-
inch and 30-inch pipe. The unit tested during the ETV utilized 4 UV lamps, specified by “4L” in the model
number, and had flanged fittings for inline mounting in 12-inch pipe. The UV Swift 4L12 uses 2.8 kilowait
medium pressure lamps, housed in quartz deeves, that produce a spectrum of UV and visible light and
operate at a typical surface temperature of 300 °C. The lamp pinch temperature can be as high as 500
°C. Trojan specifies the UV Swift to be mounted with at least 5 pipe diameters of straight pipe length
before the unit and at least 3 pipe diameters after. This ensures a minimum of reactor turbulence created
by upstream and downstream pipe components. The UVSwift system includes a proprietary flow-
modifying baffle plate that mounts on the inlet to the reactor. To control lamp fouling, the UV Swift system
includes an automated cleaning mechanism. The cleaning mechanism uses an NSF certified food-grade
acid and food-grade rubber sedls to loosen and remove lamp foulants. The cleaning mechanism can be set
to run at regular intervas. The unit includes one UV irradiance sensor and one UV transmittance sensor
to continuoudy monitor lamp fouling and changes in the UV transmittance of the influent water
respectively. The UV irradiance sensor measures the output from one lamp and can be verified against a
calibrated reference sensor. Both the sensors have an automated cleaning mechanism, operating on the
same schedule as the UV lamps. The UV-254 transmittance sensor was not used during the ETV test.
The control pand includes adjustment of UV lamp output to any of 16 power settings and includes
readouts for the UV irradiance sensors.

VERIFICATION TESTING DESCRIPTION
Test Site

The verification test site was the City of San Diego’s Aqua 2000 Research Center located at the Otay
Water Treatment Plant, 1500 Wueste Road, Chula Vista, Cdifornia. The Research Center includes an
office and lab trailer, a covered test pad and a dedicated operations staff with substantial experience. The
source water for testing was Otay Lake water. Otay Lake receives water from natural runoff. In
addition, Otay Lake can receive diversions from other reservoirs and the San Diego Aqueduct system,
when needed.

Methods and Procedures

After an initid operations period of approximately 2 weeks to establish operating conditions, the unit was
operated for approximately 30 days with all tasks being conducted concurrently. The objective of Task 1
was the characterization of the UV technology in terms of efficiency and reliability using the OWTP

02/03/EPADWCTR The accompanying noticeis an integral part of this verification statement May 2002
VSiii




-
<
L
=
-
O
o
(@
L
>
—
- -
o
o
<
<
o
L
2
=

effluent as the feedwater to the UV unit. The goal of this task was to operate the unit continuoudy for
320 hours or more. The following operating parameters were monitored regularly during this task: flow
rate, total flow, UV sensor readings, lamp cleaning frequency, lamp hours, lamp shut-down periods, lamp
electric power consumption, operating pressure and headloss through the UV unit. The objective of Task
2 was the characterization of the UV system feedwater and effluent. The following water quality
parameters were sampled from both the UV feedwater and UV effluent: temperature, pH, total akalinity,
hardness, TOC, UV-254 absorbance, turbidity, color, nitrate, iron, free chlorine, total chlorine and HPC.
Turbidity, pH and chlorine residuals were analyzed at an onsite laboratory. All other parameters were
andyzed by City of San Diego water quality and microbiology laboratories, which are State Certified
l[aboratories. All analyses were conducted using Standard Methods and EPA methods.

The objective of Task 3 was to evauate the UV unit in terms of lamp fouling and cleaning efficiency.
During this task, al parameters of Tasks 1 and 2 were monitored. In addition, UV sensor readings before
and after cleaning, and changes in UV sensor readings that might indicate lamp fouling, lamp aging or
sensor fouling were monitored.

Task 4, the inactivation of microorganisms by the UV system, was conducted on September 14™, prior to
Tasks 2 and 3. Task 4 was conducted at a flow rate of 695 gpm (1 million gallons per day (MGD)/158
m3hr) and a UV lamp power setting of 81%. The lamp power setting was selected based on the
manufacturer’s estimate that the setting could produce a 2 log reduction of the challenge organism, MS2
virus. MS2 virus was selected as a challenge species as it is not a human pathogen (Havelaar et a, 1990)
and is more resistant to UV light than Giardia and Cryptosporidium (Stolarik et a, 2001). MS2 was
continuously added to the UV feedwater to produce a concentration of approximately 4 to 5logsMS2 /L.
During Task 4, the 25 mg/L combined chlorine residua (approximate) in the OWTP effluent was
quenched using sodium metabisulfite. After passing through the UV unit, sodium hypochlorite was added
to inactivate any remaining virus before discharging the effluent to the backwash water recovery basin. A
set of negative control samples was collected at the beginning of the experiments, prior to seeding and
with the UV lamps turned off, to confirm the absence of MS2 virus in the reactor. Three chalenge
experiments were conducted. In each, three feed samples and three effluent samples were collected. A
set of positive control samples was collected with the UV lamps turned off to demonstrate the inactivation
of the challenge organism was due only to the UV light. A 1-2 liter sample of dechloraminated feedwater
was collected for conducting collimated beam tests. Samples of the feedwater used during the full-scale
UV challenge testing were spiked with MS2 virus and exposed to UV doses of 20 to 145 millijoules per
square centimeter (mJ/cn’) using a collimated beam apparatus. The dose-response curve generated from
the collimated beam data was used to determine the UV senditivity of the MS2 virus used as the seed
stock during the flow-through reactor challenge study. The response of the MS2 virus challenge organism
in the Trojan unit was then converted to a dose equivalent value based on the collimated beam dose-
response curve.

The objective of Task 5 was to develop a data management plan to ensure the accurate collection,
transmission and compilation of al data generated during the ETV. The plan developed alowed for the
tracking of al data from final report figures or summary tables to handwritten data collection form. Task
6 details the quality assurance and qudity control (QA/QC) procedures followed during the ETV. These
procedures ensure the defensibility of al operationa and analytical results presented in the ETV.

VERIFICATION OF PERFORMANCE
System Operation

Verification testing was conducted under manufacturer specified operating conditions. The system was
operated a 695 gpm (1 MGD) during the virus seeding experiments and at 400 gpm at other times. The
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lamp power setting was at 81% throughout the testing period with the lamp cleaning frequency set at 24
hours. The system ran for more than 700 hours under these operating conditions between 9/14/01 and
10/15/01. During the first 320 hours the following operating parameters were monitored regularly: flow
rate, total flow, UV sensor readings, lamp cleaning frequency, lamp hours, lamp shut-down periods, lamp
electric power consumption, operating pressure and head loss through the UV unit. Data collected
indicate that the system can operate reliably under the testing conditions. Also water quality data collected
from both the UV feedwater and UV effluent included: temperature, pH, total dkalinity, hardness, TOC,
UV -254 absorbance, turbidity, color, nitrate, iron, free chlorine, total chlorine and HPC and no significant
change in these water quality parameters were seen from the feed water to the effluent water.

Summary of General Water Quality Parameters

95 Percent

Standard Confidence

Par ameter Unit Count _Median Range Average Deviation Interval
Feed
Alkalinity mg/L asCaCOs 7 148 127- 168 149 N/A N/A
Total Hardness mg/L as CaCOs 7 208 196 - 227 209 N/A N/A
Calcium Hardness mg/L as CaCOs 7 132 120- 146 131 N/A N/A
Iron ngy/L 7 50 50-85.1 55 N/A N/A
Manganese ngy/L 7 3.91 0.91-9.28 4.74 N/A N/A
Nitrate mg/L 7 0.2 0.2- 0573 03 N/A N/A
TOC mg/L 17 431 296-5.11 411 0.81 3.69- 4.53
Color Pt-Co 6 4 2-5 4 N/A N/A
UV 1/cm 17 0.067 0.034-0.083 0.063 0.015 0.055- 0.071
pH std. Unit 38 84 7.3-89 84 0.39 8.3-85
Desktop Turbidity NTU 38 0.1 0.10-0.20 0.10 0.03 0.10- 0.10
Temperature degC 38 21 20.3-24.7 22.1 14 21.6-22.6
Free Chlorine mg/L 38 0.2 0.04-1.4 03 03 0.2-04
Total Chlorine mg/L 38 22 15-3.0 22 03 21-23
Effluent

Alkalinity mg/L asCaCOs 7 153 122- 178 153 N/A N/A
Total Hardness mg/L as CaCO3 7 213 199- 220 210 N/A N/A
Calcium Hardness mg/L as CaCOs 7 130 123- 159 136 N/A N/A
Iron ngy/L 7 50 50- 131 68 N/A N/A
Manganese ngy/L 7 3.41 1.18-9.07 4.64 N/A N/A
Nitrate mg/L 7 0.2 0.2 -0.669 03 N/A N/A
TOC mg/L 17 4,12 2.98- 12 452 2.08 3.45-5.59
Color Pt-Co 6 3 1-5 3 N/A N/A
UVas /cm 17 0.064 0.037-0.084 0.063 0.015 0.055- 0.071
pH std. Unit 38 84 7.3-89 84 0.40 8.3-85
Desktop Turbidity NTU 38 0.10 0.10-0.20 0.10 0.03 0.10- 0.10
Temperature degC 38 22 20.4-24.8 22.2 14 21.7-22.7
Free Chlorine mg/L 38 0.2 0.04- 1.6 02 03 0.1-03
Total Chlorine mg/L 38 21 16-3.0 21 03 20-22

Note: All calculations with below detection limit values used the detection limit value in the calculation as a conservative estimate.

Continuous monitoring of the UV irradiance did not indicate a clear fouling trend during the testing period
as the UV irradiance measured is a strong function of the UV transmittance of the water, which varied
between 81% and 90%. However at the end of the testing period visual inspection of the lamp and sensor
deeves indicated that while the lamp deeves were relatively clean the sensor deeve had fouled. A 7%
increase in the UV irradiance was observed when the fouled sensor sleeve was replaced by a new sensor
deeve while replacing the lamp deeve caused no further improvement. The sensor was found to drift
from 1.8% to 11% from the reference sensor reading during the testing period. Handling of the sensor
window was found to contribute to about half of the sensor drift.
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Microbial I nactivation Results

To demongtrate the microbia inactivation ability of the Trojan UV Swift System, one collimated beam test
and seeding experiments were conducted with MS2 virus on 9/14/01. The collimated beam test was
conducted on the same day as the seeding tests with water collected during the same time period. This
test was performed to determine the UV sendtivity of the microbia cultures used in the seeding
experiment. A dose response curve was constructed based on the results of the collimated beam test.
The dose response curve determined an effective dose of 42.8 mJcn? was necessary to achieve 2log
inactivation of MS2. The MS2 seeding was conducted at aflow rate of 695 gpm and alamp power setting
of 81%. During the three challenge experiments, the feed MS2 virus concentration ranged from 5 x 10°*
plague forming units (pfu)/200mL to 1.1 x 10° pfu/100mL, while the effluent MS2 concentration ranged
from 4 x 107 pfu/200mL to less than 1 x 10° pfu/100mL. Consequently, the microbial inactivation observed
during the challenge tedts ranged from 2.1 to 3.0 logs. No remova was observed during the positive
control tests with the lamps off.

Operation and Maintenance Results

The UV system was operated from a control panel where the power level setting of the lamps could be
input along with the mode of operation of the reactor. During the verification testing the reactor was
operated in manual reactor mode where the power level setting for the reactor did not change with
changes in UV transmittance of the water. The cleaning frequency was set to 24 hours using the control
panel in the fixed mode. Manua override cleaning was performed to test the manua mode of cleaning
control and when it was required to clean for sensor calibrations. The power usage was 0.32 kwh/1000
gd at aflow rate of 400 gpm and a power setting of 81%.

A proprietary cleaning chemical obtained from the manufacturer was used aong with the mechanical
cleaning mechanism to assist in cleaning the lamp deeves. The sensor deeve was cleaned with the same
mechanical mechanism but without cleaning chemical. The manufacturer provided an Operations and
Maintenance manual that was helpful in explaining the setup, operation and maintenance of the ETV test
system.

Original Signed by Original Signed by

E. Timothy Oppelt 06/07/02 Gordon Bellen 06/10/02
E. Timothy Oppelt Date Gordon Bellen Date
Director Vice President
National Risk Management Research Laboratory Federal Programs
Office of Research and Devel opment NSF International

United States Environmental Protection Agency

NOTICE: Verifications are based on an evaluation of technology performance under gecific,
predetermined criteria and the appropriate quality assurance procedures. EPA and NSF make no
expressed or implied warranties as to the performance of the technology and do not certify that a
technology will always operate as verified. The end user is solely responsible for complying with
any and al applicable federa, state, and loca requirements. Mention of corporate names, trade
names, or commercial products does not constitute endorsement or recommendation for use of
specific products. This report is not a NSF Certification of the specific product mentioned herein.
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Availability of Supporting Documents

Copies of the ETV Protocol for Equipment Verification Testing for Inactivation of
Microbiological Contaminants, dated August 9, 1999, the Verification Statement, and
the Verification Report (NSF Report #02/03/EPADWCTR) are available from the
following sources:

(NOTE: Appendices are not included in the Verification Report. Appendices are
available from NSF upon request.)

1. Drinking Water Systems ETV Center Manager (order hard copy)
NSF International
P.O. Box 130140
Ann Arbor, Michigan 48113-0140

2. NSF web dte  http://www.nsf.org/etv/dws/dws reportshtml  and  from
http://www.nsf.org/etv/dws/dws project documents.html (electronic copy)

3. EPA web site: http://www.epa.gov/etv (electronic copy)
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Notice

The U.S. Environmenta Protection Agency (EPA) through its Office of Research and Development has
financialy supported and collaborated with NSF Internationad (NSF) under Cooperative Agreement
No. R-82833301. This verification effort was supported by the Drinking Water Systems Center
operating under the Environmenta Technology Verification (ETV) Program. This document has been
peer reviewed and reviewed by NSF and EPA and recommended for public release.
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Foreword

The following is the find report on an Environmental Technology Verification (ETV) test performed for
the NSF International (NSF) and the United States Environmentd Protection Agency (EPA) by MWH
in cooperation with Trojan Technologies, Inc. The test was conducted in September and October
2001 at the Aqua 2000 Research Center in Chula Vigta, Cdifornia.

Throughout its history, the EPA has evauated the effectiveness of innovative technologies to protect
human hedth and the environment. The ETV Program has been indituted to verify the performance of
innovative technica solutions to environmenta pollution or human hedth threets. ETV was created to
subgantidly accderate the entrance of new environmentd technologies into the domestic and
international marketplace. Verifiable, high qudity data on the performance of new technologies are
made avalable to regulators, developers, consulting engineers, and those in the public hedth and
environmenta protection industries.  This encourages more rapid availability of approaches to better
protect the environment.

The EPA has partnered with NSF, an independent, not-for-profit testing and certification organization
dedicated to public hedth, safety and protection of the environment, to verify performance of small
drinking water systems that serve smdl communities under the Drinking Water Systems (DWS) ETV
Center. A god of verification testing is to enhance and facilitate the acceptance of small drinking water
trestment equipment by state drinking water regulatory officids and consulting engineers while reducing
the need for testing of equipment at each location where the equipment’s use is contemplated. NSF will
meet this god by working with manufacturers and NSF-qudified Fidd Testing Organizations (FTO) to
conduct verification testing under the approved protocols.

The ETV DWSiis being conducted by NSF with participation of manufacturers, under the sponsorship
of the EPA Office of Research and Development, Nationd Risk Management Research Laboratory,
Water Supply and Water Resources Divison, Cincinnati, Ohio. It is important to note that verification
of the equipment does not mean that the equipment is “certified” by NSF or “accepted” by EPA.
Rather, it recognizes that the performance of the equipment has been determined and verified by these
organizations for those conditions tested by the FTO.
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Chapter 1
Introduction

1.1  Environmental Technology Verification (ETV) Purpose and Program Operation

The U.S. Environmental Protection Agency (EPA) creasted the ETV Program to facilitate the
inddlaion of innovative or improved environmenta technologies through the acquistion and
dissemination of peformance verificaion data The god of the ETV program is to further
environmenta protection by substantially accelerating the acceptance and use of improved and more
cost-effective technologies. ETV seeks to achieve this god by providing high qudity, peer reviewed
data on technology performance to those involved in the design, distribution, permitting, purchase, and
use of environmentd technologies

ETV works in partnership with recognized standards and testing organizations, stakeholder groups
which condst of buyers, vendor organizations, and permitters, and with the full participation of
individud technology developers. The program evauates the performance of innovative technologies
by developing tes plans thet are responsive to the needs of stakeholders, conducting field or
laboratory testing (as gppropriate), collecting and andyzing data, and preparing peer reviewed reports.
All evauations are conducted in accordance with rigorous quality assurance protocols to ensure that
data of known and adequate qudity are generated and that the results are defensible.

NSF Internationa (NSF) in cooperation with the EPA operates the Drinking Water Systems (DWS)
Center, one of 12 technology areas under ETV. This DWS Center evauated the performance of the
Trojan Technologies, Inc. (Trojan) UV Swift ultraviolet (UV) radiation system used in drinking water
trestment system applications. The evauation was performed to assess the level of log inactivation of
MS2 virus in afiltered water with a UV-254 transmittance of 85 = 3% and aturbidity lessthan 5 NTU
when operated a gpproximately 695 gpm (1 mgd) and at 81% of lamp power. This document
provides the verification test results for the Trojan UV Swift unit Model 4L12 System.

1.2  Project Participants

Figure 11 is an organization chart showing the project participants and the lines of communication
established for the ETV test. MWH, an NSF-qudified Fied Testing Organization (FTO), provided
overdl management of the ETV. Trojan Technologies, Inc. manufactured and supplied the ultraviolet
radiation system tested. The City of San Diego Water Department, Aqua 2000 Research Center in
Chula Vida, Cdifornia provided the test gte facility and water treatment operations staff. Water
qudity andyses were provided by the City of San Diego State-certified andyticd and marine
microbiology laboratories. Data management and fina report preparation were performed by the
FTO, MWH.



13 Definition of Roles and Responsibilities of Project Participants
1.3.1 Field Testing Organization Responsibilities
The specific respongbilities of the FTO, MWH, were to:

Provide the overdl management of the ETV through the project manager and the project
enginegrs.

Provide al needed logstical support, the project communication network, and al scheduling and
coordination of the activities of dl participants.

Evduate the performance of the medium-pressure ultraviolet radiation technology according to the
Product Specific Test Plan (PSTP) and the testing, operations, quality assurance/quality control

(QA/QC), data management and safety protocols contained therein.

Manage and report on data generated in the ETV.

Provide dl quality control (QC) information inthe ETV report.

Provide dl data generated during the ETV in hard copy and dectronic form in a common
Spreadsheet or database format.

Contact Information:
MWH
555 East Walnut Avenue
Pasadena, CA 91101
Phone: 626-568-6751
Fax: 626-568-6323
Contact: Samer Adham, Client Manager
Email: samer.adham@mwhgloba.com

1.3.2 Manufacturer Responsibilities

The specific respongbilities of the ultraviolet radiation syslem manufacturer, Trojan, were to:

Provide complete, fidld-ready equipment for the ETV a the testing site.
Provide logistica and technica support as required throughout the ETV.
Provide partia funding for the project.
Attend project mesetings as necessary.

Contact Information:
Trojan Technologies, Inc.
3020 Gore Rd
London, Ontario N5V 4T7, Canada
Phone: 519-457-3400 x 2515
Fax: 519-457-3030
Contact: Jm Cosman, Product Manager
Emal: jcosman@trojanuv.com
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1.3.3 City of San Diego Staff Responsibilities
The specific respongibilities of the staff from the City of San Diego Water Department were to:

Provide the necessary and appropriate space for the equipment to be tested inthe ETV.
Provide al necessary dectrical power, feedwater and other utilities as required for the ETV.
Provide dl necessary drainsto the test Ste.

1.3.4 Water Quality Analyst Responsibilities

The specific responghbilities of the water quaity andyticd gaff from the City of San Diego Andyticd
Laboratory and Marine Microbiology Laboratory were to:

Provide dl off-dte water quality andyses prescribed in the PSTP according to the QA/QC
protocols contained therein.

Provide reports with the analyticd results to the data manager.

Provide detaled information on the andlytical procedures implemented.

Contact Information:
City of San Diego Anayticd Laboratory
5540 Kiowa Drive
LaMesa, CA 91942
Phone: 619-668-3233
Fax: 619-668-3250
Contact: John Chaffin, Laboratory Manager

1.3.5 NSF Responsibilities

NSF is a not-for-profit testing and certification organization dedicated to public hedth safety and the
protection of the environment. Founded in 1946 and located in Ann Arbor, Michigan, NSF has been
insrumentd in the development of consensus standards for the protection of public hedth and the
environment. NSF aso provides testing and certification services to ensure that products bearing the
NSF Name, Logo, and/or Mark meet those standards. The EPA partnered with NSF to verify the
performance of drinking water treatment systems through EPA’s ETV Program. NSF is responsible
for adminigration of the DWS testing program. Specific responsibilities of the NSF were to:

Deveop test protocols and qualify FTOs.

Review and approve PSTPs.

Conduct inspections and make recommendations based on ingpections.
Conduct financid adminigtration of the project.

Review of qudlity assurance datafor laboratory procedures.

Review al project reports and deliverables.
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Contact Information:
NSF International
789 N. Dixboro Rd.
Ann Arbor, M1 48105
Phone: 734-769-8010
Fax: 734-769-0109
Contact: Bruce Bartley, Project Manager
Emall: bartley@nd.org

1.3.6 EPA Responsibilities

The EPA through its Office of Research and Development has financialy supported and collaborated
with NSF under Cooperative Agreement No. R82833301. This verification effort was supported by
the Drinking Water Systems Center operating under the ETV Program. This document has been peer
reviewed and reviewed by NSF and EPA and recommended for public rdease.  The specific
responsbilities of EPA wereto:

Initiate the ETV program.
Provide sgnificant project funding.
Review PSTPs and fina reports.

1.4  Veification Testing Site

The verification testing was conducted at the City of San Diego’'s Aqua 2000 Research Center at the
Otay Water Treatment Plant (OWTP) a 1500 Wueste Road in Chula Vidta, Cdifornia. The dte
provided water supply, dectrica power, pipeines and drainage. An operations traller was provided
that included office space and on-gte laboratory facilities. The UV manufacturer provided the UV
equipment required for the verification testing.

Structura
- Enclosures appropriate to the NEMA rating of the unit.
Potable water connections.
Chemicd containment area.
Full ectricd supply.
Chemicd feed systems used during M S2 seedings.
Chemica safety shower and eyewash.
Operations trailer with office space and on-gte laboratory facilities.

Ongte Analytical Equipment
Hach Pocket Colorimeter for chlorine analysis
Hach 2100P Turbidimeter
Accumet AR15 pH meter
IL radiometer (1L1770/SED 240)
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Reference sensor supplied by manufacturer
NIST certified immersion thermometer manufactured by ERTCO

1.4.1 Source Water

Particles and dissolved contaminants can interfere with UV light transmission and reduce inactivation
efficiency. The NSF protocol is therefore gpplicable to the use of UV technology for treating high
quality water (<5 NTU turbidity and >80% UV-254 transmittance a 1 cm) sources including treated
surface water supplies of consstent high quality. The feedwater for the UV testing was full-scale plant
effluent water from the OWTP. OWTP is a conventiona water treatment plant with a design capacity
of 40 MGD. The plant operates at an average flow rate of 30 MGD. The plant draws water from
Otay Lake, and potassum permanganate is added as a pre-oxidant when necessary for taste and odor
control. The water is then dosed with ferric chloride and cationic polymer at the rapid mix, and passed
through flocculation basins to a sedimentation basin. The sedimentation basin effluent is dosed again
with cationic polymer to act as afilter aid, and chlorinated. The water is then filtered through sand and
anthracite filter beds, and then ammonium hydroxide and chlorine are added for chloramine formation,
and the pH is adjusted to 8 with caugtic for corrosion control. Feed water for the UV Swift System
was plant effluent water, obtained directly after the filters and following the addition of ammonium
hydroxide and chlorine to achieve a combined chlorine resdud of 25 mg/L. During M2 virus
seedings, sodium bisulfite was added ahead of the UV system to quench residua combined chlorine.

Figure 1- 2 illugtrates Otay Filtration treatment plant effluent water quadity for the period of September
2001 through October 2001. The stable qudlity of the water is apparent in dl parametersillugtrated in
the figure. Asshown in Table 4-6 tota hardness in the feedwater ranged from 196 through 227 mg/L
as CaCOg, dkdinity ranged from 127 to 168 mg/L as CaCO; and cacium hardness ranged from 120
to 146 mg/L as CaCOs. The hardness leves are quite high, with ratively high akalinity aswel. The
UV-254 absorbance varied over a wide range from 0.034 cnmi' to 0.083 cm*. The UV-254
transmittance varied between 82.6% and 92.5%. The TOC ranged from 2.96 to 5.11 mg/L.

1.4.2 Pilot Effluent Discharge
All of the UV unit effluent was directed to the plant washwater recovery basin and returned to Otay

Lake. UV effluent water was chlorinated and dechlorinated before discharge into Otay Lake during
MS2 virus seeding tasks.
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Chapter 2
Equipment Description and Oper ating Processes

The Trojan UV Swift family of inactivation sysems is made up of cross-flow reactors, with medium
pressure UV lamps housed in 1.5 in (3.8 cm) diameter quartz deeves that are Stuated perpendicular to
the flow of the water. Each lamp has sixteen settings, ranging from 30% to 100% lamp output. The
reactor contains a flow-modifying device of proprietary design Stuated a the inlet of the reactor
chamber.

The equipment that was tested in the ETV is a Trojan UV Swift Mode 4L 12, depicted in Figure 2-1.
Utiliziing medium pressure lamps that produce a spectrum of ultraviolet and visible light, the Trojan
UVSwift Sysem should be capable of disnfecting waterborne microorganiams including viruses,
bacteria, and protozoa. Resistant waterborne pathogens such as rotavirus have previoudy been shown
to undergo extensive inactivation at doses of 40 mJcn? (Modifi et al., 2001; Cotton et d., 2001).

The UV Swift reector is 12 in (30 cm) in diameter and 21 in (53 cm) in length and has axid inlet/outlet.
The sysem employs four medium pressure lamps with cross-flow arrangement and with an output that
can be varied with flow requirements and water quaity changes. In addition, the UV reactor
incorporates two UV sensors that are used to measure the UV irradiance and the water's UV-254
transmittance. Each UV sensor is housed within a protective quartz deeve in the UV reactor. The UV
sensors are factory-calibrated againg a traceable reference standard polychromatic source. The sensor
was caibrated to mimic response from DNA and would measure the irradiance close to the most
effective germicidd range (254nm). An additiona sensor was provided by and manufactured by Trojan
Technologiesfor the ETV testing as a reference to verify performance of the ingtaled sensors.

The Trojan UV Swift System is capable of treating flow rates from 200 gpm to 3.6 MGD (1,100 m/d
to 13,600 m’/d). The maximum system pressureis 150 psi (10 bar).

The UV Swift System employs an automatic cleaning mechanism for al lamps and sensorsin the reector.
The cleaning system operates on-line while the UV reector isin operation (providing inectivation). The
cleaning system conggts of an interna stainless sted screw thet is positioned perpendicular to the flow in
the center of the reactor. The stainless stedl screw is connected to an externally mounted electric motor
as the direct drive (/8 HP / 90 W motor power). A stainless sted wiper collar is fitted around each
quartz deeve. All collars are mounted on a common yoke and driven dong the length of the deeve by
the same drive. The wiper collars contain a food-grade cleaning agent between two food-grade seals
(63 mL cleaning agent housed within each of the four collars, for atotal of 252 mL per reector). The
cleaning agent ads in the cleaning process by dissolving and loosening the foulant while the sedls wipe
the surface clean. This food-grade cleaning agent is a proprietary chemicd developed by Trojan.

Trojan has obtained NSF-Standard 60 certification for this agent. The chemica cleaning ad is changed
out every 6 months. No change of the cleaning aid was needed during the testing period. The cleaning
system may be operated manually via the operator interface on the control panel, may be set to operate
a afixed time interva, or can berun in automatic mode. Theinterva for the fixed interva modeisfied
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adjustable. In the auto mode, the system uses internd logic to cdculate the fouling rate and adjusts the
cleaning interva accordingly. A wiper collar is aso provided for the two UV intendty sensor deeves.
The wiper collar uses a food-grade rubber wiper that is mounted on the same yoke, and driven by the
same drive as the lamp deeve collars, however these collars do not use the cleaning chemicd. The
automatic self-deaning process enables the lamps in the UV system to operate for extended periods
without manua mechanica or chemicd cdeaning. The ceaning system reduces fouling of the lamp
surfaces and scaling of the quartz deeves caused by particulate load and naturd organic matter from
runoff periods, agae blooms, hardness, iron and nitrate.

2.1  Description of the Treatment Train and Unit Processes
The trestment train that was tested included the following:

Feed pump.

Chemical feed pump (bisulfite addition for chloramine resdud).
Magmeter type flowmeter with flow totdizer.

Virusinjection port.

UV influent sample port.

Influent pressure gauge.

Influent temperature gauge.

Manometer setup.

Trojan Swift UV reactor.

UV effluent sample port.

Two Flow rate control valves.

Chemica feed pump (NaOCl addition for virusinactivation).
Chlorine contact tank.

Chemicd feed pump (bisulfite addition for free chlorine).
Data logger for flow rate and UV sensor outputs.

Discharge to washwater recovery basin.

Figure 2-2 shows the experimental setup for the verification testing. Sodium metabisulfite is injected into
the feed line immediately after the pump for dechloramination of the plant effluent. The virus injection
port is located downstream of the metabisulfite injection port followed by an insartion type magmeter
(flow meter). There is a flow control vave downsgtream of the flow meter followed by the influent
sample port. Pressure and temperature gauges are placed next to the influent sample port. The UV
reactor is daced next to the temperature and pressure gauges with a manometer setup across it to
measure the pressure differentia. The effluent sample port is downstream from the reactor followed by
a flow control vave. Sodium hypochlorite is injected after this point for inactivation of any remaining
virus. The contact time for this inactivation is provided by the contact tank. Sodium metabisulfite is
injected into the overflow from this tank to dechlorinate the water before discharging it into the
washwater bagn.
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2.2  Description of Physical Congtruction/Components of the Equipment
2.2.1 UV Reactor

Typicd operating parameters for the UV Swift 4L12 are:

Effluent flow: 200 gpmto 3.6 MGD
Maximum system pressure: 150 psi (10 bar)

Dose: 40 to 100 mJcn?

UV transmittance: 80% to 99%

Head loss: Up to 12 inches of H20
Water temperature: 0°C to 50°C (32°F to 122°F)
Ambient temperature; 0°C to 40°C (32°F to 104°F)
Ambient rdaive humidity: 510 95%

The UV reactor is made of corrosonressant materids, induding danless sed and Ethylene
Propylene Diene Monomer (EPDM) and Viton materids for the seds, and quartz for the deeves. The
main components of the UV Swift 4L12 system are:

12-in reactor chamber.

Four medium-pressure lamps enclosed in quartz deeves.
12-in, 150 Ib ANSI flange pipe connection.

Automatic cleaning system.

Control panel for monitoring.

Two UV intengty sensors (oneingtdled and one reference).

The UV system has a totd dry weight of 300 pounds. For shipping purposes, it can be moved with a
forklift and transported by truck. The system requires 480 V, 21 Amps current, 60 Hz, three phase 4
wire (+ ground).

A description of the important components of the treatment train, excluding the UV reactor that was
described previoudy, follows.

2.2.2 Flowmeter

UV reactor flow measurements were made during verification testing with a Signet 2550 insertion
magmeter. The magmeter was factory cdibrated before ingdlation, and had repeatable flow
measurements of + 2 percent. The 4-20 mA magmeter output signa was wired to an eectronic flow
totaizer with digitd display of both instantaneous flow and totdized flow. A 4-20 mA flow sgna was
aso trangmitted to the datalogger for storage and to the UV control pand for dose cdculaion usng a
moded developed by the manufacturer.
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2.2.3 ViruslInjection

The virus injection port was located in a section of 8inch (20-cm) diameter pipe before the UV
reactor. The virus feed solution was added to the process flow through ¥4 -inch stainless sted tubing
extended 3 to 4 inches (7.6 to 10 cm) into the process pipe. Downstream piping components, that
provided mixing before the UV reactor influent sample port, included 3-30 degree elbows, an 8-inch to
12-inch pipe coupling, 43 feet of 8inch diameter pipe and 14 feet of 12-inch diameter pipe. A 250
revolutions per minute (RPM) perigatic pump was used to add MS2 virus to the UV influent water
during the microbia inactivation task. This pump was operated between 150 and 200 RPM during
virus seeding tasks to minimize variaionsin the virus feed rate.

2.24 Sample Ports

UV reactor influent and effluent water was sampled from stainless sted ports constructed from Yzinch
danless sted. These sample ports were flamed using a propane torch for microbiologica sampling.
The dainless tubing extended 3 to 4 inches into the process stream. The influent sample port was
located 2.33 feet (0.66 m) before the UV reactor and the effluent sample port was located 13 feet
(3.96 m) after the UV reactor. Piping components that provided mixing upstream of the effluent sample
port include one 12 to 8 inch pipe coupling and the UV reector.

2.2.5 Pressureand Temperature

The operating pressures a the influent and effluent of the UV reactor were measured using Wika 0-30
ps (0-2.07 bar) inline pressure gauges. The gauges have repeatability of +/- 1.5%. A 0-15inch
water-filled U-tube manometer was used to measure differentia pressure between the UV reactor
influent and effluent.

Operating temperatures were measured using a VWR brand bimetalic did thermometer for the feed
dde. Once a day the feed and the effluent temperatures were dso measured by directing the UV
reector influent and effluent flows into insulated containers and measuring the temperature of the water in
the container with a NIST certified immerson thermometer.  The thermometer was manufactured by
ERTCO, with ascde from —2 to 68 °C graduated in 0.2 °C increments.

2.2.6 Datalogger
An ACR 12-bit, 420 milliamp portable process datalogger was used to acquire and store flow rate

data from the magmeter and UV irradiance signas from the two UV irradiance sensors in the UV Swift
unit. The datalogger was et to tore readings every 2 minutes.
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Chapter 3
M ethods and Procedures

3.1  Environmental Technology Verification Testing Plan

This section describes the tasks completed for the ETV. The test equipment was operated 24 hours a
day, seven days a week, with operations staff on-site Monday through Friday for one 8-hour shift each
day and for 4hour shifts during the weekend. Tasks that were performed by the operations and
engineering saff are listed below:

Task A: Characterization of Feedwater Quality

Task B: Initid Operations

Task 1. Vaification Testing Runs and Routine Equipment Operation

Task 2. Test Runsfor Feed Water and Effluent Water Quality

Task 3:  Documentation of Operating Conditions and Treatment Equipment Performance
Task 4:  Documentation of Equipment Performance - Microbid Inactivation

Task 5. Data Management

Task 6: Quadlity Assurance/Qudlity Control

An overview of each task is provided below.
3.1.1 Task A: Characterization of Feedwater Quality

The objective of this recommended Initid Operations task was to obtain a chemica, biologicd and
physca characterization of the feed water. Chapter 1 of this report includes the description of the
source water quaity during the course of the ETV testing in terms of key water qudity parameters
induding: UV-254 absorbance and UV -254 tranamittance, Tota Chlorine, Tota Organic Carbon, Totd
Alkdinity, Cdcium, Magnesum, and Hardness.

3.1.2 Task B: Initial Operations

During a two-week shake-down period, the equipment Manufacturer verified the proper operation of
the UV unit. The determination of the minimum UV irradiance below which equipment shutoff should
occur to assure adequate inactivation at dl times was aso determined during the Initid Testing period.
When the UV irradiance drops below this value, flow can be shut off or asigna given to the operator
indicating the need for deaning or lamp replacement. UV-254 absorbance was measured daily during
the 2-week initid operations period. The UV reactor operating conditions employed during the
remainder of verification testing were established during the Initid Operations period. It was agreed
upon by the manufacturer and the FTO to conduct testing a a flow rate of 400 gpm for norma
operaions and 695 gpm for microbia chalenge experiments a alamp power setting of 81% throughout
the testing period. Thiswas based on information collected during the initid shakedown period.

10
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All other components of the treatment train were tested. The range of achievable flows was determined
and magmeter flow readings were verified volumetricdly. How and UV intensity data acquired with the
data logger were verified againg digita readouts and calibration data Chemica feed systems for
dechloramination, chlorination and dechlorination were tested to verify adequate control.

A preliminary benchscde collimated beam test was conducted during this period to verify the integrity
of the virus stock solution and to evaluate the dose response curve for the Trojan UV Swift reactor.
Procedures for the collimated beam test are described in Task 4 procedures.

3.1.3 Task 1: Verification Testing Runs and Routine Equipment Operation

The objective of this task was to characterize the technology in terms of efficiency and rdiability. UV
disnfection treetment system equipment that includes UV lamps, reactor and sensor for measuring UV
irradiance were operated for Verification Testing purposes with the operationa parameters based on
the results of the Initid Operations testing (Task B) and based on Trojan’s statement of performance
capabilities. Trojan’s unit is designed to operate at 200 gpm to 3.6 MGD. The testing was done using
flow rates ranging from 400 gpm (during norma operation) to 695 gpm (during virus chalenge testing).

After set-up and shakedown of the UV equipment, UV operation was established at the flowrate
condition being verified in thisETV. Testing took place over one 13-day test period plus one 8-hr shift
(320 hours). Measurements of the UV feedwater flowrate and UV irradiance were collected usng a
data logger and were recorded three times per day. The frequency of lamp cleaning was recorded.

Lamp hours and system power were recorded on adaily basis.

3.1.4 Task 2: Test Runsfor Feed Water and Effluent Water Quality

The objective of this task was to evauate the qudity of the water produced by the UV system and the
effect the system had on feed water quality. Water qudity data was collected for the feed water and
effluent water. Some of the water qudity parameters described in this task were measured on-Site.
Andyss of the remaning waer qudity parameters was performed by the City of San Diego
Laboratory, a State-certified anaytica laboratory and the City of San Diego Marine Microbiology
Laboratory, also State-certified.

The parameters monitored during the ETV and the methods used for their measurement are ligted in
Table 31. Effluent water quality was evauated relative to feedwater water quality and operationa
conditions, usng the Trojan UV Swift unit.

3.1.5 Task 3: Documentation of Operating Conditions and Treatment Equipment
Performance

The objective of Task 3 was to characterize the UV Swift unit with respect to efficiency and reiability
while operating under the conditions established during the Initid Operations period and within the

11



-
<
L
=
-
O
o
(@
L
>
—
- -
o
o
<
<
o
L
2
=

design specification of the unit. The operation and performance of the UV equipment were documented
over a27-day test period.

The peformance of the Trogjan UVSwift 4L12 Sysem was documented, including tota water
throughput (from a totaizer), total power usage (current supplied to each lamp was measured using an
amp-clamp), UV irradiance as measured by the manufacturer’s UV irradiance sensor (sensor signd
inputted into a data logger), hours of lamp operation (included on the pandl), decrease in intendity output
(a measure of fouling rate), and frequency and type of mechanicd cleaning. The performance of
automatic mechanica wipers was assessed by recording the UV-254 intensity before and after cleaning
on aregular bass. Table 3-2 provides the schedule of operating data recording.

3.1.6 Task 4: Documentation of Equipment Performance - Microbial | nactivation

The objective of Task 4 wasto characterize the UV Swift 4L 12 unit in terms of efficacy at inactivation of
microorganisms. Inactivation of microorganisms is the primary purpose of UV drinking water treatment
modules. UV edtimated effective dose usng MS2 virus is used as an indicator to obtain the inactivation
of other microorganisms such as Cryptosporidium and Giardia. To accomplish this, a bench-scae
collimated beam test was conducted to determine the UV sengitivity of the seed organism and full-scale
chdlenge testing was conducted to determine the inactivation of the same seed organism by the
UVSwift 4L12. The neasurement of inactivation was caculated as the difference between the log
concentration of viable organismsin the feed stream and the log concentration of viable organismsin the
UV unit effluent.

Organismsfor Seeding Experiments

The organism selected for seeding experiments was MS2 virus. MS2 virus is not a human pathogen;
however, this organism is amilar in sze (0.025 microns), shape (icosahedron) and nucleic acid (RNA)
to polio virus and hepatitis virus. Because M2 is not a human pathogen, live MS2 virus was used in
the seeding experiments. Organism stocks received from the supplier were stored refrigerated at 4°Cin
the dark until use (gpproximately 2 months) in the seeding experiments. The ATCC grain number of
the virus was 15597-B1 and the bacterial host used was E. coli (ATCC#700891).

The collimated beam test and virus chdlenge test for evauating the effectiveness of UV disinfection of
MS2 virus are described below. The seeding experiments were performed a the test site and the
samples collected during the seeding experiments were submitted to the City of San Diego Marine
Microbiology Lab, a State-certified laboratory, for andysis of the seeded microorganisms.

Collimated Beam Teding

A collimated beam unit was supplied by Trojan. A photograph of this unit is presented in Figure 3-1.
Thissmple unit conggts of alow pressure UV lamp and a ballast with the lamp enclosed in abox with a
hollow cylinder projecting from the centra part. This cylinder delivers the collimated beam from the
lamp to the sample that is placed in line with the cylinder. The box and cylinder can be raised or
lowered using a rotating handle to ddliver different levels of UV irradiance to the sample. Collimated



-
<
L
=
-
O
o
(@
L
>
—
- -
o
o
<
<
o
L
2
=

beam testing was conducted to ensure the integrity of the microbia cultures used to test the reactor.
The purity of the MS2 virus stock was checked by a dose-response bioassay. To establish a dose-
response curve, collimated-beam apparatus tests were carried out with the feed water used during
seeding chdlenges within 24 hours of the chdlenge test. The initid concentration of MS2 was
goproximately 2 logs higher than the number of logs of inactivation that should be achieved a the
maximum UV-254 dose to have a target concentration of 100 pfu/100 mL or more in the irradiated
samples. Six (6) 50 mL sub-samples, prepared by pouring the MS2 virus stock diluted to get
appropriate concentration into crystalizing dishes, were exposed for a range of times caculated to
achieve a range of UV-254 doses from 20 to 145 mJcn?, with aminimum interva of 25 mYen®. The
cryddlizing dishes are petridish like shdlow glass dishes. The exposed samples were then plated in
triplicate immediady after dl the samples were collected (maximum holding time of two hours) on the
same day as the collimated beam gpparatus test. The water quaity matrix used for collimated-beam
gpparatus testing was identical to that used in the UV reactor vaidation. The plating procedure used
can be found in Appendix A. The UV-254 dose was cdculated asfollows:

D = It [(1-e*Y)/kd]

Wheree D = UV dosea 254 nm (mJcnr)
t = Exposuretime (seconds)
l, = Incident intensity at the surface of the sample (mW/cn?) = 0.975 x measured intensity
on surface

k = Absorbance coefficient (L/cm) = 2.3 (multiplier for converson from naturd log to
logarithm to the base 100) x UV-254 absorbance
d = Depth of the sample (cm) =2.2cm

The collimated-beam resuits were plotted on a graph of the UV-254 dose (mJcnt) versus the log
inactivation.

Microbiad Chdlenge Teds

All microbid challenge experiments were conducted at a congtant flowrate and asingle UV lamp power
setting on the UV Swift 4L12, recommended by the manufacturer to achieve 2-log inactivation of the
MS2 virus. The flow rate was set at 695 gpm and the power level setting was 81%.

During each MS2 seeding experiment, three samples from the UV feedwater and three samples of UV
effluent water were collected. The first sample during each treatment cycle was collected after a
minimum of five theoretica hydraulic detention times had passed through the system from injection point
to effluent sampling port. The hydraulic detention time was calculated by dividing the volume of pipe
from the injection port to the sampling port by the flow rate. Each sample was collected in sterile 250-
mL bottles, stored at 1°C and processed within 24 hours. MS2 virus was continuoudy added to the
influent sample stream using a 0 to 250 RPM perigtdtic pump. The pump was operated at a high rate
(> 150 RPM) during seeding to minimize the effects of pulsng. Samples were collected from flamed
dtainless stedd sample ports over a period of 5 to 10 seconds. Both sample ports were adjusted to

13
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gpproximately the same flow rate to ensure that both feed and effluent samples represented the same
aiquot of water and the sampling from both the ports was conducted at the same time. A seed stock
sample was taken from the seeding tank and the sample diluted 25 times as atrip control. The seeding
tank was kept continuoudy mxed during the seeding test. A seed start sample was taken from the
seeding tank (no dilution).

Three experiments (replicates) were performed, plus one additiond seeding chalenge with al reactor
lamps turned off. Two negative control samples, feed water samples with no virus addition, were dso
collected, for a tota of 26 MS2 samples. The sample collection detail is presented in Table 3-3. In
addition, both positive control and negative control virus samples were submitted for quality control. A
negative control sample was taken before the seeding commenced from the feed sample port to
enumerate the indigenous phage count. After the seeding the lamps were turned off, three samples each
were taken from the feed and effluent sample port as a podtive control. A seed stop sample was
collected from the seeding tank (no dilution). After this, chlorine was added to the seeding tank and the
system was disinfected. After five minutes, chlorine addition was stopped and two samples were taken
from the effluent to show that the sysem was completdly disnfected. Each chdlenge was hydraulicaly
independent of any previous chalenge because a minimum of five theoretica hydraulic detention times
were dlowed between challenge experiments.

3.1.7 Task5: Data Management

The objective of this task was to establish the protocol for management of al data produced in the ETV
and for data transmission between the FTO and NSF.

A dataogger was used for automatic acquisition of on-line process flow rate and UV irradiance sensor
data to computer databases. This data was then downloaded for importation into Excel as a comma
delimited file. In spreadsheet form, data were manipulated into a convenient framework to dlow anaysis
of UV equipment operation. For those parameters not recorded by the datalogger, field-testing
operators recorded data and calculations by hand in laboratory notebooks. Daily measurements were
recorded on specidly prepared data log sheets as appropriate.

The database for the project was s&t up in the form of customdesigned spreadsheets. The
Spreadsheets were cgpable of storing and manipulating each monitored water quality and operationa

parameter from each task, each sampling location, and each sampling time. Data from the log sheets
were entered into the appropriate spreadsheet. Following data entry, the spreadsheet was printed out
and the print-out was checked againgt the handwritten data sheet. Any corrections were noted on the
hard-copies and corrected on the screen, and then a corrected version of the spreadsheet was printed
out. Each gep of the verification process was initided by the field testing operator or engineer

performing the entry or verification step.

Data from the outside laboratory were received and reviewed by the field testing operator. Data from

the ongite lab and City of San Diego Marine Microbiology |ab were entered into the data spreadsheets,
corrected, and verified in the same manner as the field data. Data from the City of San Diego Water

14
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Qudity lab were received both dectronicaly and in hardcopy printouts generated from the electronic
data

3.1.8 Task 6: Quality Assurance/Quality Control

An important aspect of verification testing was the protocol developed for quaity assurance and qudlity
control. The objective of this task was to assure the high quality of al measurements of operationd and
water qudity parameters during the ETV.

Equipment flow rates and associated signas were documented and recorded on a routine bass. A
routine daily wak-through during testing was performed to verify that each piece of equipment or
insrumentation was operating properly.  On-line monitoring equipment, such as flow meters and UV-
254-irradiance sensor Sgnds, were checked to confirm that the read-out matched the actud
measurement (i.e., flow rate or UV output on the control panel) and that the Sgna being recorded was
correct. Below isalist of the verifications conducted.

Monitoring Equipment

System Flow Rate

System flow rate was verified volumetricdly on a weekly bass and near the beginning and end of the
testing period. System flow to the 1100-gdlon chlorine contact tank was monitored for approximeately
two minutes. The measured flow rate was compared with flows indicated on the flowmeter.

UV Sensor

UV irradiance sensor readings were cdibrated againgt a cdibrated sensor provided by and
manufactured by Trojan Technologies on a weekly basis. The UV-254 Transmittance sensor was not
used during the testing.

System Piping Components
All system pping, tubing and vaves were examined every day during the wakthrough inspection to
ensure that no leaks were present.

Pressure and Temperature Gauges

The feed pressure gauge was verified againgt a sandard Ashcroft pressure gauge during the testing
period. The readings from the VWR brand temperature gauge were checked using the ERTCO NIST
catified immerson thermometer.

Analytical Methods
pH
An Accumet Research Modd AR15 laboratory pH meter was used to conduct routine pH readings at

the tes fadility. Anayses for pH were performed according to Standard Method 4500-H+. A three-
point calibration of the pH meter used in this sudy was performed once a day when the instrument was
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inuse. Certified pH buffers in the expected range (4.0, 7.0 and 10.0) were used. The dope obtained
after calibration was recorded. The temperature of the sample when reading sample pH was aso
recorded. The pH probe was stored in the appropriate solution as defined in the instrument manual.

Temperature

Operating temperatures were measured usng a VWR brand bimetdlic did thermometer with
temperature range of 0-50°C and accuracy +1% over range for the feed side. Once a day the feed and
the effluent temperatures were a'so measured by directing the UV reactor influent and effluent flowsinto
insulated containers and measuring the temperature of the water in the container with a NIST certified
immersion thermometer. The thermometer was manufactured by ERTCO, with a scde from -2 to 68
°C graduated in 0.2 °C increments. Readings for temperature were conducted in accordance with
Standard Method 2550B. Cdlibration verifications were made at the process temperature.

Turbidity

A Hach 2100N desktop turbidimeter was used to perform daily onsite turbidity analyses of feed water
and effluent samples in accordance with Standard Method 2130B. Readings were recorded in nor-
ratio operating mode. The following quality assurance and quality control procedures were followed to
ensure the integrity and accuracy of ongite laboratory turbidity data.

Initial and weekly cdibrations were performed with primary standards of 0.1, 20, 100 and 800 NTU.
Secondary standard calibration verification was performed on a daily basis. Three secondary standards
(approx. 5.69 NTU, 56 NTU and 544 NTU) were recorded after primary cdibration and on a daily
basis for the remaining 6 days until the next primary cdibration. Proficiency samples with a known
turbidity were purchased from a commercia supplier. Turbidity proficiency samples were prepared and
andyzed every week.

Chemical and Microbial Water Quality Parameters

The andyticd work for the testing was performed by the City of San Diego Andyticd and Marine
Microbiology Laboratories, which are State of Cdifornia certified water laboratories.  All water
samples were collected in appropriate containers (containing preservatives as applicable) prepared by
the City of San Diego Andyticd Laboratory. Samples for andyss of Totd Coliforms (TC) and
Heterotrophic Plate Count (HPC) analysis were collected in bottles supplied by the City of San Diego
Marine Microbiology Laboratory and trangported with an internd cooler temperature of gpproximeately
2 to &C to the laboratory. All samples were preserved, stored, shipped and andyzed in accordance
with appropriate procedures and holding times. All reported results had acceptable QA and met EPA
QC guideines, which was confirmed by letters from the City of San Diego Laboratory (Appendix A).

16
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3.2  Calculation of UV Operating Parameters
3.21 UV lrradiance

UV irradiance is the rate at which UV energy is incident on a unit area (e.g., 1 cnt) in the water and
described in terms of UV power per unit area, e.g., microwatts per square centimeter (WW/cnt) or
milliwatts per square centimeter (MW/cnt). The UV irradiance was measured using irradiance sensors
provided by the manufacturer as part of ther sysem. The system irradiance measurements were
verified through weekly crosschecks with the reference sensor.

3.22 UV Dose
The UV energy is quantified to a dose by multiplying the UV Irradiance by the actud exposure time:
Dose (mJent) = UV Irradiance (mW/cnf) x Time (seconds)

The definition of dose provided is atheoreticd definition and the dose was not caculated in this manner
during the testing. UV dose during the testing was obtained based on the bioassay seeding results that
are then assgned a corresponding dose value on the basis of the collimated beam results. Also, UV
dose was provided by the manufacturer on the basis of a modd that was developed based on the
integration of reactor hydraulics and intengity field digtribution for the unit.

3.23 UV-254 Transmittance
UV-254 transmittance is the ability of water to transmit UV light. UV-254 transmittance of a water
sample is generdly measured as the percentage of incident light with awavelength of 254nm transmitted
through an operationdly defined pathlength (L). Many commercidly available spectrophotometers
actudly report the Absorbance (A) for a fixed pathlength (L) of the sample. Percent Transmittance and
Absorbance can be related as:

%T = 100 x 10"
Many naurdly occurring organic and inorganic condituents (e.g., naura organic matter, iron, and
nitrate) will absorb energy in the UV wavdengths, thus reducing the UV-254 transmittance of the water.
This reduced UV-254 trangmittance often interferes with the inactivation efficiency of an UV system.
3.3  Calculation of Data Quality Indicators
3.3.1 Precision
As specified in Standard Methods (Method 1030 C), precision is the standard deviation of the results

of replicate andyses. An example of replicate andysesin this ETV was the weekly andysis of turbidity
proficiency samples. The overdl| precison of a sudy includes the random errors involved in sampling as
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well as the errors in sample preparation and andyss. Precison was caculated for the water qudity
parameters monitored with eight or more samples.

N
Precision = Standard Deviation = ([& (X, -X)?, (n—1)] )2
=1

Where X = samplemean
X | =ith datapoint in the data set
n = number of data pointsin the data set

3.3.2 Relative Percent Deviation
For this ETV, duplicate samples were andlyzed to determine the overdl precison of an andyss usng
reldive percent deviaion. An example of duplicate sampling in this ETV is the daly duplicate andyss
of turbidity samples using the bench-top turbidimeter.

Rdative Percent Deviation =100~ [(X1 —X2) , X]
Where X = sample mean

x; = first data point of the set of two duplicate data points
X, = second data point of the set of two duplicate data points

3.3.3 Accuracy

Accuracy is quantified as the percent recovery of a parameter in a sample to which a known quantity of
that parameter was added. An example of an accuracy determination in this ETV was the andyss of a
turbidity proficiency sample and comparison of the measured turbidity to the known leve of turbidity in
the sample.

ACCUTGCy = Pacent RGCOVGI’y = 1CX) . [(Xmeagjraj) 5 anown]

Where:  Xiown = known concentration of measured parameter
Xmessred = Measured concentration of parameter

3.34 Statistical Uncertainty

For the water quaity parameters monitored with 8 samples or more, 95 percent confidence intervals
were cdculated. The following equation will be used for confidence interval caculation:

Confidence Interval = ~+ [th11 @z~ (S/V/N)]

Where X
S

sample mean
sample standard deviation

18
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n = number of independent measurements included in the data set
t = Sudent'st digribution value with n-1 degrees of freedom
a = dggnificanceleve, defined for 95 percent confidenceas. 1—0.95 = 0.05

According to the 95 percent confidence interval approach, the a term is defined to have the vaue of
0.05, thus amplifying the equation for the 95 percent confidence intervd in the following manner:

95 Percent Confidence Interval = X+ [thsoe7s” (S/IA/N)]
3.3.5 Data Completeness and Representativeness
Data completeness refers to the amount of data collected during the ETV study as compared to the
amount of data that were proposed in the PSTP. Calculation of data completeness was made for onsite
water quality measurements, laboratory water quaity measurements, and operational data recording.
These caculations are presented in Appendix A of thisreport.

All water quaity samples were collected according to the sampling procedures specified by the NSF
protocols, which ensured the representativeness of the samples.

34  Testing Schedule

The ETV schedule isillugtrated in Figure 3-2. The field testing took place in September and October
2001. One testing period was conducted.
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Chapter 4
Results and Discussion

This chapter presents the data obtained under each task of the ETV program of the Trojan UV Swift
system.

4.1 Task B: Initial Operations

This phase d the testing was conducted between 9/1/01 and 9/13/01. During this testing phase the
manufacturer’s representative and the FTO field personnd evauated equipment operations under
various operating conditions to determine operational conditions for the \erification testing. These
operationa conditions included flow rates, lamp power settings, and cleaning frequency. Based on
these initid tests the following conditions were recommended by the manufacturer for verification testing:

Fow rate at 400 gpm during verification testing and 695 gpm during microbid inactivation tests.
Lamp power at 81% for the entire testing period.

Cleaning frequency of once every 24 hours.

Lamp age of 100 £ 20 hours for the microbia inactivation testing.

Samples for severa ondte and laboratory water qudity parameters were dso collected to verify
sampling and laboratory procedures. QA/QC procedures were aso followed during this period.

The chemica feed and M2 virus addition pumps used during the microbid inactivation testing were set
up and tested during this period. The flow rates and concentrations required for the chemica pumps
were calculated and tested to ensure the feed water to the UV reactor was dechloraminated before
addition of MS2 virus and that adequate free chlorine residuds were achieved through the chlorine
contact tank for virus inactivation.

A preliminary bench scade test was performed with the UV feed water usng the collimated beam testing
gpparatus to determine the UV sengitivity of the MS2 virus stock. The dose response curve from this
test is presented in Figure 4.1. Based on the best-fit line, the figure shows that a 2-log inactivation of
MS2 virus requires an effective UV-254 dose of 41 m¥cnt.

An ingpection of fidd operations, sampling activities and on-Site analyses was conducted at the end of
this phase by the NSF Project Engineer and the procedures were found to be satisfactory. The
sampling and analysi's schedules and the data collection forms were d o finalized during the inspection.
4.2 Task 1. Veification Testing Runsand Routine Equipment Operation

The verification testing run was conducted between 9/14/01 and 10/3/01 for a period of over 320 hours

in lamp operaiond hours. During this period the unit was operated a the operating conditions
determined by the manufacturer during the initid testing period. The unit was operated in the manud
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reactor mode where the power level to the lamps was fixed and changes in water qudity or fouling of
the lamps would not cause the power level to increase. The unit has a proprietary modd to calculate
the effective UV dose based on the UV-254 absorbance of the water, the flow rate and the sensors
measured UV irradiance. The UV-254 absorbance was measured ondite usng a Hach DR4000
spectrophotometer and the UV-254 transmittance caculated. These vaues were entered into the
control panel to get the caculated dose. The unit operated continuoudy except for three shutdowns due
to power outages and weekly shutdowns for sensor and flow cdibration. A lig of these shutdown
periods is provided in Appendix C. Ondte water qudity parameters and laboratory water quality
parameters were sampled for during this period. The summary of these parameters is provided in
Section 4.3.

The operationd data collected during this period included flow rates and UV irradiance collected by the
data logger. This data is presented in Figure 4-2. The flow was maintained within 10% of 400 gpm
during the entire length of the testing except for periods of shutdown. These periods of shutdown
included periods of low flow (100-150 gpm) on 9/24/01 and 9/28/01. It was observed during testing
that the UV irradiance reached a minimum vaue during the deaning cydes and a maximum just after a
shutdown period. As presented on Figure 42, these extremes in UV irradiance serve to indicate
system shutdowns, and can be explained as follows. During a cleaning cycle the wiper assembly passes
over the quartz window of the irradiance sensor and shadows the UV light resulting in minimum vauesif
this value was recorded by the datalogger (which recorded readings every 2 minutes). After a
shutdown period when the unit was restarted the power level setting was reset to the maximum value
(100%) resulting in high UV irradiance vaue until the power setting was lowered to 81% by the
operator.

The cleaning cycles are dso indicated on Figure 4-2. All three modes of cleaning auto, manud and fixed
mode were tested and were found to operate reliably. After the first week, fixed interval mode
cleaning, with an interva of 24 hours, was used the mgjority of the time except when sensor cdibration
was being performed. Table 41 summarizes the cleaning cycles and the percentage increase in UV
irradiance due to cleaning throughout the testing period. UV irradiance values in Table 4-1 are based
on manua operator readings immediately before and after lamp cleaning. Readings not available (N/A)
on Table 4-1 can be approximated from the UV irradiance data of Figure 4-2. The percent increasein
the UV irradiance after cleaning ranged from —0.03 to 9.4 percent with an average increase of 2.6
percent. This indicates tha the fouling of the lamp deeves on a day to day bass was minimd. The
cleaning cycles could be observed and the control pand provides an indication of the time intervd to the
next cleaning cycle.

The UV-254 absorbance of the feed water was measured onsite and the UV-254 transmittance
cdculated. The UV sensor irradiance and transmittance data is presented againgt lamp hoursin Fgure
4-3. Shutdown periods are not displayed in Figure 43 since the lamp hours did not change during
shutdown periods. In addition, the maximum and minimum vaues due to shutdowns and cleaning cycles
have been removed. Figure 4-3 shows the relationship between the UV-254 transmittance of the feed
water and the UV irradiance sensor measurement. Because UV irradiance is so strongly influenced by
the UV-254 transmittance of the feed water, no inference can be made regarding the fouling d the
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lamps from the UV irradiance data collected during this period. If cleanings were ineffective and long
term fouling of the lamps was occurring the UV irradiance would lose senstivity towards changes in
water transmittance, and this does not appear to be occurring.

The UV lIrradiance sensor reading was compared againgt a calibrated reference sensor once each week
during the testing period. The percent difference between the system sensor and reference sensor
readings are presented in Table 4-2. The table shows that the system sensor readings were consistently
lower than the reference sensor readings over the testing period while the difference in the readings
increased from 1.78% at 37 hours of lamp operation to 10.94% at 820 hours of lamp operation
Basad on this finding, the manufacturer recommended testing for contamination of the system sensor a
the end of the testing. The sensor windows were cleaned with acohol and the 820-hour sensor
cdibration reading was repeated. The difference in sensor readings decreased from 10.94% to 7.21%
asareault indicating that the actua sensor drift was less than 5% during the testing period of 820 hours.

After the completion of testing, the deeve for Lamp 1 (the lamp affecting the irradiance sensor) and the
irradiance sensor deeve were removed and visualy examined. The lamp deeve was observed to be
clean while the sensor deeve had white deposits dong the length. A photograph of the lamp and sensor
deeve is presented in Figure 4-4. Sensor readings were taken to characterize the extent of this sensor
deeve fouling. Firg a sensor reading was taken with the origind lamp deeve and sensor deeve. The
sensor deeve was then replaced with a new, clean deeve and an increase in UV irradiance of 7.2%
percent was observed. The lamp deeve was replaced with a new deeve next. No further increase in
UV irradiance was observed, indicating that lamp fouling was minima and the decline in UV irradiance
measurement was due to sensor deeve fouling. These data are presented in Table 4-3.

An atempt was made to quantify lamp aging based on UV irradiance sensor measurements taken near
the beginning of the testing and the end of the testing (with clean sensor deeves and lamp deeves). The
average UV irradiance readings were identica for both the initia and find reading, while the UV-254
transmittance of the feed water during the initid reading was margindly lower, at 84.1%, than during the
find reading when UV-254 transmittance was 86.1%. Thisindicates only avery smdl decreasein lamp
performance from lamp aging over thetest period. These data are presented in Table 4-4.

43 Task 2 Test Runsfor Feed Water and Effluent Water Quality

Severd water quality parameters were monitored during the U/ testing. The following provides a
summary of the water quaity data collected over the testing period.

431 UV-254 Absorbance and UV-254 Transmittance

Figure 4-5 and Appendix A present feed and effluent values, repectively for UV-254 Absorbance and
caculated UV-254 Transmittance as provided by the City of San Diego Laboratory for samples taken
throughout the testing period. The UV-254 transmittance vaues caculated from the City of San Diego
laboratory UV-254 absorbance data were found to be consigently higher than the transmittance vaues
from ongte UV-254 absorbance measurements using the Hach DR4000 spectrophotometer. A smdll
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study was conducted to determine potentia causes. The higher UV -254 tranamittance figures from the
City Lab were found to be attributed to the sample hold time required to transport samples to the
laboratory. The sample hold times were not uniform and the travel time was aso not consistent, though
they were below the maximum hold time of 24 hours and the samples were held a a temperature of
4°C. As shown in Figure 4-5, feed water UV-254 absorbance (UV-254 transmittance) values
measured between 9/14/01 and 10/3/01 ranged from 0.083 cm™* (82.6%) to 0.034 cmi* (92.5%).
Figure 4-5 shows the effluent UV-254 absorbance (UV-254 transmittance) measured during the testing
period ranged from 0.084 cmi* (82.4%) to 0.037 cmi* (91.8%). Comparison of the feed and effluent
UV-254 absorbance indicate the UV-254 absorbance was not atered as the water passed through the
UV Swift reactor. The decrease in the feed and effluent UV-254 absorbance shown in Figure 4-5 on
9/27/01 was due to a change in feed water composition used by the Otay Water Filtration Plant.

Specificdly, the plant feed water source changed from Otay Lake Water to a 50%-50% blend of Otay
Lake Water and County Water Authority (CWA) agueduct water, respectively. Due to the lower
organic content of the CWA water, the average feed UV-254 absorbance (UV-254 transmittance)
after 9/27/01 decreased from 0.071 cmi* (89.3%) © 0.049 cm* (84.9%). Similarly, the average
effluent UV-254 absorbance (UV-254 transmittance) measured after 9/27/01 decreased from 0.071
cmi* (89.7%) to 0.047 cmi* (84.9%).

4.3.2 Indigenous Bacterial I nactivation

The inactivation of naturaly occurring bacteria present in the feed water was monitored during the ETV
sudy. However, as shown in Table 4-5, results from the Marine Micro Laboratory for samples taken
during the test period indicate al measurements of totd coliform bacteria in both the feed and effluent
water were below the detection limit (2 most probable number (MPN)/100 ml). In addition, al
messurements of HPC bacteria measured in both the feed and effluent water were dso below the
detection limit of 1 colony forming units (cfu)/100 ml. The absence of both coliform and HPC are
expected since the feed water to the UV reactor, Otay Trestment Plant effluent, had been exposed to
free chlorine through the full-scae plant filters.

4.3.3 Other Water Quality Parameters

Table 4-6 summarizes the results of dl water qudity parameters sampled in the feed water and effluent
of the Trojan UV system during the test period. The table presents count, median, range, and average
of the water quality parameters sampled. Standard deviation and 95 percent confidence interva vaues
were caculated for parameters collected 8 or more times. Based on the results, the feed water to the
UV system over the testing period can be characterized as moderate in dkdinity and high in hardness
with sgnificant levels of iron and manganese. The feed water pH ranged from 7.3t0 8.9. Organics are
aso rdatively high, with TOC ranging from 3.0 mg/L to 5.1 mg/L. The UV-254 absorbance ranged
from 0.03 to 0.08, corresponding to a range of UV-254 transmittance from 83 percent to 93 percent.
The turbidity was very low, as expected for afiltered water, averaging 0.1 NTU. No sgnificant change
was observed in the dkdinity, total hardness, cacium hardness, iron, manganese, nitrate, and color
across the reactor. No gpparent reduction of TOC and UV-254 was observed.
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44  Task 3: Documentation of Operating Conditionsand Treatment Equipment

The UV Swift unit was operated at a flow rate of 400 gpm and a power setting of 81%, with daily

cleaning, for a period of more than 27 days (720 hours). System flow and UV irradiance data were
collected every two minutes using a datdogger. The operationa data is summarized in Teble 4-7. The
table presents count, median, range, average, sandard deviation and 95 percent confidence interva of
the operationd parameters monitored. The operationd data summarized include the power
consumption for each lamp as measured with an amp clamp and volt meter. Tota power consumption
was caculated by summing the power consumption readings from the four individua lamps. The power
consumption for the lamps remained stable during the period of the testing. The average power input
was 7.7 KW corresponding to 81% lamp power. The time required to treat 1000 gallons at 400 gpm
flow will be 1000/(400*60) = 0.042 hours. So, energy supplied to this volume = 7.7¥0.042=

0.32kWh. The system pressure was a function of the reative pogtioning of valves before and after the
UV unit and varied dightly with each adjusment. A total of 8 lamp on/off cycles occurred during the
period of testing. The cleaning effectiveness data and the sensor verification data are presented in

Section 4.2.

45  Task 4: Documentation of Equipment Performance: Microbial I nactivation

To demondrate the microbid inactivation ability of the Trojan UV Swift System, one collimated beam
test and three full-scae chalenge tests were conducted with MS2 virus on 9/14/01. The collimated
beam test was conducted on the same day as the chalenge tests, with UV system feed water collected
during the same time period, and using a portion of the MS2 virus stock used during the chalenge tests.
The collimated beam test was performed to ensure the integrity the MS2 stock used in the chdlenge
tests and to determine the MS2 UV senditivity. The results of the collimated beam test are presented in
Table 4-8. A dose response curve was constructed based on the results. This dose response curve is
presented in Figure 4-6. Based on the best-fit line for the data of Figure 4-6, an effective dose of 42.8
mW/cnt was necessary to achieve 2-log inactivation of MS2. The UV estimated effective dose using
MS2 virus can be used as an indicaior to obtain the inactivation of other organisms such as
Cryptosporidium and Giardia

The M2 chadlenge tests were conducted at a flow rate of 695 gpm and alamp power setting of 81%.
Three sats of feed and effluent samples were collected in each of the three challenge tests conducted.
The feed and effluent concentrations and log remova of virus during the seeding are presented in Table
4-9. Figure 47 presents the log remova results graphically. Negative control samples taken before
addition of MS2 virus, demongtrated no MS2 virus was in the feed water to the UV system before the
beginning of chalenge teging. Podtive control samples, taken after the completion of the challenge
tests, demondtrated there was no inactivation of MS2 virus with the sysem UV lamps off. The dose
vaues recorded from the UV Swift user interface screen during the three chalenge experiments ranged
from 50 to 51 mJcn? (Appendix C). During the three challenge experiments, the feed MS2 virus
concentration ranged from 5 x 10* pfu/100mL to 1.1 x 10° pfu/100mL, while the effluent MS2
concentration ranged from 4 x 10° pfw/100mL to less than 1 x 107 pfw100mL. The microbid
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inactivation observed during the challenge tests ranged from 2.1 to 3.0 logs. The 95 percent confidence
interva for MS2 virus log inactivation was from 2.4 logsto 2.9 logs.

4.6  Task 5: Data M anagement
4.6.1 Data Recording

Data were recorded manualy on operationa and water quality data sheets prepared specificdly for the
sudy. In addition, other data and observations such as the system calibration results were recorded
manualy on data forms and laboratory notebooks. All of the raw data sheets and laboratory notebook
entries are included in Appendix B of this report.

4.6.2 Data Entry, Validation, and Reduction

Data were firg entered from raw data sheets into smilarly designed data entry forms in a Spreadshest.
Following data entry, the spreadsheet was printed and dl entries were checked againgt the handwritten
datasheets. All corrections were noted on the electronic hard copies and then corrected on the screen.
The hardcopy of the eectronic data are included in Appendix C of this report.

4.7  Task 6: Quality Assurance/Quality Control (QA/QC)

The objective of this task is to assure the high qudity and integrity of al measurements of operationd
and water quality parameters during the ETV program. Below isasummary of the procedures followed
to ensure the correctness of the data

4.7.1 Data Correctness
Data correctness refers to data quaity, for which there are five indicators:

Representativeness
Statigica Uncertainty
Completeness
Accuracy

Precison

Cdculdaion of the above data qudity indicators were outlined in the Methods and Procedures section
(Chapter 3). All water quality samples were collected according to the sampling procedures specified
by the NSF protocols, which ensured the representativeness of the samples. Below isa summary of the
caculated indicators.
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4.7.2 Statistical Uncertainty

Ninety-five percent confidence intervals were caculated for the raw and effluent water qudity
parameters of the Trojan 4L12 UV Swift system where eight or more samples were collected. These
include ongte lab data: pH, temperature, turbidity, free and tota chlorine; and laboratory data including
UV-254, totd organic carbon (TOC), tota coliform and heterotrophic plate counts. Ninety-five
percent confidence intervas were presented in summary tables in the discusson of Task 2 — Raw and
Finished Water Qudity.

4.7.3 Completeness

Data completeness refers to the amount of data collected during the ETV study as compared to the
amount of data that were proposed in the PSTP. Cdculation of data completeness was made for onsite
water quality measurements, laboratory water quaity measurements, and operationa data recording.

These cdculations are presented in Appendix A of this report.

474 Accuracy

Accuracy is quantified as the percent recovery of a parameter in a sample to which aknown quantity of
that parameter was added. An example of an accuracy determination in this ETV is the anadyss of a
turbidity proficiency sample and comparison of the measured turbidity to the known leve of turbidity in
the sample. Cdculations of data accuracy were made to ensure the accuracy of the onste desktop
turbidimeter used in the study. All accuracy caculations are presented in Appendix A.

475 Precision and Relative Percent Deviation

Duplicate water qudity samples were anayzed to determine the consstency of sampling and andysis
using relative percent deviation. Precison was cdculated from the standard deviation of replicate
andyses. Reative percent deviation caculations were aso performed on online and desktop turbidity
measurements. Caculations of relative percent deviation are included in Appendix A of thisreport.

4.8  Additional ETV Program Requirements

4.8.1 Operation and Maintenance (O&M) Manual

The O&M manud for the Trojan 4L12 UV Swift system supplied by the manufacturer was reviewed
during the ETV testing program. The review comments for the O& M manud are presented in Table 4-
10. The review found the O&M manua to be an extremdy ussful resource. The manud is very well

organized, well written, clear and complete. The manua makes excellent use of tables and graphics to
organize and darify the presentation of materid.
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4.8.2 System Efficiency and Chemical Consumption

The sysem efficiency can be defined in terms of the power input to the system that produces unit
inactivation of the virus during the chdlenge tests. From Table 4-7 the average power input was 7.6
kW corresponding to 81% lamp power. The time required to treat 1000 gdlons at 695 gpm flow
during seeding was 1000/(695*60) = 0.024 hours. So, energy supplied to this volume = 7.6¥0.024=
0.18 kWh.

The average log inactivation achieved during the challenge tests, as indicated in Table 4-9, was 2.6 log
inactivation of M2 virus. Therefore, the efficiency of the UV unit during the chdlenge tests was 0.07
kWHh/log virus inactivation / 1000 gdlons trested. The UV-254 transmittance of the feed water was
84% (Table 4-9) during the virus seeding.

During other times the flow rate was 400 gpm and the average power input was the same at 7.6 kW.
The time required to treat 1000 gpm was 1000/(400* 60) = 0.042 hours. The energy consumption thus
was = 7.6¥0.042= 0.32 kwh/1000 gdl.

The UV system uses a proprietary chemicd to assst the mechanica wiper during lamp deeve deaning.
Each of the four cleaning collars holds 64 mL of this chemica. The cleaning chemicd is estimated to last
for sx months. No other chemica consumption is associated with the UV system.

4.8.3 Equipment Deficiencies Experienced During the ETV Program

At the end of the testing period, the UV irradiance sensor deeve was found to be somewhat fouled with
white deposits. When the UV irradiance sensor deeve was replaced with a clean deeve, the UV
irradiance reading increased by 7 %. After discussons with the manufacturer, it was concluded that
fouling may be aresult of the actual wiper design. The residua from the wiper may be fouling the deeve.
No other UV equipment deficiencies were experienced during the ETV testing. A table summarizing the
equipment deficiencies encountered and any corrective actions taken is presented in Appendix A
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Table 3-1. Water Quality Analytical Methods

Parameter Sample Facility Method
Frequency
General Water Quality
pH Twice Dally On-Site SM 4500H+
Tota Alkainity Semi Weekly Laboratory SM 2320B
Totd Hardness Semi Weekly Laboratory SM2340C
Temperature Twice Dally On-Site SM 2550B
Iron Semi Weekly Laboratory SM 3111B
Manganese Semi Weekly Laboratory EPA 200.8
Nitrate Semi Weekly Laboratory SM 4110B
Freeand Totd Chlorine Twice Dally On-Site Hach/ SV 4500 CL.G
Particle Characterization
Turbidity (Bench-Top) Twice Daly On-Site SM 2130B
Organic Material
TOC Daly Laboratory SM5310C
True Color Sami Weekly Laboratory SM 2120 a 455 nm
UV Absorbance a 254 nm Daly Laboratory SM 5910 B
Microbiological Analyses
Tota Caliform Occasiondly Laboratory SM 9221 B
HPC Daily Laboratory SM 9215B
MS2 Virus During seeding Laboratory SM 9224 F

Table 3-2. UV Disinfection System Operating Data Recor ding Schedule

Operations Parameter Action

Flow Rate Checked and recorded et least 3 times a day on weekdays and once a day on
weekends. Recorded on a datdogger every 2 minutes. Adjusted when 10%
above or below target. Recorded both before and after adjustment.

Exposure Time* Recorded retention or cycle timeswhen applicable. If varigble, record degree of
vaidion.

UV Irradiance Checked and recorded et least 3 times a day on weekdays and once a day on
weekends. Recorded on adatdogger every 2 minutes.

UV Sensor Recorded output from in-line monitors. Recorded changes in lamp UV

irradiance following each deaning. Veified internd UV sensors agang a
reference sensor on aweekly bass.
Lamp Fouling/Cleaning Sysem  Recorded frequency of deeve deaning.
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Lamp Hours
Electric Power

Lamp Cydes

Recorded daily for each lamp

Recorded daily the power level tha reector was operating a and recorded
current use by each lamp and voltage acrass eech lamp.

Recorded frequency of lamp on/off cydes

* Exposure time was determined from the internd volume of UV inactivation chamber (55 L) and from the

flowrate.
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Table 3-3. Seeding Challenge Details

Experiment # Feedwater # Effluent
Samples Samples
Negative Control (no virus) 2 0
Chdlenge#1 3 3
Challenge#2 3 3
Challenge#3 3 3
Positive Contral (lamps off) 3 3
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Table4-1. Lamp Cleaning Data

Average UV Irradiance (mW/cmz)

Cleaning Lamp Cleaning Interval

Date Hours Before Cleaning __ After Cleaning % Increase Cleaning Type (lamp hours)
9/14/01 108 425.2 432.7 1.76 Manual 40
9/15/01 129 N/A N/A N/A Auto 21
9/16/01 153 N/A N/A N/A Auto 24
9/17/01 177 N/A N/A N/A Auto 24
9/18/01 205 410.7 417.9 174 Manua 28
9/19/01 222 N/A N/A N/A Auto 17
9/20/01 246 396.9 396.8 -0.03 Fixed 24
9/21/01 270 371.2 399.3 7.55 Fixed 24
9/22/01 294 N/A N/A N/A Fixed 24
h 9/23/01 317 3774 390.3 3.40 Fixed 23
9/24/01 341 371.2 377.4 1.67 Fixed 24
z 9/25/01 351 383.8 390.3 1.69 Manual 10
m 9/26/01 375 390.3 396.8 1.67 Fixed 24
E 9/27/01 399 456.4 473.2 3.69 Fixed 24
9/28/01 423 432.7 473.2 9.37 Fixed 24
: 9/29/01 440 N/A N/A N/A Fixed 17
U 9/30/01 464 N/A N/A N/A Fixed 24
10/1/01 4388 432.7 440.4 1.78 Fixed 24
o 10/2/01 510 456.4 464.7 1.82 Fixed 22
a 10/3/01 534 464.7 473.2 1.84 Fixed 24
10/4/01 558 425.2 432.7 1.76 Fixed 24
m 10/5/01 582 397.0 410.7 347 Fixed 24
> 10/6/01 606 N/A N/A N/A Fixed 24
H 10/7/01 630 N/A N/A N/A Fixed 24
: 10/8/01 654 N/A N/A N/A Fixed 24
10/9/01 678 403.8 417.9 3.49 Fixed 24
u 10/10/01 701 448.3 456.4 1.81 Fixed 23
m 10/11/01 725 440.4 448.3 1.79 Fixed 24
d 10/12/01 749 440.4 440.4 0.00 Fixed 24
10/13/01 773 N/A N/A N/A Fixed 24
¢ 10/14/01 797 N/A N/A N/A Fixed 24
n 10/15/01 820 390.3 397.0 172 Manual 23
Average |ncrease 2.60
m N/A = Not Available (values for irradiance for these dates can be obtained from Figure 4-2)
7))
-
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Table4-2. Sensor Calibration Data

Average UV Irradiance (mW/cm 2)

Date Lamp Hours Sensor Reference Sensor % Difference
9/4/01 37 432.7 440.4 1.78
9/18/01 205 417.9 440.4 5.38
9/25/01 351 396.9 425.2 711
10/2/01 511 473.2 509.8 7.73
10/9/01 678 417.9 456.4 9.21

10/15/01 820 396.9 440.4 10.94
10/15/01 820 4107 440.4 7.21

' System and reference sensor windows cleaned with alcohol between the two readings on 10/15/01

Table4-3. Lamp Sleeveand UV Irradiance Sensor Sleeve Fouling Data

UV Irradiance (mwW/cne)

Configuration L ow Mid High Average % Increase

Old sensor sleeve, old

lamp sleeve 403.7 410.7 417.8 410.7 reference
New sensor sleeve, old

lamp sleeve 432.6 440.3 448.2 440.4 7.2
New sensor sleeve, new

lamp sleeve 432.6 440.3 448.2 440.4 7.2

Table 4-4. Lamp Aging Data

UV Irradiance(mw/cn?)

Condition L ow Mid High Average % increase  UVT (%)
Initial (68 hours) 432.6 440.3 448.2 440.4 reference 84.07
Fina (820 hours) 432.6 440.3 448.2 440.4 0.0 86.12

Initial reading values from after cleaning on 9/12/01, 11:48
New lamp sleeve and sensor sleeves were used for final reading
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Table 4-5. Summary of Microbiological Water Quality Parametersfor the

Trojan 4L 12 UV Swift System
95 Per cent
Standard Confidence
Parameter Unit Count  Median Range Average Deviation |nterval
Feed
Total Coliforms MPN/100mL 10 <2 <2-<2 <2 0 NA
HPC cfu/mL 17 <1 <l1-<1 <1 0 NA
Effluent
Total Coliforms MPN/100mL 10 <2 <2-<2 <2 0 NA
HPC cfu/mL 17 <1 <l1-<1 <1 0 NA
h Table4-6. Summary of General Water Quality Parametersfor the
z Trojan 4L 12 UV Swift System
m September 14, 2001 — October 5, 2001
E 95 Per cent
Standard  Confidence
: Parameter uUnit Count  Median Range Average  Deviation Interval
Feed
U Alkalinity mg/L as CaCOs 7 148 127 - 168 149 N/A N/A
Total Hardness mg/L as CaCOs 7 208 196 - 227 209 N/A N/A
o Calcium Hardness mg/L as CaCOs 7 132 120 - 146 131 N/A N/A
Iron ny/L 7 50 50- 85.1 55 N/A N/A
a Manganese Ny/L 7 391 0.91- 928 4.74 N/A N/A
Nitrate mg/L 7 0.2 0.2- 0573 0.3 N/A N/A
TOC mg/L 17 431 2.96- 511 411 0.81 3.69- 453
[y Color Pt-Co 6 4 2-5 4 N/A N/A
UVzsa 1/cm 17 0.067 0.034-0.083 0.063 0.015 0.055 - 0.071
> pH std. Unit 38 8.4 73-8.9 8.4 0.39 83-85
Desktop Turbidity NTU 38 0.1 0.10- 0.20 0.10 0.03 0.10- 0.10
H Temperature degC 38 21 20.3- 24.7 221 14 21.6- 22.6
Free Chlorine mg/L 33 0.2 0.04-14 0.3 0.3 02-04
: Total Chlorine mg/L 3 22 15-30 2.2 0.3 21-23
u Effluent
Alkalinity mg/L as CaCOs 7 153 122 - 178 153 N/A N/A
u Total Hardness mg/L as CaCOs 7 213 199 - 220 210 N/A N/A
Calcium Hardness mg/L as CaCOs 7 130 123 - 159 136 N/A N/A
q Iron Ny/L 7 50 50- 131 68 N/A N/A
Manganese ny/L 7 341 1.18- 9.07 4,64 N/A N/A
Nitrate mg/L 7 0.2 0.2 -0.669 0.3 N/A N/A
¢ TOC mg/L 17 412 298- 12 452 2.08 3.45- 559
Color Pt-Co 6 3 1-5 3 N/A N/A
n UVasa /em 17 0.064 0.037-0084 0.063 0.015 0.055-0.071
pH std. Unit 33 8.4 73-89 8.4 040 83-85
m Desktop Turbidity NTU 33 0.10 0.10- 0.20 0.10 0.03 0.10- 0.10
Temperature degC 38 22 20.4-24.8 222 14 21.7-22.7
FreeChlorine mg/L 3 0.2 0.04-1.6 0.2 0.3 01-03
m Total Chlorine mg/L 38 2.1 16-3.0 2.1 0.3 20-22
: Note: All caculations with below detection limit values used the detection limit value in the calculation as a conservative estimate.




Table 4-7. Operational Data Summary

95%
Standard Confidence

Par ameter Unit Count Median Range Average Deviation Interval

Lamp 1 Power kw 36 1.9 19-20 19 0.037 19-19
Lamp 2 Power kwW 36 1.9 19-20 19 0.037 19-19
Lamp 3 Power kw 36 1.9 19-21 19 0.040 19-19
Lamp 4 Power kwW 36 1.9 18-1.9 19 0.024 19-19
Tota Power kW 36 7.6 75-79 7.6 0.10 76-7.6
Differential Pressure in of water 45 1.0 0.60- 1.8 1.0 0.28 0.92-1.1
Feed Pressure psi % 53 36-20 55 16 52-58
UV Irradiance mW/(:m2 21446 410 300 - 520 410 29 410 - 410
How gpm 21446 390 110 - 680 390 33 390 - 390

Power (kW) = Voltage (V) x Current (I) x Power Factor(0.98)/1000 based on 81% lamp power setting

Table4-8. Collimated Beam Testing Results (9/14/01)

M S2 Log
UV Dose Count I nactivation
mJcm? M S2/100mL

20 4.60E+08 1.0
45 3.40E+07 2.2
70 4.60E+06 30
95 3.40E+05 4.2
120 5.70E+04 5.0
145 3.20E+03 6.2

Feed 1 3.90E+09
Feed 2 6.30E+09

Feed Average 5.10E+09
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Table4-9. MS2 VirusMicrobial Challenge Test Results

Flow Rate: 695 gpm
Lamp Power Setting: 81.3%
Feedwater UVT: 83.8%

Feed Effluent Log | nactivation* EqUIvalent
Sample# (pfr/100ml)  (pfi/100ml ) Doss** (m 1/(‘m)2

Negative Control

1 <1 N/A N/A

2 2 N/A N/A
Challenge 1

1 8E+4 <1E+02 >29 >65

2 6 E+04 3E+02 23 50

3 5E+04 4E+02 21 45
Challenge 2

1 11E+05 2E+02 27 60

2 TE+04 <1E+02 >2.8 63

3 5E+04 2E+02 24 53
Challenge 3

1 11E+05 1E+02 30 68

2 7E+04 1E+02 28 63

3 SE+04 2E+02 26 58
Average Log Removal (Challenge1,2and 3) 26
Positive Contral (Lamps off)***

1 7E+04 7E+04 0

2 3E+4 4E+04 -01

3 5E+04 1E+05 -0.3

*_og removal to the tenths place valueis only an estimate as micro lab reports have

only one significant figurein most cases

** Equivaent doseis dose caculated using dose response curve developed from

collimated beam test

*** The reaults of the positive control test are considered acceptableif the max difference
between the feed and the effluent vaues (5E+4) are less than the maximum varigbility in the
feed concentrations during the challenge experiments and positive control experiments
(BE+4inthiscase)
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Table 4-10. Review of Manufacturer’s Operations and Maintenance Manual for the

Trojan 4L 12 UV Swift System
O & M Manual Grade Comment
Overall Organization + The O&M manual is very well organized. The table of contents

Operations Sections

Maintenance Sections

Troubleshooting Section

includes the following main sections: Introduction to UV Theory,
System Overview, Start —up and Shut-Down Procedures, UV Reactor
Description, Control Power Panel (CPP) Description, UV Sensor(s)
Description, and Automatic Cleaning System Description.

The manual also includes the following preface information: General
Information, Important Contacts, Warnings and Precautions, General
Lockout Procedures, List of Acronyms/Glossary, and Operator’s Kit.

Lastly, the manual includes the following appendices. Project
Description, System Description, Layout Drawings, Electrical
Drawings, Controls Philosophy, Material Safety Data Sheets,
Manufacturer’s Manuals, and Replacement Parts Lists.

Includes start up and shut down procedures including a pre-start
checklist and step-by-step procedures for starting and stopping the
UV system using the CPP.

The Operations Overview section includes several paragraphs
describing how the system operates. Specifically, general information
is provided on the CPP, operator interface, automatic dose paced
control system, and automatic control of the UV lamps.

Further operational information is provided under the Control
Power Panel Section. This section contains information regarding the
use of the operator interface. Specifically, detailed information is
provided on how to use the control screen, and access the display
screens, settings screen and the system information screen. Step by
step procedures and examples are provided regarding the use of the
above screens. The control screen allows the user to power Up/down
the UV reactor and initiate a manual wipe of the lamp and sensor
dleeves. The display screens include: POWER, DOSE, UV INT,
WIPER, LAMP, ALARMS and VALVE. Lastly, the settings screen
allows the user to adjust Time and Date, Wiper settings and set dose,
flow, UVT and alarms. Lastly the setting screens also contain a
PASSWORD setting screen and a sensor and lamps setting screen.

The operations sections are well organized and make excellent use
of tables, labeled photos and examples.

The system includes a table detailing specific maintenance checks
for the CPP, UV Reactor, and the Automatic Cleaning System. The
table provides the frequency and specific notes for each maintenance
check.

Additional maintenance information s provided for the UV sensor
and Automatic Cleaning System in the respective sections of the
manual

Provides a table titled “Troubleshooting Conditions’, which
contains the following column headings: Alarm Condition, Possible
Cause and What to do? The table addresses 24 possible aarm
conditions and possible remedies.
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Table 4-10. Review of Manufacturer’s Operations and Maintenance Manual for Trojan 4L 12 UV Swift
System (contd.)

O & M Manual Grade Comment

Internal references between sections _ . System operation information is provided in the following sections:
containing both Operation and System Overview, Start up and Shut down, and Control Power Panel.
Maintenance information. These sections should contain references to each other to allow the

reader to quickly review all information regarding operation. Similarly,
maintenance information is provided in the following sections: System
overview, UV Sensor, and Automatic Cleaning System. These sections
should contain references to each other to allow the reader to quickly
review all information regarding maintenance.

Ancillary Equipment Information + . Equipment manufacturers literature included as an appendix for al
Sy stem components.

Labeled Photos and Diagrams + . Makes excellent use of labeled photos and diagrams to identify
various system components.

Includes visual representation of actual user interface screens and
provides examples on setting parameters.

Use of Tables + . Manual makes good use of tables to organize and present
information.
Overal Comment + . An excellent O&M manual. It isvery well organized, well written,

clear and complete. An excellent table of contents makes locating
information in the manual a simple process.

The manual includes a good use of graphics to assist the reader’s
understanding.

The manua includes as an appendix a list of components used on
the pilot such as pumps, flow meters, valves and pressure gauges
including manufacturer and model number.

Note: Grade of “+” indicates acceptable level of detail and presentation, grade of “-* indicates the manual would benefit from improvement in
thisarea.
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Proj ect
Administration

ETV Program

Jeff Adams
USEPA

Bruce Bartley
NSF

Project Manager

Client M anager

Samer Adham, Ph.D.
MWH

Joan Oppenheimer
MWH

M anufacturer City Contact Water Quality MWH Staff
Representative Analysis .
P Paul Gagliardo, P.E. y _ Karl Gramith
Jm Cosmn el Jofin Chafin Lina Bouics
Trojan Technologies, Inc. ity o Diego City of San Diego .
Jay DeCarolis

Manish Kumar

Figure 1-1. Organizational Chart Showing Lines of Communication
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Alkalinity, Calcium Hardness, and Total Hardness
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: Figure 1-2. Source Water Characterigticsfor Trojan 4L 12 UV Swift

Verification Testing
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Figure 2-1. Photograph of UVSwift Unit

i Manometer Sodium
Sodium Cor(l)t\;\cl)l lealr%\r/\(l)l M etabisulfite
Metabisulfite Valve |Mfluent uv Effluent e
Sample | Reactor Sample ~ortact

Q l /\4’\ H \4 @l A4 l % Tank
Feed Virts FIoTlvmeter Pressure & SoLium Washwater
Pum .

P Injection Temperature Hypochlorite Recovery
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Figure 2-2. Schematic of Treatment Process
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Figure 3-1. Photograph of Collimated Beam Unit
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Testing Month:

Calendar Month of:

Task B: Initial Operations n

Task 1: Verification Testing

Runs and Routine
Equipment Operation

Task 2: Feed Water and m
Finished Water Quality
Task 3: Documentation of m

Operating Conditions and
Treatment Equipment Performance

Task 4: Microbial Inactivation n :

Task 5: Data Management

Task 6: QA/QC n
Task 7: Draft Final Report m

Figure3-2. UV Verification Testing Schedule
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Figure4-1. Dose Response Curvefor Preliminary Collimated Beam Test (9/5/01)

43




b=
<
L
=
=
O
o
(@]
98
=
—
-
O
(1 4
<
<
Q.
w
2
=

—— How —— UV Irradiance a Cleaning

550 600
Cleaning
A A A AA A A AAAAAAADS A A A A A AAAAAAANA —500
500 -
E Flow - 400
% 450 : |
]
E Irradiance 300
ie]
T 400
> - 200
D
350 -
- 100
300 T T LA | T T T T O
9/11/01 9/16/01 9/21/01 9/26/01 10/1/01 10/6/01 10/11/01 10/16/01
Date

Figure4-2. Operational Data during Testing Period
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Figure 4-3. Ondte UV Irradiance and UV-254 Transmittance During Testing Period
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Figure4-4. Sensor Sleeve, Lamp 1 deeve, and Lamp 1 After 820 Hours of Operation
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Figure4-5. Laboratory UV Absorbance and Transmittance
for Feed and Effluent Water
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Figure4-6. Doseresponse Curvefrom Collimated Beam Testing (9/14/01)
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Figure4-7. MS2 Virus Seeding Experiment Results
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