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CHAPTER1

INTRODUCTION

1.1 OVERVIEW OF UV DISINFECTION SYSTEMS

Ultraviolet light (UV) has been used in disinfection of pharmaceutics, food,
beverages, storm water, combined sewer overflows, wastewater effluent for reuse, and
drinking water since the early 1900’s, especially in Europe. In the United States, UV has
been used to disinfect wastewater effluents in the secondary treatment process in the past
few decades. The use of UV to disinfect drinking water has become increasingly popular
only recently, due to demands for alternative disinfection methods to replace chlorine.
These demands were in response to concerns about the formation of disinfection by-
products (DBPs), many of which are suspected human carcinogens, from the use of
chlorine as a chemical disinfectant (Hunter, 1998; Cairn and MacDougall, 1995)1.

UV disinfection mechanism is based on the fact that the UV light emitted from
lamps is absorbed by deoxyribonucleic acid (DNA) in microorganisms (bacteria and
protozoan) and by either DNA or ribonucleic acid (RNA) in viruses. Consequent
reactions within these elements of microorganisms and viruses prevent them from further
reproduction. Nucleic acids are the most important UV absorbers in microorganisms in
the UV range of 240 to 280 nm (Jagger, 1967). DNA is a nucleic acid polymer in a
double-stranded helix linked together by a sequence of four constituent bases, consisting
of adenine, cytosine, guanine, and thymine, that constitute the genetic code. These form

“base pairs” (adenine with thymine and cytosine with guanine) held together by hydrogen

! Journal model found in the journal Water Research was used for documentation.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



bonds. This is the “glue” that holds the two “strands” of DNA together. Of these four
bases, thymine undergoes a unique photochemical reaction. The UV light absorption
causes photochemical reactions to occur that form covalent dimmers from two adjacent
thymines (in DNA) or uracils (in RNA). The dimmer formation disrupts the replication
process of the microorganism so that the organism cannot reproduce, and thus cannot
cause disease (Bolton, 1999).

There are several ultraviolet light classes based on their wavelength such as
vacuum UV (with wavelength ranging from 100 to 200 nanometers (nm)), UVC (200 nm
to 280 nm), UVB (280 nm to 315 nm), and UVA (315 nm to 400 nm). Among them,
UVC is generally considered to be the germicidal range, with the most effective
germicidal wavelength of 254 nm (Bolton, 1999).

In addition, four general types of UV lamps are generally used in water,
wastewater, and air disinfection systems including low pressure (LP), medium pressure
(MP), high pressure (HP), and pulsed UV. Low pressure lamps emit a high percentage of
germicidal wavelengths (35 to more than 80 percent) whereas medium pressure lamps
emit much lower percentages of germicidal wavelengths (10 to 15 percent) (Bolton,
2000). Pulsed UV lamps emit high intensity at the germicidal wavelength in a very short
period of time. The majority of older UV systems have LP lamps. However, medium
pressure lamps are becoming more popular due to the reduced number of lamps required
per reactor and reduced head loss. The pulsed UV technology is recently developed and
may have significant applications in the treatment of drinking water in the future (Wolfe,

1990).
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UV reactors are generally designed for both open channel flows (common in
wastewater systems with a rectangular cross-sectional area) and tubular flows (common
in water systems). Flow rates of UV systems range from less than 1 million gallons per
day (MGD) to more than 100 MGD. Each reactor contains anywhere from a few UV
lamps to hundreds of lamps, depending on lamp orientation and types of lamps. Typical
UV lamps have diameters of approximately 2.5 centimeters and lengths of more than 50
cm, and adjacent lamps are placed from a few centimeters to more than 10 cm apart
(Bolton, 2000; Iranpour ez al., 1999).

The number of UV installations at water and wastewater treatment plants has
increased steadily in the past few years. From 1984 through 1999, the number of
wastewater treatment facilities with UV systems increased from a few to more than 500
in the United States, and over 1500 installations were completed at wastewater treatment
facilities in North America. Many new UV installations at water and wastewater

treatment plants are currently expected in the current decade (Qualls and Johnson, 1985;

Hunter, 1998).

1.2 NEEDS FOR UV TREATMENTS AND RELATED STANDARDS

In December 1998, the United States Environmental Protection Agency (USEPA)
published the Stages 1 and 2 Disinfectants/Disinfection By-products (D/DBP) Rule
mandating that water treatment facilities where chemical disinfectants are used comply
with new standards for D/DBP concentrations by 2001. In addition, the Surface Water
Treatment Rule requires 99.9 percent removal of Giardia and 99.99 percent removal of

viruses in treated water (Code of Federal Regulations, 40 CFR 141.600-141.629, 1998).
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The standards for D/DBP are represented by Maximum Contaminant Levels (MCLs) for
trihalomethanes (THMs), consisting of chloroform (CHCl;), bromodichloromethane
(BrCHCl,), dibromochloromethane (Br,CHCI), and bromoform (CHBr;) and also
haloacetic acids (HAAs) consisting of monochloroacetic acid, dichloroacetic acid,
trichloroacetic acid, monoacetic acid, and dibromoacetic acid (Pontius and Diamond,
1999). To meet the new standards, it is necessary for water treatment facilities to use
alternative chemical disinfectants including ozone (Os), chloramines (NH,Cl, NHCl,),
and chlorine dioxide (ClO,) or to modify their ‘treatment processes in minimizing
formation of DBPs in drinking water to meet the D/DBP standards.

Several limitations associated with these alternative chemical applications for
drinking water disinfection still exist. Ozone is known to form DBPs, including bromate
and aldehydes, and the use of this chemical demands higher capital and operating costs
compared to those associated with other treatment methods such as the use of chlorine.
Chloramines have been known to form trihalomethanes, typicaly DBPs, under certain pH
conditions, are largely ineffective against virus and protozoan cysts when used alone, and
may promote nitrification within drinking water distribution systems. Meanwhile,
chlorine dioxide (ClO,) has been known to dissipate rapidly in water making it difficult
to measure the required residual for compliance demonstration purposes. This chlorine
dioxide disinfectant also has the potential to form chlorite and chlorate, which are also
DBPs, and causes cat-urine like odors in the drinking water distribution systems if the
disinfection treatment step is followed by free chlorine disinfectant (White, 1999).

Several water and wastewater treatment facilities have preferred UV to chemical

disinfectants in the effort to minimize or eliminate DBP formation. The use of UV
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technology eliminates the needs for chemical storage, results in substantial reduction in
space requirements, and has relatively low operating costs, compared with those
corresponding to chemical disinfection systems (Wicke and Coffey, 2000; EPA, 1999;
Wolfe, 1990). Using UV also results in disinfection efficiency equivalent to chlorine
disinfection (Oppenheimer er al., 1997). Recent successes by Clancy et al. (1998) in
using UV at cost-effective doses to disinfect Cryptosporidium parvum oocysts have
reinforced and boosted interest in UV where Cryptosporidium parvum is a major
pathogenous microbial species known to resist most chemical disinfectants. Such
successes in UV disinfection of these oocysts and additional Giardia muris cysts, which
are other challenging major pathogen associated with chemical disinfection, were
subsequently reported by other investigators (Craik et al., 2001; Danielson et al., 2001;
Hayes et al., 2001). Thus, UV has clearly emerged as a very attractive and viable
alternative disinfection technology for the drinking water treatment industry in terms of
its effectiveness both in cost and efficiency.

The United States Environmental Protection Agency (EPA) has considered UV an
allowed disinfection technology for future federal Safe Drinking Water Act (SDWA)
regulations (Stage 2 Microbial and Disinfection Byproducts Rules) (Schmelling, 2000).
In January 2006, the agency published UV dose requirements for target pathogens
including Cryptosporidium, Giardia, and viruses for achieving up to 99.9 percent
inactivation of Cryptosporidium parvium and Giardia lamblia and up to 99.99 percent
inactivation of viruses (National Primary Drinking Water Regulations, 40 CFR
141.720(d)(1) (2006)). Most recently, the agency published the Ultraviolet Disinfection

Guidance Manual for the Final Long Term 2 Enhanced Surface Water Treatment Rule in
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November 2006 to provide technical guidance on the design and operations of UV
disinfection systems to treat drinking water used by the public. Further, each state has
established UV treatment standards that are equal to or more stringent than those of the

federal regulations.

1.3 MOTIVATION AND OVERVIEW OF STUDY

There are different ways to determine UV dose, also known as fluence and
defined as the energy level believed to be absorbed by microorganisms passing a flow
system. This level corresponds to disinfection efficiency (for a specific type of
microorganism) in disinfection systems when designing a UV disinfection system and
monitoring compliance with UV treatment standards. Such determination can be based
on testing (including lab-scale tests, pilot tests, and full-scale tests using surrogated
chemicals or microorganisms); continuous monitoring (direct measurement of UV
irradiance); and computational models.

Testing is usually time-consuming and expensive, and test results could be subject
to uncertainties due to constant changes in water quality and other treatment processes in
the treatment train. Continuous monitoring of fluence rates provides historical field data,
but proper adjustments to the monitored data are necessary due to progressive fouling of
quartz tubes and detector covers. In addition, sensors used in monitoring UV energies
receive the energies through directions limited by the physical scopes of their lenses and
apertures. Therefore, sensor data are not representative of the reality of UV systems,
where UV energies at any location in the systems come from all directions. Limited

space available for mounting sensors presents further limitations in using sensors in
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obtaining UV energy data at any location throughput a UV systems. Accurate
determination of UV dose remains a challenge to UV professionals due to the above
limitations, coupled with uncertainties in hydrodynamic aspects of flow systems.

UV computational models, once verified, validated and properly calibrated, could
potentially provide useful tools in the determination of UV dose and fluence rates (the
latter term is defined as the energy level at a location from all directions). A well
developed computational model could be used as a tool to confirm test results, explore
alternative design scenarios such as those related to lamp arrangements, lamp aging,
changes in water qualities, and other design and operational parameters.

Even though many computational models have been developed in the past few
decades to estimate UV energy distribution in UV disinfection systems, many research
gaps still exist. Phenomena inherent in a radiation system including reflection,
absorption, scattering, remission, wavelength dependency, and randomness of light
emission have not been addressed in most of these computational models. In particular,
effects of reflection by quartz surfaces in multiple lamp systems have not been addressed.
Further, because all of these models are deterministic, the random nature of light
emitting, in direction and energy distribution, cannot be described in the models.

In this study, the Monte Carlo Ray-Trace (MCRT) method is developed using a
probablistic approach in lieu of an analytical solution to a problem to obtain an outcome
that may be expected to be the same as that of the analytical solution. The use of Monte
Carlo (MC) methods was first documented in 1944 for the development of the atomic
bomb during World War II and in several decades after that for other engineering

applications, particularly in the field of radiation heat transfer (Modest, 1993; Siegel and
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Howell, 2001; and Mahan, 2002). The Monte Carlo Ray-Trace method is believed to be
robust and more advantageous than other numerical methods in radiation heat transferv
analysis (Mahan, 2002). The usefulness of the MC method is recognized by
professionals in UV disinfection; however, application of the MC method in determining
fluence rate distributions in UV disinfection systems is not found in the available UV
literature.

In using the MCRT method, radiation power of a UV lamp is uniformly divided
into a large number of discrete light sources, each emitting a large number of discrete
energy bundles. Each energy bundle is traced from its emission point through a series of
reflections and refractions at quartz tubes until it is finally absorbed by a surface element
or volume element in the system or exits the system. The MCRT method can be used to
determine UV fluence rates in a full three-dimensional environment, taking into account
the wavelength dependency of the UV distribution. Therefore, with a given discrete
exposure time, estimated UV fluence rates can then be used to determine and optimize
UV dose and the disinfection efficiency of the UV system of interest.

Details of the literature review and specific objectives of this study are discussed
in Chapter 2. A detailed description of the MCRT formulation including a discussion of
applicable radiation theory and algorithm is provided in Chapter 3. Chapter 4 describes
the implementation of the theories discussed in Chapter 3 in computer programming and
simulations of the MCRT simulation methods. Chapter 5 describes the validation of the
MCRT by comparing MCRT simulation results with measurement data from two
independent sources along with comparison with a well recognized UV computational

model. Chapter 6 presents MCRT simulation results in the study of effects of lamp

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



reflections and spacing on the distributions of fluence rates in multiple lamp systems with
two to 25 low pressure lamps. Chapter 7 provides conclusions of this study and
recommendations for future research related to determination of UV energy distributions.

A printout of typical MCRT program outputs is provided in Appendix A.
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CHAPTER 2

LITERATURE REVIEW, RESEACH NEEDS, AND OBJECTIVES
2.1 LITERATURE REVIEW

Increased popularity of UV treatments in the past twq decades has resulted in
numerous theoretical and practical studies. The primary objective of these studies has
been to better determine UV doses, which was the main factor in demonstrating treatment
efﬁciencies and compliance with regulatory standards. This important UV dose is
expressed as a function of UV fluence rate and exposure time. The first independent
variable for the function, UV fluence rates can be obtained by conducting biodosimetry
testing (using a surrogate microorganism in a flow system), actinometry testing (using a
surrogate chemical in a flow system), field measurements using UV sensors, or using
computational methods. The second independent variable for the function, UV exposure
time can be obtained by conducting a tracer test to determine residence time distributions
or using a computational fluid dynamic model. Since this study concentrates on UV
fluence distributions in UV systems by means of computational modeling, the literature
review is focused on existing computational models in the UV literature.

One of the well-recognized UV fluence models is the Point Source Summation
(PSS) model introduced by Jacob and Dranoff in 1970. This model is based on the Beer-
Lambert absorption law that describes the absorption of light energy by the media
through which light is transmitted (Jacob and Dranoff, 1970). Based on this model, the
fluence rate received at a point in a reactor is expressed with the summation of irradiance
contributed by all independent point sources that make up the lamp. In addition,

irradiance from a point source is reduced with the inverse of the squared distance from
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that source. This model has been used by different investigators in flow model
development (Qualls and Johnson, 1985; Chiu ef al., 1999a; and Lynn et al., 1999).
However, the model does not account for the effects of the reflection and refraction that
occur at multi-phased interfaces of air/quartz/water and air/water. Jacobs and Dranoff
suggested that such effects would result in light rays to bend inward toward the reactor;
thus, actual irradiance rates would be higher than those calculated by the model.

Contrary to the PSS model, Iraxoqui, Cerda, and Cassano (1973) developed the
Extense Source (ES) model to estimate radiant energy emitted from a three-dimensional
UV light source that is composed of elementary volume sources. Here, each elementary
volume emits the same discrete amount of energy independent from other elementary
volumes. The radiant energy flux received at a point in a reactor is the sum of light
energy received from the number of volume sources described in the spherical coordinate
system. Each volume source consists of a number of point sources. The ES model does
not account for the effects of reflection/refraction and absorption of the quartz tube and
water, assuming that the spectral distribution of lamp emissions also disregards such
factors. According to the authors, the model tends to underestimate irradiance in the
radial direction.

Severin et al. (1983) proposed the Infinite and Finite Line Source (ILS/FLS)
emission models for estimating average light intensity within UV reactors. Both the
ILS/FLS models assume that a lamp is a line source that consists of a series of point
sources of equal size and intensity. The infinite line source model assumes that light is
emitted from each point source in only the radial directions perpendicular to the lamp

axis. The finite line source assumes that light is emitted spherically (i.e., in all
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directions) from each point source; thus, some energy is assumed to be lost at the top and
bottom of the reactor. The ILS and FLS models are primarily based on the Beer-
Lambert absorption law for one-dimensional and three-dimensional cases, respectively.

Blatchley (1997) developed the Line Source Integration (LSI) model by
integrating the Point Source Summation model over the entire length of a line source and
consequently maximizing the number of point sources (n) to infinitive. Due to the
incre.ased number of point sources represented by the LSI model, the accuracy of this
model is expected to be higher than that provided by the PSS model. However, there is
an intrinsic uncertainty in this LSI model in predicted irradiance for the area closer to the
source.

Bolton (2000) developed a model for calculating the average UV fluence rate for
an annular reactor. This calculation method is primarily based on the multiple point
source summation approximation and the Beer-Lambert absorption law. The model also
takes into accounts the effects of reflection and refraction occurring at the air/quartz and
quartz/water interfaces when a ray of light is transmitted through these interfaces.
However, reflections from an adjacent quartz tube are not accounted for in this model.

Kowalski (2001) developed a UV model called the Ultraviolet Germicidal
Irradiation (UVGI) model for disinfection of an air-flow system using a single lamp. The
author used a radiation view factor (also called a configuration factor), which represents
the fraction of diffuse radiation energy emitted by one surface that is absorbed by another
surface, to determine the distribution of UV fluence rate in a square-shaped air flow
system. Unlike the other fluence models described above, UV fluence rate determined by

the UVGI model for any location in the system is the sum of energy directly emitted from
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the lamp and that reflected by all surrounding surfaces. Accounting for reflected energy
is believed to represent the UV distribution in a more realistic way. Determination of the
view factor is relatively easy for simple geometry of the air-flow system being studied.
However, for a multiple lamp system, this method is very difficult to apply.

Sasges et al. (2007) discussed a Lambertian model describing changes of
irradiance along a horizontal circular arc with respect to a lamp mid-point. A comparison
with other existing computational models including the Point Source Summation Model
and Radial Model indicated that these models did not address such changes.

Table 2-1 provides a summary of the main characteristics of the irradiance models

described in this section.

2.2 RESEARCH NEEDS

Based on the literature review, the absorption of UV energy by the medium in
which UV light travels is addressed by most models. Combined effects of light reflection
and refraction are addressed in the Bolton model. Phenomena including randomness of
the light emitted and reflection of light by quartz surfaces surrounding a lamp in a
multiple-lamp system have not been fully described in the current literature related to UV
treatment. UV computational models that can statistically describe the random nature of
radiation while addressing the other inherent phenomena including reflection, refraction,
absorption, emitting/reemitting, scattering, and wavelength dependency would be useful
in representing three-dimensional energy distribution in UV systems. A review of
radiation literature indicated that the Monte Carlo Ray Trace method that has been widely

fecognized in the field of radiation heat transfer (Modest, 1993; Siegel and Howell 2001;
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and Mahan 2002) and could potentially be applied in the field of UV radiation to obviate
shortcomings in existing UV fluence models if robust modeling procedures are

developed.

Table 2-1. Summary of Existing UV Computational Models

Model Characteristic Irradiance Models )
PSS ES FLS/ILS LSI B K S

Based on Beer-Lambert's
‘absorption law X X X X X
Lamp as a line with point
sources X X X X X

Lamp as volume sources X
Light emitted in all
directions and angles X X | X(FLS) X X X X
Light emitted in radial

direction perpendicular to
lamp axis X (ILS)

Receptors are points X X X X X
Receptors are area or
volume X X

Reflection and refraction at
air/quartz/water interface X
Reflection from ,
surrounding surfaces X X

®) PSS = Point Source Summation (Jacob and Dranoff, 1970); ES = Extense Source (Iraxoqui et
al, 1973.); FLS = Finite Line Source (Severin, 1983); ILS = Infinite Line Source (by Severin,
1983); B = Bolton (Bolton, 2000); K = Kowalski (Kawalski, 2001); Sasges (Sasges et al., 2007)

"X" indicates applicability.
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2.3 RESEARCH OBJECTIVES

The objective of this study is to develop robust statistical methods for rigorously
determining UV energy distribution in three-dimensional space in UV disinfection
systems, taking into account the basic inherent factors of a typical radiation system
including random emission, reflection, refraction, and absorption by the water medium
and quartz tubes. Specific objectives of the study are as follows:

1. Formulating UV system equations, computation methods and algorithms
applying Monte Carlo Ray-Trace (MCRT) techniques and radiation
principles for determination of fluence rates in a single lamp system and
multiple lamp systems with low pressure lamps.

2. Developing computer programs in Fortran 90 for the proposed MCRT
methods for the above systems. These programs can be executed on a
personal computer and provide the flexibility for changing lamp size,
spacing, and the number of lamps with minimum effort.

3. Applying and verifying the MCRT methods to study effects of various
system conditions, especially those related to lamp spacing and reflections
from surrounding quartz tubes and other surfaces, on UV fluence

distribution within the systems.
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CHAPTER 3

FORMULATION OF THE MCRT METHOD

3.1 OVERVIEW
The term Monte Carlo, named after the principality of Monte Carlo in the south of
France, is generally referred to as a statistical approach in which sampling techniques for
specific problems are carried out to produce outcomes to a certain degree of accuracy in
lieu of analytical solutions, that may be impossible to obtain. A definition of the Monte
Carlo method is provided by Herman Kahn (Siegel and Howell, 2001) as follows:
“The expected score of a player in any reasonable game of change, however
complicated, can in principle be estimated by averaging the results of a large
number of plays of the game. Such estimation can be rendered more efficient by
various devices which replace the game with another known to have the same
expected score. The new game may lead to a more efficient estimate by being
less erratic, that is, having a score of lower variance, or by being cheaper to play
with the equipment at hand. There are obviously many problems about
probability that can be viewed as problems of calculating the expected score of a
game. Still more, there are problems that do not concern probability but are
nonetheless equivalent for some purposes to calculation of an expected score.
The Monte Carlo method refers simply to the exploitation of these remarks.”
Following the above definition, Siegel and Howell (2001) suggest that what must be

done for a specific problem is to set up a game or model that has the same behavior, and
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is therefore expected to produce the same outcome as the physical problem that the model
simulates, make the games as simple and fast to play as possible; use any available
methods to reduce the variance of the average outcome of the game, then play the game
many times and find the average outcome.

Problems in UV radiation distribution are particularly well suited to solution by a
Monte Carlo Ray-Trace (MCRT) technique. Energy travels in discrete bundles along a
straight path before interacting with matters it comes across. Determination of UV
fluence rates involves tracing the history of a statistically meaningful random sample of
energy bundles (photons) from their points of emission (light source), through a series of
reflections, to their points of absorption in a medium such as water or air. Physical
constraints of the system and the laws of probability are used in determining a random
sample that is directly related to the number of energy bundles emitted from a light
source, the direction of emission and reflection of a bundle, and the absorption and re-
emission of the bundle. Thus, the need to determine UV fluence rates and supplemental
intrinsic difficulties in analytical solutions in determining UV fluence rates prompted
development of the MCRT concept developed in this study.

The MCRT methods are developed to estimate fluence rate distribution in three-
dimensional space of single- and multiple-lamp systems with lamps placed vertically or
horizontally to water/wastewater and air distribution systems. The methods can be
applied to systems with low pressure lamps that emit UV light mostly with the
wavelength of 254 nm and potentially applied to the determination of medium pressure

lamps that emit UV lights with wavelengths ranging from 185 nm to 400 nm.
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Table 4-3 (Continued)

Run 12 (8,000,000 Bundles)

Radial Distance | Fluence Rate | Fluence Rate Average Changes in
From Sleeve at Pt. 1 at Pt. 2 Fluence Rate Fluence Rate
(cm) (mW/cm?) (mW/cm?) (mW/cm?) (%)

1 5.98 6.82 6.40 2.1
2 428 5.09 4.69 0.2
3 3.18 3.83 3.51 2.8
4 248 3.12 2.80 1.1
5 2.08 2.51 2.30 0.0
6 1.74 2.02 1.88 2.6
7 1.49 1.75 1.62 0.6
8 1.29 1.49 1.39 -1.5
9 1.13 1.26 1.20 -2.6
10 0.94 1.11 1.03 -3.0
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Figure 4-3. Effects of Number of Simulated Bundles on Fluence Rate
Distributions (26,700 mW lamp with 100 cm length and 1.25 cm
Quartz Tube Radius)
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CHAPTER 5

VALIDATION OF THE MCRT METHOD

In this chapter, model estimates from the proposed MCRT simulations were

| compared with three sets of observed experimental data provided by two independent
sources and with one well récognized UV computational model. The first set of data was
provided by Bolton Photos‘ciences Inc. based on the results of experimental work that
involved the use of a chemical actinometry to measure fluence rates of UV reactors with
water (Rahn et al., 2000). The second set of data was provided by Trojan Technologies
Inc. based on the results of experimental work that involved the use of a sensor to
measure UV irradiance in the air (Sasges ef al., 2007). Model estimates from MCRT
simulations were also compared with simulation data obtained from the Point Source
Summation (PSS) Model (Jacob and Dranoff, 1970). What follows is a detailed

discussion of the MCRT model validation and comparison of simulated model estimates.
5.1 VALIDATION OF THE MCRT METHOD

5.1.1 Comparison with Measured Fluence Rates in Water

The experimental data used in the validation was generated by iodide/iodate
actinometry. The experimental work was performed by Rahn et al. (2000) for
determining fluence rate at various distances from a lamp with a quartz sleeve submerged
in water with two levels of UV transmission of 100 percent, which represented clear

water, and 73 percent using filtered instant coffee, which represented wastewater. In
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these experiments, iodide/iodate solutions in the forms of potassium iodide (KI) and
potassium iodate (KIOs3) contained in 1 cm spherical vessels made from quartz tubing
were exposed to UV light emitted from a single lamp placed in water with the above UV
transmission specifications.

The spheres with the actinometric solution were placed at several locations
surrounding the lamp. As a result of the UV light exposure, chemical reactions occurred
to form triiodide ions (I3") that were directly related to the number of photons absorbed in
the solution and corresponding fluence rates at specific locations where the spherical
vessels were placed in the experimental system. Additional details of the experiments
and experimental data were reported by Stefan et al. (2001).

The following are three representative chemical reactions (Rahn e al., 2000):

I + hy —» T + €aq (5-1)

21+ I = Iy (5-2)

€ag T 07 — 10 + H0, + OH + «OH (5-3)
Triiodide ion is formed by the first two reactions and complex reactions of the oxidizing
species in Reaction 5-3 with iodine and iodine atoms.

Fluence rates, E’, exposed by each sphere were then determined by (Rahn et al.,
2000):

o 27.1x Aysy, XV
Areaxt

E

(5-4)

where A3so.. = Absorbance at 352 nm
V = Volume of the actinometric solution, mL
Area = Cross sectional area of the sphere, cm’

t = Exposure time, seconds
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27.1 = Conversion factor, obtained by dividing the energy of one mole of
photons at 254 nm wavelength (4.716 x 10® mJ) by the molar absorption
coefficient (27,590 M cm™), the quantum yield of 0.63, and a factor of

1,000 for conversion from L to mL.

Table 5-1 summarizes data from the experimental system used by Stefan et al.
The same data was employed in the MCRT simulations for the purpose of validating the
proposed MCRT method. UV transmissions of 100 percent and 73 percent corresponded
to the absorption coefficient of 0 cm™ and 0.137 cm™, respectively. The UVC emitting
efficiency and quantum yield were incorporated into the Beer-Lambert’s absorption law

(Equation 16) in the calculation of fluence rates at actinometric sphere locations.

Table 5-1. Experimental System Information

Parameter Data
Lamp Emitting Power 124 W
Lamp Length 15.0 cm
Quartz Sleeve Radius 32cm
Quartz Sleeve Thickness 3.0 mm
UV Transmissions of Tested Water and 100.0 % and 73.0 %
UVC Emitting Efficiency of Lamp 31.0%
(Manufacturer’s Specification)
Quantum Yield at 21°C 0.63

Fluence rate data reported by Rahn ef al. (2000) under the same actinometric

testing conditions are listed in Tables 5-2 and 5-3, respectively. These data represented
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Table 5-2. Observed Experimental Fluence Rate Data for a UV Reactor
with 100 % UV Transmission Water (Rahn et al. 2000)

Vertical Distance from Lamp Horizontal Distance from Fluence Rate
Center Quartz Sleeve
(cm) (cm) (mW/em?)
-8.6 3.8 1.448
-4.5 4.3 2.660
-0.9 4.4 3.316
3.2 3.7 2.980
6.7 4.1 2.455
10.5 3.1 1.145
15.0 3.5 . 0.313
-10.0 5.7 0.957
-6.3 6.4 1.647
2.4 6.4 2.098
0.8 6.2 2.278
4.4 6.9 1.835
7.8 6.9 1.208
11.5 7.4 0.654
14.8 6.4 0.306
-10.0 8.9 0.806
-6.8 9.0 1.202
-3.0 95 1.415
0.2 9.3 1.524
3.6 9.5 1.292
6.8 10.1 0.957
10.1 10.1 0.654
14.6 9.3 0.311
-9.6 11.3 0.645
-6.3 11.7 0.865
-3.1 12.1 0.966
0.3 12.1 0.980
3.6 12.0 0.964
7.0 12.0 0.757
10.2 12.1 0.541
14.5 12.1 0.311
9.1 13.0 0.603
-5.8 12.4 0.886
2.2 12.8 0.975
2.5 13.0 0.915
7.2 12.9 0.748
11.5 13.1 0.429
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