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Abstract

In-duct UVC air sterilisation is a technology that can help in the reduction and control of
airborne diseases. Nevertheless, improvements in sterilisation performance efficiency are

required for the technology to succeed in an increasingly restricted grsogiety.

Computational fluilbynamics (CFD) was used to systematically improve the
performance of irduct UVC air sterilisation systems. The Discrete Ordinates method (DO) was
used to model lamp irradiation, and a user defined function (UDF) to mbdenjection of
microorganisms inside the duct to then calculate the average UV dose of the system, with this
it was possible to reproduce test results published by EPA. After the CFD model was validated,
operation parameters such as wall reflectivity, fatocation, lamp position, air velocity and

airflow patterns were analysed.

It was found that accurate information of UVC susceptibility for microorganisms in air
was essential for the correct modeling of UVC air sterilisation systems using CFD, and curren
available data contain considerable variations that needed to be analysed and interpreted in
an appropriate manner. It was also found that the DO method was appropriate to model lamp
irradiation and could account for reflectivity, and that CFD was robistigh to reproduce lab
tests results. Moreover it was found that airflow patterns, and lamp location and position

influenced the sterilisation performance of a UVC system.

Results include a comprehensive list of microorganisms UVC susceptibilities in air
(Chapter 3); a set of CFD models that can be used for validation or calibration for future
studies and a confirmation that CFD is capable to modeuat UVC air sterilisation systems
(Chapter 5). Ultimately this research presents a series of conclusianwill help on the

design of more efficient hluct UVC air sterilisation systems.
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Chapter 1. Introduction

1.1 Background.

Pathogen and chemical air contamination is one of the top 5 health risks in the world according
to the World Health OrganizatiofWWHO, 200% Air pollution related risks range from indoor

discomfort and mild health problems up to severe health risk and in serious cases death.
Respiratory diseases are thought to be responsible for around 10% of all deaths worldwide

(WHO, 200% with infectious diseases such as tuberculosis a major contributor.

Clean indoor air is imperative in the modern civilization. New homes and offices often function
with their own artificial environment, reducing fresh air intaked increasing recycled indoor

air, modifying the chemical and biological environment inside buildings. People in industrialised
nations sped more than 90% of the time indooi®rown et al., 1996 Mendell et al. (2002)
states that health problems related to the air quality in enclosed environmentdd be
considered equivalent to health problems generated by ingestion of decayed food. Gustavsson
(2000 puts this idea in perspective when stating that if an average person consumes around 1
kg of solid food, 3 kg of liquid food and breaths around; 30 kg a day, we should expect our

air to have a similar quality standard aur food and drink. Although this comparison might be
somewhat extreme, it is a statement on the general underestimation of the importance of air

quality in our lives.

Air quality is not the only concertihe current environmental situation has led thauitding
industry to look for sustainable solutions and energy savings in every aspect possible. In the UK,
the Climate Change Act 2008 established byluleGovernment (2008gquiresthe nationto

cut carbon emissions between 2G86d 34% by 2020 andy 80% by 2050 in relation to a 1990
base lingHM Government, 201)1

Buildings account for around 40% of energy use in most cour(ligs 201 Mechanically
ventilated building utilise fans, heating and cooling systems and air filters to keep indoor air

quality to the required standards.

Particle air filters are responsible of up to 30% of the energy consumption in an air handling unit
(Camfil Farr, 2011t is crucial for air filtration and cleaning technologies to not only be effective,
but also energy efficient. Some researchesasiderventilation as the respnsible of up to 50%

of problems related with indoor air quality, with microorganisms in the ventilation system being

the most recurrent difficultGustavsson, 2000Documented evidence of bacteria, fungi and
~ 1 ~



protozoa in airconditioning cooling coils, drip pafidenzies et al., 1999and air cooling units
(Bernstein et al., 1983uggests that microbial air contamiian plays a part in indoor related

illnesseqMenzies et al., 2003

1.2 Air contaminants.

Breathable air is generally conceived to be composed by 78% Nitrogen, 21% Oxygen, 1% Argon
and 0.04% Carbon dioxide; deviations from this compositiercansidered to be contaminated

air (W.M. Haynes, 20)1 Dangerous deviations include the reduction of oxygen under 12%
and/or the increase of Carbon dioxide over;386th can cause loss of consciousness and/or
asphyxigd ASHRAE, 200pa

Air contaminants can be widely divided into two categories; (1) Particles, including aerosol,
airborne particles and particulate contaminants and (2) Gases, referring to pure substances or
mixtures that rturally exist in gaseous state during normal atmospheric conditions. Both having

specific and well defined characteristigsSHRAE, 200pa

1.2.1 Particle contaminants.

Particle contaminants have a size be between 0.003 pum to 100 um, and a greater mass and a
lower diffusion rate than gase#é dean environment might contain up to 100 particlestm

while a polluted urban area can have up to millions particleS.¢ASHRAE, 200paParticle
contaminants can be divided mainlytarthree groups; (1) Dust, fumes and smoke, (2) Mist, fogs
and smogs, and (3) Bioaerosol. Moreover, two subgroups can be included for further

differentiation; A) Size and B) inhalable/breathable part{@giSHRAE, 200pa

Dust, fumes and smokélhe particles are mostly solid, dust are smaller than 100 um, fumes are
the condensation of vapasa of solid material and have a size between 1q2rum, smokes can

include ETS (environmental tobacco smoke) with an average size of G&SHRAE, 200Pa

Mist, fogs and smogsire mostly susperetl liquid particles.

Bioaerosol:includes virus, bacteria, fungal spores and animal allergens such as dust mite, cat
dander, house dust and endotoxins with sizes ranging from 0.003Qué6 um for some viruses,

0.4 um¢ 5 um for most bacteria, 2 um10 um for fungal and bacterial sporasd up to 100um

for pollen(ASHRAE, 200pa

The last two subgroups are a) Size, which is divided in; Coarse3jjm Fine 1 png 3 um and
Ultra fine 0.1 um of less, and b) inhalable/respirable]uding; inhalable particles 100 pm,
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thoracic particle mass of 10 um, respirable particles 4 um and fine particles 2(B$IHRAE,
20093.

1.2.2 Gaseous contaminants.

Gaseous contaminants are commoifdgind in three types; 1) Vapours, which can be solid or
liquid under ambient conditions but evaporate quickly, 2) Gases, which are in gaseous state
under ambient condition and 3) Chemical contaminants that exist as free molecules or atoms in

air.

Gases & measured in parts per million (ppm), part per billion (ppb) or volumetric concentration
mg.cm® (ASHRAE, 200p&he harmful effect of gases include; a) Toxicity, which effect is
proportional to the exposure dose, b) Physical irritation, which does not carry continuous health
effects, ¢) Undesirable odos, and d) Damage to materials such as corrosion or discoloration
(ASHRAE, 200gwother hamful effect that could be included is asphyxiation, that happens

when a gaseous contaminant displaces oxygen from the environ(ASHRAE, 200pa

Gaseous contaminants can be organic and inorganicorganic contaminant with a boiling
point ranging between 48249 °C is known as VOCs (Volatile Organic Compo{Britsileet
al., 1998. The sources of VOCs can be solvents, degreasers, furniture, walls, carpets, cleaning

and maintenance products and some electric equipment.

It is known that the VOC concentration in home and buildings can be ug @® tdnes bigger
thanthat of outdoor aifASHRAE, 200pdnorganic gases includes Carbon dioxide)darbon
monoxide (CO), Oxides of nitrogen (NGF which Nitroxyl (NO) and Nitrogen dioxide ¢gN@re

of main concern Sulphur dioxide (S§) Ozone (g and Ammonia (N§ (ASHRAE, 200pa
Gaseous contaminants are usually dealt with-ghase filtration, using technology such as

activated carbon.

1.3 Airborne transmission of infections.

Infections can spread easily through closed environments such as the home, schools,
workplaces, transport systems, etc. Although many of the respiratory and gastrointestinal
infections can be relatively mild (like cdwgy colds or mild diarrhoea), they still represent a
significant economic burden. Infections are caused by bacteria, viruses and other microscopic
microorganisms, which can be found in the environment, and can be transnnitizdariety of

ways This inaldesthrough air, by direct or indirect contact of infected hosts, through soiled

objects, through contact with skin or mucous membranes, body secretions, sexual contact,
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contaminated water or foo@Barker et al., 2001 In the hospital environment, there is growing
awareness of the role of hand hygiene, surface decontamination and improved air quality

standards for the contradf infections(Barker et al., 2001

It is estimated that infants suffer from about five to eight colds per year, while an adult can
suffer between two to five colds per year associated with influenza viruses, rhinoviruses, corona
viruses and respiratory syncytial viruses (Rf®aker et al., 2001 Cold viruses can appear to

be trivial; nevertheless, they can hold a considerable economic impact if it is considered the
number of days lost from work and/or school, hospital admissions and the associated cost of

treating the disease.

1.3.1 The airborne infectious route.

Only certain respiratorgathogens known to be mainly transmitted by dropleticlei containing
microorganisms such aStreptococcus pyogenedleisseria meningitidjsCorynebacterium
diphtheriae Mycohacterium tuberculosiare fully accepted to be airborne transmitté8chaal,
1991). The medical professn refers to airborne infection as the infections transmitted by
particles transported by convective air currents, leaving close drégglasmissioras a type of
contactspread instead of airbornspread.This is based on thdifferences between théarger
droplets that after expelled fall rapidly to the floor and the droplet nutitet can remain in the

air (Beggs, 2003 Nevertheless, many Grapositive bacteria such aStaphylococcus aureus

and endospores of clostridia and bacilli, remain viable and infective in dry dust and have the

possibility of infecting patientéSchaal, 1991

Airborne infections can be dividénto two groups 1) Longrange airborne infection, happens

when infected droplets are sufficiently smé&dl remain airborne almost indefinitely allowing

them to travel long distance@ang et al., 20062) Shortrange airborne infections depend on

the proximity of the infected source and suscibpe host. Droplet size can be defined as large
RNRLX SG KEFEGAy3a | RAFYSGSNI 6AIISNI GKEY cn >Y:
aYlFIEEtSNI GKIY ¢cn >Y IyYyR RNRLX SO (JealmDet #2008 A G K |

While small droplets can travel as clouds through the air, large droplets will drop to the floor.

Cross infection from an infected person to a new host depends on a number of factors, including
the number of virugarticles shed by the infected person, their stability in the environment, in
aerosols or on surfaces and the potential for spread within a closed environfBarker et al.,

2001). Respiratory secretions can become aerosolised after coughing, sneezing or spitting of the

AYTFSOGSR K2ads avrff NBALANIG2NE RNRLX SGasz @

the air as their tedency to settle is almost negligib{Riley et al., 1976 These aerosolised
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particles can then be inhaled by ahetr uninfected host, or in some cases settle onto surfaces
such as towels, doorknobs, food utensils etc. And continue the spread of infections. This route
of infections has been implicated on the transmission of tuberculosis, measles, influenza and
small px (Riley, 197% Diarrhoea increases the eliminationiafectious microorganisms from

the gut, and at the same time increases the potential for contamination of the environment. The
more partcles shed the greater the infectious microorganism survival and the greater the
chance of reaching a new ha&arker et al., 2001 Vomiting can produc@nfectious aerosols;
during a viral infection of SRSV (small round structured viruses), It is estimated that up to 3x10
aerosolised particles are released into the environment during a vomiting attack, which then can
be inhaled ordeposit over surfaces, increasing the risk of spread of the infe¢Ganl, 199%

Skin shedding caalsobe a source of airborne contaminatip8taphylococcus spp. can remain

airborne for long periods of timafter being aerosolised from skin sheddifi§eggs, 2003

1.3.2 Modern disease outbreaks.

Recentdiseaseoutbreaks including SARS, Bird Flu bnfldienza A H1IN1, are all associated with
transmission through a droplet or airborne roufé/einstein et al., 2003Yu et al., 2004 An
example of the devastating social and economic effects of sucleasgioutbreak could be seen

in Mexico during the epidemic season of the InfluenzdlA1. In the period from May 2009 to
June 2009, health insurance companies paid on average £ 8,000 per person infected with the
virus(Universal, 2000 and more than 4,900 persons were diagnosed with the Influenza A HIN1
virus(WHO, 2009a Moreover, the epidemic alert forced cla® ofpublic and private areas for

several days, stoppingany productive activities.

Viruses are not the only reportedrgblems, medical services worldwide are concerned by
Health Care Associated Infections (HCAI), such as MetHRdtiistantStaphylococcus Aureus
(MRSA) an€lostridium difficil€C. diff (NHS, 2008 In the UKt is believed thatiround9% of

patients acquire infections while being in a hospftdhtional Audit Office, 2004

In the case of a patidrbeing infected with MRSA, estimates suggest that he will spend 10 extra
days in hospital, while a patient wi. Difthe number increases to up to 21 extra days; bringing
an increased costs of £4,000 to £10,000 per patiPepartment of Health, 2008However, the

most worrying aspect of MRSA is its mortality rate; figures suggest that about 15% of the
reported cases result in deatfPrivate Healthcare UK, 20D5Although the method of
transmission of MRSA ard. diffis mainly by direct contact, there is evidence implicating
airborne transmissiorRutala et al. (1983an a 10 week study in a Burn unit which had swffer

an MRSA outbr@Ek. The study aimed at defining the environmental epidemiology of the
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pathogen, for this purpose, airborne and surface levels of contaminations were measured using
volumetric air samples and Rodac platésvas found that MRSA comped between 16% to
40%of al bacteria growth from aisamples. Mreover it was concluded that there was a chance

for personal to be contaminated via the inanimate environment in the hurit. Kumari et al.
(1998)related an outbreak of MRSA infections in an orthopaedic ward to the ventilation grilles
of the University hospital in Leedk total six patients contracted théfection, two of the
patients had been in direct contact, nevertheless the other four remained in different bays of
the same ward At the same time it was found that the ventilation grillegpplyingthe bays
where the infected patients had been were harbouring MRSA and woakingermittent cycles.

Research suggests that airborne contribution is likely to be greater than it is currently recognised
(Beggs, 2003

Another problematic infection is Tuberculosis (TB), a major concern in the (Batghs et al.,
2000 NTC, 200,,WHO, 200Y. If untreated, a person with TB disease will infect betweer 10
15 persons in averag®VHO, 200Y. In 2009 9.27 million cases of TB were estimated globally,
with Asia and Africa having about 55% and 31% respectively of thlectdes in the world, and
during the same year a total of £ 1.5 billion was allocatedHercontrol of TBinfections spread

in 94 countriefWHO, 2009

The proof of the airborninfectiousness of TB &speculiar agecisive, and included the use of

a special TB ward, guinea pigs and a carefully controlled ventilation sydtenoriginal study

dates back tdRiley et al (1957) and was later revised and extended in detai{Riley, 196}

The details of the study ran as folle® ¢ KS @SGSNI yaQ K2alLWAdlt Ay
reserved for TB patients was studied to identify the probability of airborne transmission. The
ventilation of a ward containing six siegtooms that hosted patients with the disease was
carefully controlled. Above the ward, in tlipenthousé, was a chamber with guinea pigs. The

air coming from the TB ward was directly discharged over the guinea pigs chamber. The guinea
pigs thus served abiological samplers for THach guinea pig was tuberculin tested every
month, and over a period of four years 134 guinea pigs contracted tuberculosis. In many
instances it was even possible to track the source of the TB colony within the infected guinea
pig to a specific patient in the ward, thus leaving no doubts about the airborne transmission of
the TB diseas(Riley, 1974Riley, 1961Riley et al., 1997 this very same study was repeated in
2009 byEscombe et al. (2009put with the inclusion of an UV air sterilisation system which

helped to prevent up to 70% of TB infections



1.3.3 Sick Building Syndrome.

Poor indoor air quality has also been linked with profidesuch as building related ilinesses and

the sick building syndrome.

SickBuilding Syndrome (SBS) relates to acute health problems and/or discomfort experienced
by building occupants in relation to the time spent in a buildiRgdlich et al., 1997indoor air
contamination can cause a building to get gf6kov et al., 1990 SB3efers tothe existence of
persistent, norspecific symptoms (e.g., eye, hose, and throd@sition; fatigue; headaches) that
occur in more than 25% of a building's occupants and that disappears once these inhabitants
leave the buildingBrown et al., 1996 In contrast, Building Related lliness (BRI) refers to
clinically diagnosed disease(s) in building occupants that occur from exposure to indoor
pollutants (Kowalski, 2009b BRI cases are well documented and have a defined diagnostic
criteria, recognizable causes, and treatments. In most of the cases individuals who suffer from a
BRI require prologed recovery times after leaving the suspected environn@nbwn et al.,

1996). BRI tend to havgreaterrepercussions than $Bases.

Records show that indoor air contamination has had social and financial impacts in the world.
For example, in the United States alone, the EPA calculates that indoor air quality causes
damages costing tens of billions of dollars each Y&&A, 199) Airborne germs and fungi
growing in ventilation systentsan generate Sick Building conditions within indoor environments
(Teeuw et al., 1994Cooley et al., 1998In fact, airquality and pollution in the environment

have been directly related with Sick Building Symptdirable 1-1). Wargocki et al. (2000)
highlighted the importancefathe air quality on the effects of SBS. It is highly important to keep
the air clean to reduce SBS effects as it has been found by numerous reseéffitmeegan et

al., 1984 Wargocki et al., 199%ooley et al., 199&Rostron, 199Y.



Tablel-1 llinesses known or suspected to be related to buildings fraenzies (1997)

Disease Indoor source Agent of exposure
Cooling tower, air
conditioning or humidifier, | Legionella pneumophillia
potable water

Infectious Legionnaires disease
and Pontiac fever

Flu like iliness and common cold] Humansource Respiratory virus
Tuberculosis Human source Mycobacterium tuberculosis
H rsensitivity pneumonitis an . .
YPEISENSIVIy PREUMONILS ang | igifier Multiple bacteria and fungus

humidifier fever

Surface dust, carpet, Dust mites, plant products,
Asthma . .

clothing animal allergensfungus

Epidemiological investigations have associated exposure to large concentration of airborne
pathogens, a environment representative of SBS, with hypersensitivity diseases such as asthma
(Pastuszka et al., 1999For exampldéhay fever has been linked with indoor concentration of
Cladosporiunfungi and Yeasindthe concentration ofAspergilludras been found to be related

with respiratory symptoms and/or asthma complaints in school agjdrem (Li and Kuo, 1992

Even in the most hygiene sensitive environments, such as hospital rooms, it is possible to find
microbial and fungal contaminatiofCurtisa et al., 2005Kima and Kim (2006apalysed the air
quality in hospital environments founding thabtaphylococcus sppMicrococcus spp
Corynebacterium sppandBacillus sppwere the dominantnicroorganisms&nd amounted over

95% of the total airborne bacterialThey also found that indoor air concentrations of
Staphylococcus spfstreptococcus sppandE. coliwere higher than outdoors, implying indoor

sources as the cause of incredgéma and Kim, 2006b

Approximately 50% of Sick Building Syndrome and Building Related lliness complaints can be
attributed to microbiological agent¢Brown et al., 1995 An improvement in air quality
standards is estimated to bring between $ 5 to $ 75 billion annually in the USA(Mendell

et al., 2002.

An option forenablingthis increase in air quality standards, or say it in a different manner,
reduce microbial contamination, is the usgUltraviolet UVQ sterilisation systers, which are

easy to install and operat@lenzies et al., 2003

1.4 Clean air supply.

Air filtration is the most commonly used approachdontrol the indoor air quality and remove
contaminants from the environment. When first uséde main functionof air filterswas to
keep heating, ventilation and air conditioning equipment free of deposited particles which

diminished airflow rates and affected heat trans{€isk et al., 2002 Nowadays the use of air
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filters has become mandatory for mechanically ventithtriildings, and with the pass of time,
their main purpose has broadened the scope of application towards air quality for health
benefits(Fisk et al., 2002

Figurel.1 Fibrous filtration and energy consumption schematic.

Commonin-duct air filtration relies on porous materials obstructing the air stream to trap
contaminants as the air passes through; this slows down the air flow, increasing-duetin
pressure Figurel.1l). The smaller the patrticles, the thicker the filter required, and the higher the
air obstruction in the ductTherefore bigger fans and higher amounts of energy are required to
push the air through. Amonghe smallest particles that filters need to deal with are
microorganisms and viruseEigurel.2). The development of technology that allows a more
efficient control of the smallest contaminants (microorganisms and viruses) while reducing the

energy consumption of the filtration process could bring energy savings in buildings.
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Figurel.2 Contaminants ad particle size vs filtration technologies. Adapted froButherland (2007h)

Depending on their size, particles can remain suspended in air for a given period dfairger
contaminants such as human hair (100 pum to 150 um) may settle quickly (five seconds approx.),
viruses which are smaller than 0.1 um can remain in the air for up to 10(ASRAE, 200Pa
Among smadlparticles, viruses are the major problem, as they are very difficult to remove
(Sutherland, 2007 Typically around 90% (by weight) of airborne particles range from 0.1 um

to 10 um in size.

The function of a particle filtesito remove contaminants from a fluid stream, either completely,
or down to a specific sizéSutherland, 2007b Air filters can be divided into three main

categorieqSutherland, 20070

1) Ventilationsystems filtration: Intended to deal with low concentration of contaminants
in air and/or to remove contaminants to extremely low outlet concentrations. Mainly
operating by depth filtration mechanisms, and are usually disposed when fully load.

2) Dust colleton: Used for high inlet dust concentrations. They work through surface
filtration, so they can be cleaned at frequent intervals, and remain in operation for long

periods.
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3) Demising: Deal with liquid droplets in a gas by a particular type of depth fitrati

trapping the particles to then coalesce them.

Filtration operates entirely on particle or droplet size, providing a barrier where larger particles
are retained and later removedSutherland, 20070 Even though fibrous aifiltration
technology has continued its advance with the development of fine particle filters such as HEPA
and ULPA, higher levels of filtration continue to present higher pressure drops, increasing the
energy cost of the ventilation systeffisk et al., 2002 Increasing filterefficiencies above
ASHRAE Dust Spot 65% (MERV 11/F6/EU6) does not reduce significantly the contaminant
concentration of dusmite and cat allergens. For ETS (Environmental Tobacco Smoke) an
ASHRAE Dust Spot efficiency of 85% (MERV 13/F7/EU7Y) could redluoadentration in 61%,

with further increases on filter efficiencies bringing only modest improvements i.e. up to 75%
concentration reduction with a HEPA filter (MERV 16/H10/EWRBK et al., 2002 Viruses and

bacteria rank even smaller in size, hence the same filtragffiniency could be expected.

1.4.1 UVC sterilisation.

Ultraviolet UVQ air sterilisationis an alternative approach to dealing with biological and some
chemical contaminants in air. UWCa purification process and operates in a totally different
manner to filtering. Particle size is not important but instead thgrocess depends on the
biological composition of the contamina¢rhicroorganisms)he UVC light at 180 nm frequency
generates ozone which can be used to oxidise VOCs and microorgati@rso known that

UVC light at approximately 254 nfiouckiesh, 1946s capableof inactivating microorganisms

by directly attacking their DNA, stopping their capacity to reproditance UVC light at this
frequency is known as Ultraviolet Germicidal Irradiation UUBYA, 2005a Special UV lamps
designed to work at the germicidal frequency can be used to create a UV field, microorganisms
passing through this field received a certain amount of UV dose, if this dose ientifficaffect

the DNA of the microorganism, it is inactivated. The effectiveness of the system depends on
various factors including the interaction of the airflow, UV field and the microorganism
susceptibility to UV light, Chapter 2 contains a detail@xation of the sterilisation mechanisms

of UV light.

The sterilisation (disinfection) capacity of UVC light has been shown to be effective against
airborne transmission of infection including the potential to reduce tuberculosis transmission
risks by ovei70%(Escombe et al., 2009UVC sterilisation has proved to be capable of dealing
with a range of corgminants in air, water and surfacéisuckiesh et al., 194®olton, 2000

Kowalski and Bahnfleth, 200(letcher et al., 2003Notably, the water treatrant industry has

~ 11~



had major acceptance of the UVC sterilisation technology, with disinfection systems being
installed on waste water plants worldwid@rojan, 201}, and recently used in domes and

commercial applications such as the treatment of swimming pool waeeds, 2010

The main characteristics of UVC air sterilisation systamasheir ability to clean the ia from
microorganisms (virus, bacteria and fungi), as opposed to fibrous filters that capture the
microorganism within their fibres, allowing them to grow and in the worst case scenario turning
the fibrous filter into a source of infection. In contst UVC air sterilisation destrsy
microorganisms by directly attacking their DNA rendering them unable to repro(Bemggs,
2003. This technologias been mainly used by a small niche market primarily focused on clean
rooms (e.g. hospitals). Moreovef,compared against fibrous filtration technologies (e.g. fine
dust filters, HEPA, ULPA), photochemical filters are not capable of dealing withndusther
organic particles, however advances in the technology have shown that UWOAT e
capable of destroying VOCs (Volatile Organic Compounds) in the air stream e.g. phenol,
formaldehyde and methan@Hodgson et al., 200§ ompkins et al., 20Q®eral et al., 1997 thus

widening the scope of application.

UVC air sterilisation témology has grown rapidly during the last decadegpart due to constant
research and recent developments on its performari€ewalski, 2009aBeggs et al., 2003
Gilkeson and Noakes, 201Bloakes et al., 2004 efficiency (Fletcher et al., 2004and
applications(Noakes et al., 20Q€scombe et al., 2009Additional signs of this growth can be
seenin the acceptance of majoegulatory bodies of its use. Just in 2007, the ASHRAE HVAC
Handbook stated that the use of UVC light for the control of viral infections had not proven
reliable or effective enough to be recommended as a primary infection control measure
(ASHRAE, 20D Howeverfour years later, in 2011 ASHRAE included a fajpteln (Chapter 60)

on UV air and surface treatment, covering topics such as guidelines, standards, practices and

energy use and economic consideratigASHRAE, 20)11

1.5 Limitations of assess ing in-duct UV systems.

The current stateof-the-art of the UVC sterilisation technology presents various limitations that

have restricted the development of its full potential.

Although the mechanisms of UVC sterilisation are known, and research has #mwevery
microorganism has its very own susceptibility to UVC, considerable variations in the reported
susceptibility of microorganisms make it difficult to establish values to carry out calculation of

the performance of a UVC system. Moreover, curiéatature is limited to only a handful of
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microorganisms that have been tested to identify their susceptibility to UVC irradiation in air.
There are cases when there is only a small amount of data, not sufficient to conclude a reliable
susceptibility vale, or when multiple studies on the same microorganism do not correlate and

a comprehensive evaluation is needed to create representative susceptibility curves.

The average UV dose of a system can be assessed by mathematical calc(Baitoms 2001
Kowalski et al., 200INoakes et al., 2004Nevertheless, these techniques do not account for
particle trajectories, airflow patterns nor lamp position and/or the 3D UVC irradiation
distribution. Moreover, the inclusion of reflections, refractions, absorption and shadowing can
be extremely difficlt and in some cases almost impossible to calculate. Such complexities in the
operation of an irduct UV sterilisation system generate variability in performance, which needs
to be considered to ensure the right operation of ardurct sterilisation systemComputational

fluid dynamics CFD appears to be a good option to assess the performance of a UV system, and
has been previously used for wat@to, 2009aand upper room sterilisation systeniSilkeson

and Noakes, 2033 yet it has had little application to 4duct systems. Nevertheless, the
technique needs to be validated against reliable datansuge its reliability and efficiency in

the modelling of UVC sterilisation systems.

The performance of BVGsystem can be measured in various ways, for example, the kill rate of
a specific microorganism ooy measuring the system average UV dose. Howewdthout
specific standards to express performance, the direct comparison between designs is difficult.
This in turn, makes the selection of an UVC sterilisation system a rather troublesome process for
both customer and designers; customers find it diffica know what performance to ask for,

and designers might have problems in what to design for. Thereflmréhe improvement of
designs of UVC sterilisation systeritsis necessary to have @mmon base line for direct
comparison of performance betweealesigns that standardises the use of units and operational
parameters. More importantly there is a need for a specific rating value to measure and compare
performance between designs. Such rating tool will help both designers and customers.
Designers wiilbe able to focus on the improvement of performance, while customers will be

able to specify a required operation performance.
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1.6 Aims and objectives

The aim of this research is to develop and validate a comprehensive and standard method to
model induct UVC sterilisation systems with the use of computational fluid dynamics (CFD)
techniques that can enable the design, improvement and future optimisaifoim-duct UVC

sterilisation systems.
The specific objectives of this research are to:

Objective 1. Create a reliable set of microorganism susceptibility curves to UVC light in air.

Objective 2. Establish an appropriate method for the modelling of UV fields for atuat UV
sysem.

Objective 3. Develop and validate a numerical CFD model capable of describing UVC
irradiation, airflow patterns, wall reflections, particle trajectories and the UV dose
received by microorganism injected into ardnct UVC sterilisation system.

Objective 4. Quantify the impacin performance of lamp position, multhmp configurations
and airflow rates within an kduct UVC sterilisation system.

Objective 5. Identify the mechanisms that generate variability in the UV sterilisation
performance of an irduct system and quantify its impact.

Objective 6. Develop a system performance rating that relates the UV dose of a system and
operational airflow rates.

Objective 7. Develop recommendations for the efficient design ofdirct UVC sterilisation

systems.

1.7 Thesis overview.

Chapter 2 explains basic concepfdty/ light how the UVC sterilisation technology works, its

important parameters, and operation.

Chapter 3 presents a study on microorganism UVC susceptibility and the current state of the
research in this topic. The chapter highlights the variation in publishedtseand the limitation

of information on microorganism UVC susceptibility in air. The chapter collates information from
a wide range of published studies to develop a comprehensive table of UVC susceptibilities for

microorganisms in air and introduces tbee of a bandange susceptibility value.

Chapter 4 contains a detailed explanation of the mathematical model used for the calculation

of UVC irradiation. Furthermore this chapter presents an analysis and a review of the various
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models used in previouddrature and explains the use of the Discrete Ordinates (DO) method

to model lamp UVC irradiation.

Chapter 5 details the development of the Computational Fluid Dynamics (CFD) model used for
the calculation of performance of UVC systems, and validatesnibael by reproducing the
results of threeexperimentalests carried by th&JSEnvironmental Protection Agency (EPA) on
UVC air sterilisation system. This chapter also considers the impact of reflectivity in the

performance of a UVC air sterilisation syste

Chapter 6 presents a parametric study that explores the impact of lamp position, reflectivity and
airflow patterns of an irduct UVC air sterilisation system. Important results on the impact of

turbulence, airflow patterns and microorganism susceptibsiare explained in this chapter.

Chapter 7 contains two studies. The first study explores the impact of lamp configuration on a
multi-lamp set up and shows the impact of UV irradiation distribution on atuat system. The

second study explores the irapt of airflow rate on the performance of-tuct UV systems. This

OKIF LJXGSNI AYyGiNRRdzOSa (KS O2yOSLIi 2F GKS LISNF2
performance and the calculation of performance of ardutt system over a range of airflow

rates. Also, this chapter sees the introduction of the performance efficiency rating (PER) for the
rating of lamp position efficiency, and the use of the UV dose standard distribution for the rating

of UV irradiation distribution.

Finally, Chapter 8 presentie conclusions of this thesisummarising the findings foevery

chapter and the future work of the research
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Chapter 2. Air cleaning technology

2.1 Introduction.

UMWC is becoming a mainstream air sterilisation technology, and is marketed in the form of
energy saving and infection reduction devicéfderstanding the basic concepts of the
technology is imperative for its appropriate use and further design and development of new

more efficient systems.

The performance of a UVC air sterilisation depends on airflow patterns, air velocity, lamp
position among other parameters, therefore to quantify effectiveness and efficiency it is
necessary to understand how these parameters relate to each other. This chapter provides
further detail on the available methods for air cleaning and disinfection and theiicapion,

and outlines the principles of UVC air disinfection.

2.1.1 Particle filtration

Particle filters are rated according to their capacity to remove particles of a specific size from
the airflow (Sutherland, 20070 At least three different international classification exidiapble

2-1), the MERYV classification using MERV 1 to MERXSIRAE, 2003he CEN classification

using G1 to U17 from the Comite Europeen de Normalisation (@k#)the Eurovent
classification using EU1 to EUSntherland, 20070 Based on rated performances a correlation
between Eurovent/CEN and ASHRAE classifications can be made, nevertheless an official
correlation table does not ést. Therefore depending on the author the referred correlation

can vary slightly, with variation being more common on high performance grade filters (e.g.
HEPA/ULPA).

According to their performance particle air filters can be divided into at least teeps:

1) Coarse and fine dust (MERV 1to 8/ G1 to F9 / EU1 to EU9),
2) HEPA (High Efficiency Particulate Air, MERV 9 to 14 / H10 to H14 / EU10 to EU14).
3) ULPA (Ultra Low Penetration Air, MERV 15to 16 / U15 to U17 / EU15 to EU17).

Purchas and Sutherlarfd002) argue that raher than classifying a filter in terms of its efficiency
against a patrticle of a specific size, it would be more relevant to the user to know the efficiency
of the most penetrating particle size (MPPS) which is the particle for which the filtration
efficiency is the minimun@BSI EN 1822:2009. In practice, the performance of a filter will tend

to be less than stated, this is due to the combined effect of the filter and the fluid flow bypassing
~ 16 ~



the filter through leaks and/or installation deficiencies, moreover the amount of particles
penetrating through a filter depends on the operation parameters flow velocity, filter medium
and particle sizéSutherland, 2007pb The followingTable2-1 of air particle filter classifications

is an amalgamation of the various standards worldwide and their equivalent ratings made from

information found inPurchas and Sutherland (2002SHRAE (2008 amfilFarr (2002and
Tronville (2006)

~17 ~



Table2-1 Air particle filter classifications.

- . Arrestance| Dust spot | Minimum final Particle size Typical air
Average efficiency in size range (%) e . ] '
Type | MERV| *EN | *EU % efficiency % | resistance (Pa] ranges filter/cleaner type
0.31.0 pm 1-3um 3-10 pm
1 Gl | EUL - - E3 <20 <65 <20 75 I
Electrostatic
1 2 G2 | EU2 - - E3 <20 65-70 <20 75 >10.0 um Washable
3 G2 | EU2 - - E3<20 70-75 <20 75 Throwaway
4 G2 | EU2 - - E3 <20 75-80 <20 75
5 G3 | EU3 - - Hn X 9| 80-85 <20 150
Pleated filter
2 6 G3 | EU3 i i op K 91 85-90 <20 150 3.0-10.0 pm Cartridge filter
8 G4 | EU4 - - TN X > 90 30-35 150
9 G4 | EU4 - E2 <50 yp X >90 40-45 150
3 10 F5 | EUS - pn X 9 yp X > 95 50-55 250 1.0-3.0 um Bag f_||ter
11 | F6 | EU6 - cp X 9 yp X > 95 60- 65 250 Box filter
12 F6 | EU6 - yn X dbn XK > 95 70-75 250
13 F7 | EU7 E1<75 dbn XK bn XK > 08 80-90 350
14 F8 | EUB| Tp X 9 dcdn X dbn XK > 908 90-95 350 Bag filter
4 0.3-1.0 um )
15 | FO | EU9|yp X 9 dn X dn XK - > 95 350 Box filter
16 | H10| EU10| dp X dbp XK dbp XK - - 350
17 H13 | EU13 - - - - -
18 | H13| EU13 - - - - -
5 X noo HEPA/ULPA
19 | H14 | EU14 - - - - -
20 | H14 | EU14 - - - - -
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2.1.2 Gasfiltration

ASHRAK2009h provides a comprehensive review of the statkthe-art of gasfiltration
techniques and technologies. The following is a summarynefhods fromd / K I LJG S NJ H «
LYRdAzZAGNAIET DIF& /fSFEYAYy3 YR 'AN t2fftdziAazy [/ 2

Odours and toxic gaseous contaminants are commonly removed by filtration technology
different than that ofparticle filtration. Removal of gaseous contaminants is often achieved
through absorption (into a liquid) or adsorption (onto a solid medium); in addition, incineration
of the exhaust gas can also be employed for removing organic gases and vapours. rBelow a
described a series of technologies and techniques forrémoval or reductionof gaseous

contaminants.

Spray dry scrubbingThis isused to absorb and neutralize acidic gaseous contaminants in hot
gas streams. These systems make use of an alkali spragct with the acid gases forming a
salt. The process heat evaporates the liquid, creating dry particulates easily removable from the
gas strean{fASHRAE, 2008b

Wet-packed scrubbersThis islone by impingement of particulate matter and/or by absorption

of soluble gas or vapour molecules on a ligwetted surface. During this process, the
contaminant becomes a solute with a vapour pressure above that of the scrubbing liquid, which
usually inceases with a higher concentration of the solute in the liquid and/or with increasing
liquid temperature. Scrubbing of the contaminant continues as long as the partial pressure of

contaminant in the gas is above its vapour pressure with respect to thiel (§SEHRAE, 200Rb

Adsorption of gaseous contaminantsteshly broken or heated solids are capabfehysically

or chemically adsoiibg neaby molecules in a gas or liquid. The captured molecules form a thin
surface layer on the solid, typically of one to three molecules thick. Commercial adsorbents can
be solids with an enormous internal surface area, the large surface area makes possible the
trapping and holding of a large numbers of molecules, e.g. a gram of a common activated carbon
adsorbent might have an internal surface a over 900 M. Adsorbents can be used for the
removal of organic and water vapour, odours, and hazardous pollsitémtan airstream.
Activated carbon is a common adsorbent used in the HVAC industry; they can be derived from
coal, wood, or coconut shells. The efficiency of a particular activated carbon to remove organic
vapours from an airstream depends on the concatitm and molecular weight of the organic

compound and the temperature of the airstreghSHRAE, 200Rb
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Incineration of gases and vapourtdneration is a process that can convert volatile organic
compounds (VOCSs), organic aerosols, and most odorous materials to carbon dioxide and water
vapor using heat energy. Incineration is a proficient technology for the total elimination of VOCs.
Thermaland catalytic are the types of incineration commonly used for air pollution control
(ASHRAE, 200%b

Thermal oxidizersThese aralso known asfterburners or direct flame incinerators, consist of
an insulated oxidation chamber where gas and/or oil burners are normally located. The
contaminated airstream enters the chamber, getting in contact with the flame, thus gaining the

heat energy necessaffor oxidation(ASHRAE, 2008b

Catalytic oxidizersThesegenerally consists of a preheat chamber followed by the catalyst bed,
and operatesunder similar principles as thermal oxidizers, except for the use of a catalyst to
promote oxidation. This technology allows oxidation at lower temperatures than thermal
oxidation, thus less energy is required to preheat the contaminated airstream. Ahhoug
residence time and turbulence are not as important as with thermal oxidizers, it is essential that
the contaminated gas stream is heated uniformly to the required catalytic reaction temperature.
A drawback of the technology includes catalyst poisonirgdpactivation, caused by specific gas
stream contaminants that chemically combine or alloy with the active catalyst material. Poisons
frequently cited include phosphorus, bismuth, arsenic, antimony, lead, tin, andA8t¢RAE,

20091).

Contaminant dilution A different approach to filtration is by dilution. Cleaning a side stream
and then mixing it back to the main flow at the correct ratio, the final contaminant composition

can be made acceptab(8utherland, 2007h

Electrostaticprecipitators: These are very effective at removing dust, smoke and other small
particles. The basic principle of operation relies on electrically charging solid particles, and
passing them between charged plates that work as electrodes. As particlestimassnove
towards oppositely charged plates causing dust to agglomerate. Usually, the airfiepeel

to trap large particles before it passes to an electrostatic precipitgatherland, 2007a

2.2 The UV light.

Ultraviolet (UV) light is a type of electromagnetic energy which is naturally emitted from the sun
as part of the sunlight spectrum with a wavelength skothan that of visible light. The UV light

spectrum ranges from 100 to 400 nnwithin this spectrum there are three further
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classifications of UV light; UVA (320 nm to 400 nm), UVB (280 nm to 320 nm) and UVC (100 nm
to 280 nm) Figure2.1).

Cosmic Rays
Gamma Rays
X - Rays

Visible light
Infrared
Radio waves

0 25 50 100 280 320 400 700 1500 2200

Figure2.1 Light spectrum (wave length in nm).

U\Clight has a peak germicidal effect at the approximately frequency range of 250 nm to 265
nm; this isreviewedin detail in chapter 3.1.2. It is thus that UV light at these wavelengths is
referred as germicidal UV liglftuckiesh, 1946 Germicidal UV light is capable of directly
damagingmicroorganisms DNA and thus stop their capacity of reproduction whigthn
sufficient irradiationconsequently renders the microorganismriess(Beggs, 2003 As UVC

light is harmful to microorganisms, it is also harmful to people, long exposures can create skin
irritation and in sone cases skin burning and if in direct contact with the eyes, UVC light can be
a cause of photo conjunctivitifKowalski, 2009a therefore, a careful design of UV air

sterilisation system is required to prevent any dangers to the users

2.2.1 UVlamps

Currently in the market there are various types of UVGI lafost are discharge lampghich

can be generally classified into two categofi€s/A, 2005¢ 1) Medium pressure lamps, 2) Low
pressure lamps. Medium pressure lamps work at broad spectiitV wavelengths, and are
commonly referred as polychromatic. Low pressure lamps work exclusively in the of 254 nm and
180 nm wavelength commonly referred as germicidal lamps, moreover, at 180 nm wavelength,
UV lamps have the capacity of generating ozand ae alsoknown asgermiidal (Figure2.2)
(Kowalski, 2009aThese categories are not exhaustive, other emerging technologies such as the
microwave powered UV lamp (MPUVL) which can run for an indefinite amount of time as it has
eliminated the need of electrode&Gutierrez et al., 2006 and light emitting diodes (LED)
working within UVC frequencigililler et al., 2013, are only just being introduced to the market

and might open the possibility for new UVC system designs and applications.
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Figure2.2 Medium Pressure and Low Pressure wave length spectrum (IUVA 2001).

Medium pressure lampsiave a broadight spectrum in the ultraviolet and visible light range,
much of thér emitted radiationis at wavelengths outside the germicidal ran@&utierrez et al.,
20006, spreading intahe UVC/UVB waveleng{Kowalski, 2009b Medium pressure lampare
inefficient in the production of UBgermicidal irradiationandonly 9% to 12% of its total power

is converted intdJVC light in the 25880 nm wavelengti{Gutierrez et al., 2006 In contrast,
low-pressure UV lamps deliver a conversion of up to 40% from input Watts to UVGI Output
Watts (IUVA, 2005

Low pressure lampare highly efficientat generatingJVC germicidal irradiatiodUVA 2005¢.

They are essentially the samefagrescent lampemitting at254nmand 185nm wavelength,

the latter frequency used tgenerate ozone. Low pressure UV lamps offer high efficiency of up
to 40 % of the electrical power turned into UMGEIVA, 2005¢

Low pressure Amalgam lampsre called amalgam because they contain solid amalgam spots,
an alloyof mercury with another elemenguch as indium or gallium that controls the mercury
vapour pressurélUVA, 205€). Amalgam lamps can be used at high ambient temperatures of

up to 9C.c without affecting their performancéHereaus Noblelight, 200.7

2.3 Basic concepts of UVC sterilisation.

It is important to know the basic concepts behind the UV sterilisation technology, and in this
manner beingable to differentiateterms such afluence and dose, and UV irradiation and UV

power.
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Table2-2 Terms and Definitions on UV irradiation.

Term Symbol Description Definition Units

Radiant 9 A Energy peunit time emitted by a radiant 3

Energy source.

Radiation wkis 2F NIRAFYG Sys$h ROAKRU

t A . . W
power emitted by a radiant source.
i a A a A R SR O
Speciic | |, |wl S 2F SySNE& LISNI ¢ Rg"q’&“R' O Womart
intensity 2GSNJ I a2fAR Fy3IES ¢ M A
“o LS . “ , A ..|
Iradiance i A ¢.2 u_I f NIRAIFYUO LI26SN OuA! W2
directions over a surface area (dA)

Fluence ¢20Ft NIRAFYd LR26SNI uA 2

rate DA I RANBOGAZYA 208N+ al J4Am Werm

UVDose| ¢t a8y 08 NI GS 6DAG 2¢ DA ORI J.m?

(Fluence)

*Subscrippn A Y RAOF 18a 3ISN¥AOARFE FNBIdSyde
¢KS wkRAFYG SySNHE& 09A0 Aa GKS ¢ (refarringd® NJ a S C
UV powerjtmeanswl RAF GA2Y LR SSNI 0t A0Y gKAOK A& GKS S
allrGSR +ta glidad ¢KS ALISOATAO AyaSyaride o6LAD
6 2dzi | a2t AR [y3tS oORmU Esrid KIS NBIFRAKS yefdifed & IpA S

a2YSGiAYSa a wlRAFGAGS TFtdzE Aa GKS G2d0Ft wk

surface area (dA) and is expressed in W.while the term Fluenceate 6 D Athe totaliRadiant

LI26SNI 6t A0 FNRY | ff 2RARBOYVH2PEORBOSRHESR atKE
in W.nm?2.
CKSNBE NB AYLRNIFYG FdzyRFEYSyidlFrf FFaLlSOoid Ay (K

rated DAO® LNNI RALF YOS 6 |j eagived By dlat Kuffacay mdRiding it iiorkeJ2 & S N

on atwo dimensional domain, while Fluencate6 DA 0O A& (GKS wl RAFY (O L2 g
meaning it works on a three dimensional domain.

2 K8y dzaAy3a F O2ttAYFGSR 0S8FY FyR '+ A& ANNI
Cf dzZSyO0S NI (S niidalp as iradsatmd YsScoming om only one direction.

Nevertheless, when UV is irradiated within an air duct from all directions, microorganisms
receive UV irradiation from all directions, and in this case FluencegDajds the appropriate

term (Figure2.3).
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A) B)

Figure2.3 Difference between Irradiance (A) and Fluence rate (B).

The term UV Dose (J3nor Fluence, commonly uséd quantifyingUV sterilisation, refers to

GKS CfdzSyO0S NI GS o6DAUO 20SNJ I LISNA2R 2F (GAYS
absorbed energy, while Fluence is the total energy received by a microorganismriceegs

if it is absorbed or noBolton, 200). However, the term UV doss the most commonly used

term for describing theechnology.

2.4 UV sterilisation systems.

UVC air sterilisatiogystemsaim to eliminate dangerous pathogens that compromise the health
of room inhabitants. The technology relies on @drrying microorganisms amassingthem
through the field of UVC lightherefore, pathogens on surfaces will not be affected by the UVC

unless they aralirectlyexposed to the light beam.

UVC air sterilisation refers to systems used to deal with indoor air, reducing indoor airborne
levels of pathogens, toxins and particulates by the use of UVC irrad{dtfgA, 2005 UVC air
sterilisation systera can be classified into three main types, Hllict systems, 2) uppaoom
irradiation systems and 3) recirculation staalbne systems. Among the most populadinct
system we find the designs for single pass or multi pass purg$es, 20055and the surce
sterilisation for cooling calShaughnessy et al., 199%or the upper room irradiation, devices
focus on irradiatig UVC at the top areas of the roq@ilkeson and Noakes, 2018scombe et

al., 2009 Xu et al., 2003Beggs et al., 200%nd regarding recirculation staralone units we

have the ceilingwalland floormountedunits for the purpose of imoom sterilisation(Kowalski,
2003.
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2.4.1 In-duct UVC sterilisation systems.

In-duct single pass or mulpass UVC sterilisation systems.

These systems are designed to deal with the air within a mechanical ventilation system by the
inclusion of UV lamps into the air streaFiqure2.7). Most of the times these systems wook

a single pass basis, and hence they are designed to provide high amounts of UV irradiation in a
short period of time. Charactistically, these systems need to deal with high air velocities and

low times of exposure (as explained in Chapter 5 and Chapter 6).

Anin-duct system can be either of the retrofit or a stabtype. Retrofitting systems consist of
a UVC chambarontaining one or more lampgplacing a portion of the original air duct, while

the stabin type consists of lamps inserted into the originatdiict (Figure2.4).

Stab-in system Retrofitting system

Figure2.4 Stabin system (left): AirGarde from GB environmental Ltd. And Retrofitting design (right) ASU 3000 from
UVGI systems Ltd.

Cooling coil UVC sterilisation systems.

Cooling coil UVC sterilisati@mgstems are mainly a surface sterilisation systeinere the lamp

is mounted close to the cooling coil surface the installation is inside the air duct, it also
provides air stream sterilisatiohpwever aghese systems are designed for surface stetilis

the operation parameters might not be the appropriate forduct air sterilisation. These
systems are popular for providing reduced maintenance cost and energy savings on working
cooling coils by irradiating them with UVC light in a permanent ma(fBleaughnessy, Levetin

et al. 1999), thus they can use relatively low UV wattage (Kowalski 2009).

UVC reduces thgrowth of microorganismen HVAoil surfaces, hence the coil pressure drop
is reduced and the airflow is restored. To obtain these benefits the installation of UV germicidal

lamps should be near the cooling coil, and spaced to allow an even distribution of the irradiation.
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Fixtures must be esigned to withstand moisture, and a wide range of temperatures. The
ASHRABuide also includes notes on safety, indicating maximum exposure times for different

levels of irradiation, safety design guidance, training, and lamp bregkeég}¢RAE, 200Ba

Cooling coil UVC sterilisation systems usually are installed before the cooling coil, an
environment generally with high levels of relative humidity (Rél)er 70%)and high air
temperatures(above 30c)High temperature beneftthe performance of UV lamps, however,
bacteriaare generally moreesistant to UV lighat high RHthe effect of B isdiscussed in
Chapter 3). After the cooling coil, the conditions are even more challenging as cold air reduces

the performance of UV lamps and levels of humidity still remain high most of times.

2.4.2 Upper room UVC sterilisation systems.

An upper roomUVC system consgdf UVC light being irradiated to the upper part of a room
parallel to the ceilinglUVA, 20051 Upper room systems depend on the air passing through the
UVC light beam, and the-arculation of the air from the lower to the upper part dfe room

where the UVC field is in operatigASHRAE, 2008@ilkeson and Noakes, 201Figure2.5).

These systems have proved to be effective at reducing Tuberculosis infeEsunwmnbe et al.,
2009, many air pathogens including chickenpox, measles, mumps, varicella and cold viruses
(Kowalski, 2009band even for reducing siakay absenteeismMenzies et al., 2003 although

the specific mechanisms for this might still be difficult to prove.

&

Figure2.5 Schematic of an upperoom UVC system operation.

For health and safg reasons, upperoom systems must be design to work under the limits of
'+ SELRA&MINBE F2NIAYKIOoAGEYydGasd h{l! fAYAGE |
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2for 8 hours, equivalent to a UVC dose of 582XdVA, 20058 ACGIH (American Conference
of Industrial Hygienists) limits the exposure to 30-3(roadband UV) or 60 Jfat 254 nm
during 8 hourgKowalski, 2009c

2.4.3 Recirculation stand -alone UVC sterilisation systems.

These systems make use of a fan forcing the air to pass through a UVC chamber. Some of the
benefits of these systems are their capacity to include reflective surfaces and in some cases to
provide controlled and measurable performance. A (great percentage of microbial
contamination in a room comes from its inhabitai8eggs et al., 2003Room air patterns and

the capacity of these types of systems to rediat& as much air as possible define their
performance Figure2.6). Althoughthey will not sterilise surfaceshey might reduce surface

deposition of contaminantéTaylor et al., 1996

Figure2.6 Recirculation stand alone units. Ceiling unit (right) and floor unit (left) from IUVA Ltd.

2.4.4 UVC air sterilisation Guidelines

IUVA Guideline IUVA01A2005: General Guideline for UVGI Air and Surfdzisinfection
SystemglUVA, 2005a Introduced in 2005this guideline is intended faair disinfectionof in-

duct units, and surfaceisinfection aimed for cooling coil treatments. The document provides
general information about UV technology and includes topics such as classifications of UV
systems, types of UV lamps, UVC irradiation and safety issues among others. An important point
of this document is the introduction of the URV (UVGI Rating Value) to classify the performance

of a UVGI system.

Introduced byKowadski (2009a)the URYV classification originated from the need to measure the

performance of the UV air sterilisation systems. The conoéfite URV scale is similar to those
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usedfor physical filters such as the MERYV and the Europearg HllH(ASHRAE, 2003vhere

a rating value is giving according to its sterilisappower. The URV level is basedtbr UVdose
provided by a UV system and is expressednir?.Jt is important to point out that URV levels
relates only tcaveragedose provided by the UV systeand this can change depending on the
airflow rate of thesystem. Moreover the URV does not relate to a specific microorganism
althoughmicroorganisns react toa specificUVdose, it can vary at different levels of humidity.
Therefore, amicroorganismwhich is inactivated by a dose equivalent to a URV 13 in low

humidity, might require a URV 15 in high humidapove 70% humidity)

Table2-3 URV ratingKowalski, 2009a

Dose Mean dose
URV J.m? J.m?
1 0.01 0.055
2 0.1 0.15
3 0.2 0.25
4 0.3 0.4
5 0.5 0.63
6 0.75 0.88
7 1 1.25
8 15 2
9 2.5 3.75
10 5 7.5
11 10 12.5
12 15 175
13 20 25
14 30 35
15 40 45
16 50 55
17 60 70
18 80 920
19 100 150
20 200 250
21 300 350
22 400 450
23 500 750
24 1000 1500
25 2000 2500

IUVA Guideline ITUVA&02A2005: Guideline for the Design and Installation of UVGdHlret Air
Disinfection Systems in New Building Constructi@adVA, 2005k This standard was writterot
assist the installation of #duct air treatment systems specially UV systems in new bugding

The documenthighlights the difference between retrofitting systems and new installation
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designs.This guidelings intended for commercial office buildingadamulti-stories facilities,

broadening the previous scope of healthcare facilities only.

IUVA Guideline IUVA&03A2005: Guideline for the Design and Installation of UVGHLret Air
Disinfection System@8UVA, 2005k This guide focuses mainly on retrofitting systems, referring
to the design and installation of U\AR treatment systems in existing buildings. The gujikes
recommendationon location of UV systems, wiring, electrical connections, warning signs and

general safety.

ASHRAE Handbook Chapter 16: Ultraviolet lamp systéASHRAE, 2008aThe document
relates to three UVC technologies;dnct disinfection, upper room disinfection and coolimil ¢
surface disinfection. Also in this document there is information on UVGI fundamental concepts,
lamp and ballasts specifications, maintenance and safety of the systems.-diaotinystems,
where the irradiation is contained inside of the duct, it isammended to make use of a safety
interlock that will turn off the lights at the moment of accessing the duct. The document
emphasises design factors to be considered including: duct dimensions, length of exposure to
UVC light, air velocity, air temperatyrlamp cooling effect, lamp fouling, bio contaminants and
their susceptibility values, disinfection performance required, lamp age, power supply,

reflectivity inside the duct, location of lamps inside the duct and humidity.

This guideline recommends thesel of UVGI to complement system maintenance by keeping

coils, drain pans and other surfaces free of microbial contamination.

2.5 UVC sterilisation: In-duct systems technology and operation.

In-duct devices typically comprise one or more UVC lamps moumithih the HVAC system to
create a UV irradiation field inside an airflow du€iglure2.7). Microorganisms contained in the
air passing through the Wfield incur DNA damage proportional to the dadse receivedand
the microorganism UV susceptibilityvith sufficient exposure the damage may be lethal
rendering microorganisms inactive (this is explained in ChapteR&juction on bacteria
concentation on surbiceshasbeen linked with the instdlation of in-duct UVCsystems(Taylor

et al., 1999. Moreover,in-duct UVCsystems can aldoe usdfor reducing bio fouling of cooling
coils providingpotential energy savingkr the HVACsystem(Blatt, 2006 Kowalski, 2009d_ee

et al., 2009.
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Figure2.7 Schematic of an iduct UV system.

With increasing application of 4duct UVC systems, it is important to accurately quantify the
performance of the technology, for that reason appropriate analysis and test mechanisms must
be set in place. For an-ttuct air system, the efficiency of UV@rilisation depends on many
factors including UV irradiation intensity, dwell time (in the UV field within a duct or device),
pathogen susceptibility to UV irradiation, air velocity, air temperature, humidity of air,

reflectivity of duct or device internalurfaces, velocity profile, air mixing and lamp position.

- Arvelatl
 omeposii
* Velocity profile| [ Refieciviy 11 Species
 Airtemperature —
Dwell time UV lrradiation Pathogen
intensity susceptibility

!

Inactivation rate
Figure2.8 Factors affecting the performance of a UV system.

UV irradiation intensity is the UV power per unit area provided by the lamps,uisually
expressed in W.crhand depends on the distance from the lamp at which it is measured, the
closer to the lamp the higher the irradiation. Commonly UV lamp manufacturers will provide
within their specification the UVC irradiation value at 1 metmnfrthe lamp(Philips, 2007
LightSources, 2009Inside the UV chamber, in this case thelirct unit, the UV irradiation can
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be affected by air Mecity, air temperature and reflectivity. At velocities higher than 3.5'm.s
the lamp UVC power can be reduced up to 30% due to the cooling of the lamp surface and
electrodes(Philips, 200% In general, irduct UVC sterilisation systems face operation velocities
between 2¢ 2.54 m.s (Kowalski, 2008 however, irduct ventilation systms might present
velocities of up to 8 msto 10 m.s! (Daly, 1992 The UVC output of a lamp is a fupatof the
plasma temperature when the power input is constgkbwalski and Bahnfleth, 200UV
lamps working at low air temperaturashder 30 Cand highair temperaturesover 60 QLau,
2009 can suffer a shorter operational lif@/anOsdell and Foarde, 2002nd up to a 70%
reduction in UV powe(Philips, 200¥ only amalgam lamps are not affected by temperature
(LightSources, 2009Reflectivity of duct surface can improve the performance of a UV air
sterilisation system by increasing the intensity fidfcapplied properly it can reduce the system
cost, intensify the UVGI field and level the distribution of irradiation along the @mvalski

and Bahnfleth, 2000a Reflectivity can be diffusive or specular. Commonly a UVGI system will
use specular, or mirror likeeflective surfacegKowalski, 2008 Reflectivity is discussed in

further detail in chapters 4, 5 and 6.

The impact of airflow profile and lamp positiondsnsideredin detail in chapter 6. Airflow
profile affects the dwell time, and thearticles path inside the duct, thus affecting the amount
of UV irradiation that particles receivEor examplairflow path lines close to the UV lamgll
receive more UV dose than those far away from the UV lamp. The lamp configuhatiefore

has adirect impact in the sterilisation performance of the system.

Microorganisms have a natural susceptibility to UVC light. Their UVC susceptibility is basically
the amount of UVC irradiation the microorganism needs to absorb to be inactivated.
Microorganisnsusceptibility depends on the specific microorganggeaciesand strainas well

as the environmental conditionsAs it is a biological factor, variations are always present.

Chapter 3 reviews in detail thieportanceof microorganism susceptibility.

2.6 UVC sterilisation: Performance evaluation methods.

The performance of a UVC air sterilisation system can be measured in various ways. A system
can be tested in a laboratory to find the sterilisation performance against a specific
microorganism with the usef a biodosimetry test, such as the ones carried by the USEP®

20063 EPA, 2006/EPA, 200§c¢ KS 9t ! (Sada aSNASa 4. Az2f 2340
In'5 dzOG ! £ G NI @A 2 {(EBA| 20D6E280KH12006Epiedesty ex@erimental data on

UV inactivation and are a popular reference for the performance of UNdQdnsterilisation

systems Chapter 5 explains shows a detailed explanation of the tests resndtprocedures
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However such tests only show mean performances and give little insight into the mechanisms
for airflow interaction with the UV fieldAfter obtaining a specific kill rate of a microorganism,
then it is possible to use data on the microongam UVC susceptibility to calculate the energy

of the UVC system. To accurately carry these types of tests it is necessary to control operational
parameters such as air velocity, temperature, humidity and microorganism strain, as any of
these could skewhe calculated results. A further complication with biodosimetry testing is that
results depend on the accuracy of the assumed microorganism UVC susceptibility, and currently
in literature there is a great amount of data variati@gtietcher et al., 200¥e et al., 200Peccia

and Hernandez, 2004 his is discussed in detail@mapter 5.

Another option for the calculation of performance of a UVC sterilisation system is the
mathematical modelling of the UVC irradiation of a lamp with the use of numerical methods
(this is discussed in detail in Chapter 4). Among these methodtharklultiple point source
summation (MPSS) which models the irradiation of a lamp as if coming from a finite number of
points across the length of the lan{Bolton, 2000. The Multiple segment source summation
(MSSS), similar to the MPSS but instead of points assumes finite length differentials as the
source of irradiation along thlength of the lamgBolton and Cotton, 20Q1 The view factor

used byKowalski (20094dp calculate the performance giredicted UV device performance with
average irradiation fielddHowever these models assumed a fully mixed airflave incapable

of accounting for particle trajectories and in most cases ttieynot consider the 3D flowV

field interaction that happens in a regystem

Another option is the use of computational fluid dynamics (CFD) modelling, which is capable to
account for sophisticated aspects of a UVC system such as wall reflections, shadowing, fluid
absorption, UVCriiadiation distribution, particle trajectories and flow development (this is
discussed in detail in Chapter 5, Chapter 6 and Chapter 7). CFD mdusdlingen successfy

applied to UV water systemg¢Duran, 2010 Ho, 2009 and upperroom UV (Gilkeson and
Noakes, 2018 Byusing CFIh a parametric study, it is possible to look for lamp configurations

that provide the highest sterilisation performance hetlowest energy use.

Although it has been long suspected that lamp position/configuration would have an impact on

the performance of an induct UV sterilisation system, the information about the topic remains
limited. Kowalski (2009a)presented a performance calculator table for induct UV systems
based on fully mixed flow but this only considers total UV power within the ductrenduct
measurements, neglecting lamp position/configuraien Ly Y2 aid OF 4Sa Y ydzF
not specific on the sterilisation mechanisms and is difficult to establish a performance

requirement from both users and customers. The EPA experimentsotiodescribe the
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sterilisation performance and are ambiguous on microorganism kill rate or average UV dose of
the system(EPA, 2006&EPA, 2006EPA, 2006§cChapter 5, Chapter 6 and Chapter 7 of this
thesisapplies a CFD modelliagproach to explore the influence of lamp location within a duct

on the UV dose received by airborne particles.
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Chapter 3. UV susceptibility of microorganisms.

3.1 Introduction

Without entering into the complexities of the physical model of a working UV system, two
essential parameters are necessary to calculate its performance. One is the UV dosage, which
involves dwell time and most importantly light irradiation, and is deteediby the engineering

and flow parameters of the system. The second parameter is the UV susceptibility of

microorganisms, which is a biologiparameter.

This chapter commensewith a brief introductionto UV susceptibility of microorganisms,
explainingwhy is it that the DNA of microorganisms is disrupted with UV light at specific
frequencies. Then it follows with the description of the decay models, this is the rate at which a
microorganism population is decreased over time by the exposure to UVTigistchapter also

considers the impact of relative humidity on the susceptibility of microorganisms.

After the explanation of UV susceptibility and its implication, the chapter continues with a

review of UV susceptibility in air of various bacteria founthe literature.

Finally this chapter concludes by compiling a list of UV susceptibility data from a number of

published studies to establish representative values for a series of microorganisms.

3.2 Microorganism UV susceptibility.

Microorganisms are irdrently susceptible to U¥light, more specifically UVC light at the 254

nm frequency. The interaction of a microorganism with UV light is a complex process, and
depends on biological and environmental factors (Rentschler, 1942), as a response to these
medanisms and for the means of practical calculations, researchers have dedelbgat is

known as the UV susceptibilitg) (0f microorganisms, this is the rate at which throorganism
population is generally affected by UV light, under controlled enviramalgparameters such

as temperature, humidity and UV dose, and is represented with the uritg.nThe higher the
susceptibility of the microorganism, the more reactive it is to UV light. In relation to resistance
to UV light, in general fungi tend to Itlee most resistant against UV light, then bacteria spores,
bacteria vegetative cells and at the end viruses tend to be the weakest microorganisms against
UV light(Kowalski, 2009a
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Microorganismsare biological entities and thesusceptibility under UV light is complex and
variable. Factors such as relative humidity can change a microorganisms susceffiibitityer,

2004), different strains of the same microorganisms, and even the same microorganisms
cultivated in different batches might show variatiansusceptibility. Different microorganisms
decay under URlight in different manners, e.g. some might show a single stage decay in which
all the population its affected by UV light a constant ratesome microorganisms might show

a shoulder before they decay in a single stage, meaningthigsée is a UV dosénteshold that
needs to be achieved before a constant kill rate staatrsg then we can have variations of
different behaviours making the susceptibility of a microorganism to UV light a case specific

value.

For these reasons a definitive susceptibilityueafor a specific microorganism might not be
possible to determine. Nevertheless, quantifying a susceptibility value that accounts for
variability and recognizes the type of survival decay could help to increase the accuracy of

disinfection performancealkulations.

3.2.1 The effect of UV light on DNA

The Deoxyribonucleic acid (DNA) is the molecule that encompasses all the genetic information
of all known living organisms and some viruses, and is composed of nucleotides. Each nucleotide
contains three partsdeoxyribose, phosphate, and one of the four nitrogenous bases or nucleic
acid bases, which are thymine (t), adenine (a), cytosine (c), and guanine (g). These four subunits
are the base of the double helix shaped structure found in the DNA, each hetinges in a

free hydroxyl group in one end and a free phosphate group in the diteidle, 199%Figure

3.1).

Figure3.1 Structure of the DNA. Adapted from The Astrophysic#&trochemistry Lab (2014).

Some viruses might contain RNA instead of DNA, the difference between them is that RNA has

D-ribose as its main constituent and adenine, cytosine, guanine and uracil as bases, while DNA
~ 35 ~



has 2deoxyD-ribose as its main componemtith adenine, cytosine, guanine and thymine as
bases (Casarett, 1968 UV light inactivate micoorganismsmainly by causing crosinks
between constituent nucleic acigbigure3.2), specifically the effect of UV light on DNA/RNA is

the formation of dimers, bieg the creation thymine dimers the primary cause of lethal effect

on DNA when exposed to UV light, and the secondary damage is also produced by cytosine
dimers (Kowalski, 2009a therefore viruses containing RNA which lack thymine are less

susceptible to inactivation by UV light.

Figure3.2 Damage to DNA by exposure to UV light.

The germicidal effectiveness of UV light is known to have its maximum in the region of 220 nm
to 300 nm, with peaks of efficiency at 250 nm and 265 lnmskiesh (1946gports that research

prior to his found thatS. aureusnaximum kill rate efficiency was achieved at 253.7 nm &nd
coliat 265 nm with the 253.7 nm frequencyibg nearly as effective, later in his own research
Luckiesh (1946pundthat the maximal germicidal effectiveness in the killin@otolin shallow
depths of water by UV light is in the range of 253.7 nm to 257.5Rure 3.3).
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Figure 3.3 The relative germicidal effectiveness of UV light of various wavelengths as determines by the killing of
B. coli. Adapted from Luckiesh (1946).

The effectiveness of germicidal irradiation rapidly decreases as it moves from 253.7 nm up to
the region of 293 nm, with research suggesting that the energy to kill bacteria with wavelengths
of 365 nm and above is 1000 to 10,000 greater than the energyinegjin wavelengths shorter

than 300 nm(Luckiesh, 1946 It is important to highlighthat such studies of germicidal
effectiveness were run fdB. colj yet it is known that higher UV wavelengths also impact the

survival of microorganism@®lunakata and Rupert, 1978owalski, 2009a

3.3 Microorganism UV decay models .

The microorganisms decay model represent the predictive effect UV germicidal irradiation will
have on a specii microorganism, in this manner we can calculate how much UV power is
required to achieve a certain level of sterilisation in a specific media such as air, water or a

surface.

At leastfive decay models have been proposddpending on themicroorganisntype. These
are single stage, single stage with shouldknble stages,double stages with one shoulder,

doublestages with two shoulders, and then combinations of varigimvalski, 2009a
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3.3.1 Single stage decay

Single stage or first order decay is a classical exponential de€tination3.1).

3 A

Equation3.1 Single stage decay

Here k is the susceptibilityalue of the microorganism (hd') and Dis the UV dosagél.m?).
This model is commonly usélowalski, 2009aBeggs et al., 2003 oakes et al., 200&s the
standard model unless a different decay model has been proven. 8¢aydine would be as it

appears orFigure3.4.
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Figure3.4 Example of single stage decay

In many cases this will suffice for the calculations, yet sneeoorganismg&an present a more

complex behaviour.

3.3.2. Single stage with shoulder

It is known that some microorganisms, for examBlesubtilisspores do not follow a first order
decay model and are better represented with a shoulder (n) in their decay nikdelalski,

20093 Nicholson and Galeano, 2008 shown irEquation3.2.
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Equation3.2 Single stage decay with shoulder.

Where the shoulder (n) is obtained by extrapolating the single stage lifestgintercept. In a
graphic a single stage shoulder looks kkgure3.5. As commented before, there are various
possible explanations for this phenomena, involving environmental and/or biological factor, in
some casea part of the population appears to be more resistant to UV light, and after a certain
threshold the full poplation decays in a similar manner, this for example could be the case of a

population with a mixture of vegetative cells and spores, sharing different susceptibilities to UV.

10
=
K=l
E 1 T T 1
=
o
o
a
©
2
S
5
n 0.1
ES
0.01
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0

UV Dose J.rh

Figure3.5 Single stage with sbulder decay.

3.3.3. Double stage decay models

Other variations include Double Stage Decay and Double Stage Decay with shbihieeithe

UV dose is enough to produce several logs reduction of population, the survival population tend
to be an order of magtude more resistant to UV&owalski, 2009athis is common not only

for UVC, it has also been observed in other methods of disinfe¢@bick et al., 1963 The
Double Stage Decay is when part of the population decays at a specific firstatel@nd then

a second part of the population days at a different order ratas represented bfzquation3.3.

3 p A A&

Equation3.3 Double stage decay.
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Wherekl is the highest susceptibility ah@ is the lowest, and the-intercept is thevalue for

populationf. Figure3.6 shows how a double stage decay would be represented on a graph.

0.1

% Survival population x 100

0.01

0.0 5.0 10.0 15.0 20.0 25.0
UV Dose J.A

Figure3.6 Double stage decay.

Finally the Double stage decay with shoulder is a combination of all the previous survival decays,

and it can include either one or two shoulders for each of the stages of the (fegagtion3.4).

30 p £p p A A p A

Equation3.4 Double stage with shoulders
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Figure3.7 Double stage decay with shoulder.

Published data on susceptibility indicates that most microorganisms can be modelled using one
of thesefive decay models, allowing prediction of the microorganism behaviour in a UV system.
However selecting the appropriate model and coefficients is esslerfissigning the wrong
susceptibility constant and/or model can result in either over powered systems which will incur
in higher energy and running costs, or underpowered systems which could compromise the air
quality of systemCurrent literature on UV susceptibility values mfcroorganisns in air is
unfinished nevertheless the information is sufficient as to have a practical performance
calculation.Kowalski (2009&)rovides a comprehensive list of microorganism susceptibility in
air. Nevertheless the data it is based on shows considerable variations in test protocols,
equipment and/or units. The faliving sections aim to carry out a comprehensive analysis of
published experimental susceptibility constants for a number of microorganisms to provide a

consistent susceptibility model to be used for stigrilisation

3.4 Influence of relative humidity on UV susceptibility of
microorganisms .

Relative humidity (RH) appears to have a direct relationshipitooorganisr® & & dza O S LJi A 6 )
UV light Referencedo its effect date as back dse m dp n (Bkagp, 1940Rentschler and Nagy,
1942 Luckiesh, 1946and several recent studies have explored the relations{ieccia and

Hernandez, 200&Ko et al., 2000Peccia et al., 20QFletcher, 2004
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There is no definitive theory on the mechanisms of RH and UV susceptibility, since the early
studies of UVC as a technology for air sterilisaRemtschler and Nagy (1942)ckiesh (1946)

and others found that airborne bacteria are about ten times more resistant to radiation at high
humidity levels than at low humidity levelRentschler and Nagy (194@)ade an interesting
observation, they referred the effect of RH on UV susceptibility to a selective sampling effect
when using centrifugal devices as lighter particles are more easily divenetds it, leaving
heavier particles i.e. water droplets at high .Rdide, in a similar not&o et al. (2000ylid not
corroborate the selective sampling argument, but he fitidl that indeed at higher RH particle

size increased fdBerratia marcescerend BCGFor S. marcescerthe increase in particlgize

was linear with RH increase, and for BCG the increase on patrticle size was more or less. stepwise
His explanation was the type of bacteria as wiSlanarcesceris a gram negative bacteria and

has a lipiegrich outer membrane, BCG is a gram positive bacteria with a waxy outer layer making
it possible that this outer layer may increase its tendency to create clumps. VanOsdell and
Foarde (2002) reported measurabldfdrences in irradiation at different RH levels, meaning
that RHmay behaving an effect on the lamp as well, nonetheless conclusive results on this issue

are still needed.

Kowalski (2009) suggested the effect of RH is different between virus and batila high
RH in bacteria can reduce their susceptibility by up to ten tifbeskiesh, 1946-letcher, 2004

in viruses the effect is less noticeable, with differences that are outsigerimentalaccuracy
(Kowalski 2009)

Leaving aside the discussion on the mechanisms of RH on UV susceptibility, it seems to be
accepted that for bacteria, susceptibility to Uyhli decreases as RH increases. This has been
constantly reportedj.e. byRentschler and Nagy (194&hen dealing withE.coli, and later by
Luckiesh (1946Peccia et al. (200Xeported that foran increasen RH from 50% to 95%

values decreased by a fac of 6.5 forS. marcescensl.5 for Bacillus subtilisand 3.2 for
Mycobacterium parafortuituminfurther studiesPeccia and Hernandez (20@Gd30 reported a

more than three times increase of UV susceptibility for various Mycobacterium strains when RH
changed from 95% to 5Q%hmese resultsvere later corroborated byu et al. (2003)Fletcher

(2004) also found that doubling the RH from 50% to 9%8sulted in a decrease foUV

susceptibility by a factor of 2 f@.cepaciaand up to a factor of 10 fd8. marcescens

In conclusion, relative humidity kan impact on the susceptibility of bacteria to UV li¢ko et
al., 2000, in some cases the difference in susceptibility can be up to ten timekiesh, 1946
Fletcher, 2004 for viruses this effect is not clearly defined. In case thatRhis not known it

is recommened to use the lowest susceptibility, that is the one at high RH or the ones recorded
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in water, as this will ensure that sterilisation levels are achieved. UV susceptibilities used for
microorganisms in water could be used as reference only for saturaie©®% RH(Peccia and
Hernandez, 2004 Understading the impact of relative humidity is of great importance when
designing integral UV systems as significant savings on energy could be achieved if the systems

are located in areas where they deal with drier air.

3.5 UV susceptibility of airborne microor ganisms: Reviewed and
updated .

This section collates data from published studies carried on various microorganisms UV
susceptibility, with the aim of achieving a commonality in resthit are reliable for the
purpose of sterilisation performance modellin The end of section B. presents a

comprehensive UV susceptibility database of microorgariighcan be used for such purpose.

3.5.1 Methodology.

There are numerous publications reporting on the sterilisation effect of UVC light on
microorganismsuspended in air. Although not all microorganisms have been explored in the
current literature, there is still enough information for the creation of a comprehensive database
of microorganisms susceptibilities to UVC light in air. However, the expansiaheof

microorganisms susceptibility list is an important opportunity for future research.

Studies on the sterilisation capabilities of UVC light datéaadackas 1939 or maybe even
before. Some studies had the only purpose to prove the capability of UViltsaten (Koller,
1939, some others focused on sterilisation of microorganisms ifiSkiarp, 1940Nakamura,

1987, Jensen, 1964Harstad et al., 1954Rentschler and Nagy, 1942nd with the pass of time,

the studies have moved to show the susceptibility of microorganisms to UVC light and the
impact of relative humidityKe et al., 2009Beggs et al., 200%eccia and Hernandez, 2004
Fletcher et al., 2003eccia et al., 2001

To date, there are no standard tests or units to be used when referring to UVC sterilisation.
Therefore it is possible to finthformation in the literature in a variety of units such as
>2 03 50X > 2aWevenérgs.mn?. This variation in units and procedures makes it

difficult to filter the relevant data and give it meaningful results.

In order to calculate and conbdate the values of UVC susceptibilities in a meaningful manner
from the current available literature it was needed to: a) Standardize units in the metric systems,

and using J.rh b) Consolidate the results by individual microorganism from the various
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publications into a single data set. ¢) Calculdge UVC decay modé&r each nicroorganism

with the minimum and maximum ranges of UVC susceptibilities.

3.5.2 B. atrophaeus, B.subtilis spores, B. subtilis vegetative cells.

Bacillus atrophaeus a reclassification of certain strains Bdicillus subtiligFritze and Pukall,
2001, Nakamura, 198p B. subtilisis a rodshapped, gram negative bacteria naturally found in
soil and vegetatiorfPerez and Mello, 20Q0It is known thatB. subtilisspores do not follow a
first order decay model and is better represented with a shoulder (n) decay niddelalski,
20093 Nicholson and Galeano, 200Be et al. (2009eported ak value forB. subtilisspores to
be 0.017 mM.J* with a shoulder (n) of &r relative humidity levels of 50 to 60% and 0.0d4.J
Lwith a shoulder (n) of 2 for relative humidity levels of 70 to 83%. The(ZHR&J reported a
susceptibility value to be 0.016%m! referencing a study by VanOsdelldaRoardeg2002 which
presents only two UV dosages and resulting survival fractiond fasubtilisspores and a
susceptibility that appears to be 0.02 f%; it is important to highlight that only two readings
of UVCdose and survival are unlikely to be enough to accurately calculate the susceptibility of

a microorganism.

Table3-1 Reported susceptibility values fdB. subtilisspores

Susceptibility :
Bacteria value k Rela_ltl_ve Shoulder Source
5 humidity n value
mz2.J1
0.014 70-83% 2 Ke et al. (2009)
B. subtilisspores 0.017 50-60% 3 Keet al. (2009)
(B. atrophaeus) 0.020 unknown - VanOsdel{2002)
0.017 - 1.66 Average
B. subiil I 0.044 95% - Peccia et al. (2001)
. SUDIVEY CEIS 175 063 20-40% - Peccia et al. (2001)
(B. atrophaeus)
0.053 - - Average

Peccia et al. (200%jorked withB. subtilisregetative cells, reportinglavalue of 0.063 rhJ* for

low RHin the range of 20%40% and stating that RH did not have any observable effect on
susceptibility within that range. For RH above 95% Pecciarepalted ak value of 0.044 rhJ

1 Vegetative cells tend to be more susceptible taQlght as they do not have the outer cover

found inspores.
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x Keetal HghRH e Keetal LowRH ¢ VanOsdell 2002——k=0.017, n=1.66
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Figure3.8 Survival of B. subtilis under UVC light.

Figure3.8 shows the amalgamation of the studies referencedlable3-1 in a single graph, the
average susceptibility valu&=0.017 m.j!' was then plotted with an added fitted line.
Independently of RH levels, f& subtilisspores and. atrophaeusthe average susceptibility
value ofk=0.017 m.J* with a shoulder of n = 1.66 appears to be a practical approximation that
can be used for wdeling purposes with relatively good accura€ig(ire3.8) and forB. subtilis
vegetative cells the recommendation is to use the avelag®053 n.J!in a single |age decay

calculated from results reported by Peccia et al. (2001).

3.5.3 Burkholderia cepacia

This is a opportunisticmicroorganismnparticularly dangerous for patients suffering from cystic
fibrosis (cf) and compromised immune systef@®van et al., 1996B. cepaciawas previously
known asPseudomonas cepacid. multivorangandP. kingie It is arod-shapedgramnegative,
non-spore forming, aerobic bacilluanging from 1.63.2 um(Miller et al., 2002 As a side note

and interesting fact, the terncepaciais derived from the lah word for onion; the term was
allocated to the cepacia species due to their capacities to soft rot onions during harvesting
(Govan et al., 1996 Fletcher (2004ronducted a comprehensive study to quantify the UV
susceptibility and the influence of relative humidity Bf cepa@ in air. At low RH of
approximately 53% the UV susceptibility value was reported ta=£2115 m.J, while at a

high RH of 73% and above, the UV susceptibility was reported at 0.1052FRhetcher, 2004

The sudy highlights that increasing the RH by 15% produced a reduction on UV susceptibility by
up to 50%.

~ 45 ~



For the high humidity sample, the susceptibility reportedistcher (2004¢alculated using the
last two values of the decay graph, amgpresentedas a single stage decay brings a close
correlation withthe tests resultsin the second case, the low humidity correlates with a double

stage decay, with a population F=0.0%%061 nt.J* and a considerably strongé® = 0.05
m2.J%.

Table3-2 UV susceptibility forB. cepacia

tibilit .
, Susceptibility Relative
Bacteria value k humidit Source
m2.31 y
0.211 53% Fletcher (2004)
B. cepacia | 0:105 73% Fletcher (2004)
k1l =0.61
k2 =0.05 53% This study
*F=0.05

*F=survival population

The results frontletcher (2004and the fitted duble stage curve are shown figure3.9. In
summary the average susceptibility value suggeste@®faepaciat 73% RH is 0.105°@d" in a

single stage decay, and at 50% a double stage decay is presew@l61 nt.J!, K2= 0.05
m?.J! and a population F=0.08 able3-2).

¢ Fletcher (2004) Low RH ——Double stage decay k1=0.61 k2=0.05

1.000

0.100 -

% Survival population x 100

0.010

J.m?

Figure3.9 Survival ofB. cepaciaat 50% RH under UVC light.

~ 46 ~



3.5.4 Ebolavirus

The Ebolavirus is part of theFiloviridaefamily. This higly infectious virus can cause severe
hemorrhagic fever with outbreaks of mortality of up to 8®@0%(Sagripanti and.ytle, 2010.

Research has shown that UVC is capable of sterilising the virus.

According to results frorBagripanti and Lytle (201&bola virus suspended on a dried surface

have a UVC susceptibility of 0.074.3hand shows a single stage decay curve.
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Figure3.10 Survival ofEbolavirus under UVC ligh

3.5.5 Escherichia coli

Escherichia cglicommonly abbreviated ak. coliis an aerobic, rogshaped,gram positive
bacteria. Normally this microorganisms lives in the intestines of humans and animals alike,
although most of them are harmless, some strains can cause diarrhoea and other problems in
the intestinal tract(CDC, 2011 The current literature holds at least five f@ifent sources for
laboratory tested susceptibility d&. colin air under UV light. The most recent study isaang

et al. (1985preceded bywebb (1970)Luckiesh (1946Rentschler and Nagy (194&)d Sharp
(1940) In reviewing these studies it was found that at least four clusters of susceptibility were

present with averagé values ranging from 0.0676r@' to 0.6475 m.J! as seen imable3-3.
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Table3-3 UV susceptibility values for E. coli found in literature.

Susceptibility

Bacteria value k thﬁLailgi\':; Source
mz2.J1
0.056 High (75%) Webb 1970 *
0.056 unknown Rentschler et al. 1942"
0.091 High Chang et al. 1985
0.0676 Average 1
0.160 unknown Rentschler et al. 1942/
0.178 High (75%) Webb 1970 **
E. coli 0.182 High (9895%) | Sharp (1940)

0.173 Average 2
0.327 Low Luckiesh (1946)
0.361 High (75%) Webb (1970)***
0.344 Average 3
0.738 Low (30%) Webb 1970 ****
0.557 Low Luckiesh (1949)
0.6475 Average 4

*Br strain. **f strain. ***k strain, ****rh 75% no difference betweeastrains.
 resistant strain. A nomresistant strain.

There are some aspects to be discussed from the previous references, for example in the

research byWebb (1970) results are expressed in a rather complex mixture of units i.e.

G6asozy

to highlight how different measurements drstandards are nowadays in comparisons with
studies over 40 years old. He also presented experiments on the germicidal action of UVC at 320

¢ 400 nm, nowadays most germicidal lamps are tuned to work at 254nm with minimal leaks of

Ra
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energy at higher UVC fragnciegKowalski, 2009ayet it is known that higher UV wavelengths

also impacthe survival of microorganisniMunakata and Rupert, 1978owalski, 2009a

Webb (1970) found that different strains Bf oli presented different susceptibility to UV light
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findings are in agreement with those froRentschler and Nagy (194&)d Luckiesh (1946)

The graph froniRentschler and Nagy (1948)igure3.11, reproduced for clarity, illustrates how

E.coli, exposed to various nelethal pretreatments appeared to be more susceptible to UV
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with UV light when it was preated, highlighting that not only DNA photon absorption was
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present in the sterilisation process, atitht further physical characteristics could impact the
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susceptibility of themicroorganisnto UV light, therefore the UV susceptibility r&tenight not

be a constant as the kill rate does not depend only on the UV irradiation.
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Figure3.11 E.coli resistance to UVC at various pteesatments. A) normal culture not Pre treated. B) Exponential
curve ES=E{D). C) Pre exposure to Grenz Rays. D)dposure to Xrays. E) Pre&xposure to heatadapted from
Rentschler and Nagy (1942

The diergence on experimental results for the susceptibilityEofcolito UV light might be
explained by a combination of factgfer examplethe microorganisms tested were of different
strains, pretreatments affecting the susceptibility of themicroorganismand/or inaccurate
measuring equipmentFigure3.12 to Figure3.15 show how the different clusters behave

independently and how the average susceptibility predicts their survival decay.
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Figure3.12 Survival E. dofitted line at k=0.0676 r.J*.
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Figure3.13 Survival E. coli fitted line at k=0.1713.
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Figure3.14 Survival E. coli fitted line at k=0.344313.
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Figure3.15 Survival E. coli fitted line at k=0.64752n3.

In conclusion the susceptibility & colto UV light appears to range from 0.0676.3 at high
humidity to 0.6475 rAJ! at low humidity. Tbugh there is a difference between the two
susceptibilities of up to 10 times in magnitude, this phenomena was previously noted by
Luckiesh et al. (1949)ho reported thatk.coliin dry air was 10 times more susceptible than in

highly humid environmentd¥ith no further information it isecommended to use the lowest
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susceptibility of 0.0676 AJ* for RH of 885% and &=0.173 mM.J* for 50-70% RH in a single
stage decay model to ensure that independently of the microorganism strain or humidity levels

it is eradicated.

3.5.6 Mycobacterium bovis BCG

Mycobacteriais a type of Actinobacteria with its own family known as the Mycobacteriaceae
(Ryan et al., 2000 the Greek prefix myco which means fungus refers to its ability to grow
likewise mold when cultured on the surface of liqufderr and Barret, 20)0M. bovisis a type
of mycobaterium commonly associated with cattle, nevertheless it has the capability of causing
tuberculosis in peopléGrange et al., 1996 Sometimes used as an attenuati®ld bovisstrain
for tuberculosis vaccinatioriyl. bovisis genotypically closely related td. tuberculosis and

appears to be an appropriate surrogate foffu et al., 2008

At least three studies on the susceptibilityMf bovisto UV light can be found in literaturRiley

et al. (1976Y)eported two cultures with two sligly different k values 0.360 mJ* and 0.255
m?2.J* both values at a RH of 50%o et al. (2000)eported susceptibility values of 0.27073t

for Low RH, 0.170 #3! for Med RH and 0.02 #3* for High RH, this being thenly k value
reported at high RH, and Peccia and Hernandez (2004) which sHad@adrt.J* at 50% RH.
Collins (1971)glso reported inactivation values fdvl. Bovis nevertheless the tests were
conducted on surface deposition of plates and not airborne inactivation, obtaining a
susceptibility value of 0.140 73 in agreement with those reported by Ko et al (2000) and
Peccia and Hernandez (2004).

Thek values for anedium RH range (49 69%) reported by Ko et al. (2000) and Peccia and
Hernandez (2004) appear bz in good agreement, however the values by Riley et al. (1976) for
the same range of Réppear slightly highe andappearcloser to thek value reported by Ko et

al. (2000) at lower RH in the range of22%.Table3-4 shows the complete range @&fvalues

for M. bovisBCG.
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Table3-4 Reported UV susceptibility foM. bovisBCG

Susceptibilit .

Bacteria vaFue ’ Relgﬂye Source
- humidity
0.270 22-33% Ko et al. (2000)
0.170 49-60% Ko et al(2000)
0.140 - Collins (1971)

M. bovis BCG 0.190 50% Peccia and Hernandez (2004)

0.255 50% Riley et al. (1976)
0.360 50% Riley et al (1976)
0.249 50% Average
0.02 85-90% Ko et al. (2000)

The studies found in literature used relatively low levels of UV dopeo 10 J.nf) and the
survival rates reported where under 1 log reductidtigire3.16, Figure3.17) (Ko et al., 2000
Peccia and Hernandez, 2Q®iley et al., 196, Collins, 1971 Figure3.16 shows a spread in the
data points collected at 4 J:fhand 8 J.n? (approx.), and for high humidity, the UV susceptibility
of M. bovisappeas to be up to ten times loweiF{gure3.17), nevertheless, in both cases low
RH and high RH there is not enough data to plot the complete spectrum of survival tafshow
there are any shoulders or double stages included. For the looksgafe3.17 It might be
feasible that a high RM. bovispresents a shoulder in the survival of the population, as a single
stage decay if continued with the tendency would require a UV dose of ovel.8B8or a 3 log

reduction, and this is a dosage comparable to those required to eradicate spores.
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Figure3.16 Survival ofM. bovisBCG at 2850 % RH under UVC light.
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Figure3.17 Survival ofM. bovisat 8590% RH under UVC light.

In conclusion foM. bovisBCG for a 280% RH it is recommended to use the susceptibility 0.249
m2.J* and for 8590% RH a susceptibility of 0.02.34 could be usd although further research

is needed to determine if a shoulder decay is present at high RH.
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3.5.7 Mycobacterium parafortuitum

Part of the genus of th&lycobacterium M. parafortuitumis gram positive, aerobic bacteria,
and forms part of thenon-tuberculoss mycobacterium (NTM) group that encompasses all the
non M. tuberculosicomplex. It can be found in water sources either natural or processed and

in sewage and dirtHo et al., 201

In conjunctiorPeccia and Hernandez (200Rgccia et al. (200BndXu et al. (2003)an a series
of studies where the susceptibility ®d. parafortutum for various RH was calculated, this is

shown inTable3-5.

Table3-5 UVsusceptibility values foiM. parafortuitum

uv
Bacteria | Susceptibility RH Source
m2.J1
0.200 20-40% Peccia et al. (2001)
0.220 20-40% Peccia et al. (2001)
0.115 25 Peccia and Hernamred (2001)
0.175 40 Peccia and Hernandez (2001)
0.177 40% Average
0.120 50% Xu et al. (2003)
M. 0.120 50% Peccia et al. (2001)
parafortuitum (=555 50% Peccia et al (2001)
0.162 50% Peccia and Hernandez (2001)
0.126 65% Peccia and Hernandez (2001)
0.135 50% Average
0.110 80% Peccia and Hernandez (2001)
0.100 95% Peccia and Hernandez (2001)
0.105 95% Average

The difference of survival decay between low humidities (<40ykRMH177 m.J* and medium
RH (5665%) k=0.135 m.J' is minimal, to avoid complications it would be better to use the
medium RH (5®0%) value for both cases, and for high humiditgsover 80%RH a

susceptibility value of 0.105%d* could be used, andoth casesnodelled asingle stage decay.

3.5.8 Mycobacterium phlei

M. phleiis a gram positive rodhaped fastgrowing, saprophytic bacterium widely distributed

in soil and dust and on plantsl. phleihas occasionally been associated with disease in humans
with a suppressed immune systepbdallah et al., 202UV susceptibility values fou. phlei

as reportedPeccia et al. (200dyere taken from prior studies frorRiley et al. (1976)Gillis
(1973)andKethley (1979)
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It is important to highlight thaRiley et al. (1976Jid na used a collimated beam to calculate
the UV susceptibility d¥1. phlej instead it was used a fixture suspended 2 feet below de ceiling
in a room where bacteria was injected, this can bring considerable variations as the airflow,
dwell time andirradiation intensity cannot be calculated with accuracy, and could bring
variations in resultsAnother reference to the UV susceptibility df phleican be found in the
study byCollins (1971)the study was ran on the deposition of bacteria on plates, however
previous results also from the same stuoiyt of M. bovisdeposited on plates showed good
correlation with the result reported in airborne bacteria, this is the only study to show the

decay spectrum o¥1. phleias shown irFigure3.18.
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Figure3.18 Survival population foiM. phlei.

Table3-6 shows the summary of susceptibility values found in literature, in conclusiophlei

at 50% RKhowsa UVsusceptibility of 0.076 fJ! followinga single stage decay.

Table3-6 UV susceptibilities foM. phlei

uv
Bacteria| Susceptibility RH Source
m2.31
0.020 50% Riley et al. (1976)
0.053 50% Riley et al. (1976)
M. phlei | 0.100 50% Kethley (1979)
0.140 50% Gillis (1973)
0.069 - Collins (1971)
0.076 50% Average
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3.5.9 Mycobacterium tuberculosis

Considered the main causative agent of tuberculosis {liBjuberculosisnfects the lungs as it
requires oxygen to grofRyan et al., 2010 its responsible for the largest number of deaths
attributable to a singlenicroorganismand approximately one third of the population worldwide
is estimated to be infected by (Boshof et al., 2003

Despite being one of the mainicroorganisngs UVC devices are used against, information about
its UV susceptibility is scarce, mainly due to the dangers involved in testing the baRemiéa

et al. (2001yeported a range of susceptibility values at 50% RH of two different strains Erdman
strain and the 199RB strapreviously published bRiley et al. (1976)hich are in the range of
0.230 nt.J* to 0.550 nt.J*. Collins (1971)an various studies witMycobacteriumincludingM.
tuberculosisreporting susceptibilities slightly lowergh those o{Peccia et al., 200,lalthough

the studies were ran on surface inactivation, previous susceptibility values reported appear to
be in good agreement with those refted in air (see susceptibility 8. bovisBCG andi1. phlei

in this study)David et al. (1971an studies in surface submerged in water, therefore its results
can be considered as 9300% RH, In the same mannBgshof et al. (2003)an tests in surface
submerged in water for various strainsMf tuberculosisand obtaining similar result&oshof

et al. (2003)an a series of experiments were sifains ofM. tuberculosigmc? 155, pPOmsmE2,
dnaE2::aph, dnaE2::aph and attB::dnaE?2) located on plates were exposed to a dose of up to 50
mJ.cn? of UVC light, with the main purpose of looking at the genetic mutation of the
microorganism, neverthelesgduction rates can be inferred from his research, the summary of
his results, and the results Bileyet al. (1976)David et al. (19713ndCollins (197 1are shown

in TableTable3-7.
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Table3-7 Susceptibility values foM. tuberculosis

uv
Bacteria | Susceptibility RH Source
m2.J1

0.230 50% Riley et al. (1976)
0.420 50% Riley et al. (1976)
0.440 50% Riley et al. (1976)
0.550 50% Riley et al. (1976)
0.107 - Collins (1971)

M. [0.350 50% Average

tuberculosist 55T * =g 95-100% | David et al. (1971)
0.056 *n=4 95¢ 100% | Boshof et al. (2003)
0.036 *n=4 95¢ 100% | Boshof et al. (2003)
0.033 *n=4 95¢ 100% | Boshof et al. (2003)
0.029 *n=4 95¢ 100% | Boshof et al. (2003)
0.041 *n=4 95¢ 100% | Average

*n=shoulder value

Based orBoshof et al. (2003) was noted the appearance of a shoulder of n=4 present at high
RH (95100%), There is the possibility that lower RH also present a shoulder, however results
reported byPeccia et al. (2001yhich area reference ofrior studiesfrom Riley et al. (1976)

only show the finak valuemissing the complete set of data for analysis

A Boshof et al. (2003) (4) ® Boshof et al. (2013) (3) ® Boshof et al. (2003) (2)
¢ Boshof et al. (2013) (1) ¢ David et al. (1971) ——k=0.041 n=4
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Figure3.19 Survival ofM. tuberculosisadapted from Boshof et al. (2003). *n is the shoulder value

In general the different species lffycobacteriunshow a relatively low susceptibility to UV light,
research is needed to completely plot the population survival over a range of UV dosages to

identify the presence of shoulders and the dosage value for a 3 log reduBishof et al.
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(2003) identified a shoulder value fok. tuberculosis and results foiM. bovissuggest the
presence of a shoulder for high humidities, with this background it is not outside possibilities

the presence of shoulder curves on other typedyicobacteriunspecies.

In conclusionM. tuberculosisat low RH (50%) the value to use for UV susceptibility is 0.350
m?2.J! to be used in a single stage decay, and for higher RHA0%) a susceptibility of 0.041

m?2.J1 with a shoulder n=4 might be used.

3.5.10 Pseudomonas aeruginosa

P. aeruginosais a Grarmmegative bacteria commonljound in soil and ground waterR.
aeruginosds an opportunistienicroorganismit rarely affects healthy people, and most of times
only affects when in prolonged contact with contaminated water. Thisroorganismis of
medical importance as it has become a major cause of both healttaca@ciated infections
and chronic lung inféons in people with cystic fibros{England, 2014 P. aeruginosappears

to be relatively susceptible to UVC irradiation, with reports of total 99.9% kill rate with a dose
of 16 Jm? (Sharp, 194D Collins (1971yan a more exhaustive study on the survivalRof
aeruginosao UVC irradiation, with UV dosages of up to 482reporting a kill rate of 99.9 %

at 12 Jn?in single stage decay, to complement the studglues reported byNoakes et al.

(2003)also appear to fit within the same average susceptibility values.

Table3-8 UV susceptibility ofP. aeruginosa

uv
Bacteria Susceptibility RH Source
m2.J1
0.432 95% Sharp (1940)
P. aeruginosa | 0-412 - Collins (1971)
0.550 48% Noakes et al. (2003)
0.464 - Average

P. aeruginosaeems to follow a single stage decay in a relatively consistent manmseeasn
Figure3.20, ak=0.464 m.J'in a single stage decay might be good predictor for its survival decay

at high RH but also would ensure sterilization levels at low RH.
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Figure3.20 Survival ofP. aeruginosainder UVC light

3.5.11 Serratia marcescens

S. marcescensas been extensively tested for UV susceptibility in air, Kow@BRPg reports

at least 12 sources which are here discussed summarised in Tableable3-9 . Fletcher et al.
(2003 shows a comprehensive spectrum of survivaértor S. marcescensnder various UV
dosages a#8% and 78% RH wikk0.527 m.J*and 0.071 m2*. Ko et al. (2000eported values

of dose and survival rates for high humidigver 60%)xnd low humidity(under 50%) being
k=0.575 m.J* andk=0.02 n{.J* respectively values at low levels of RH appear to follow a single
stage decay with a 3 log reduction can obtained with a UV dose of 15 JotlEsgure3.21) .
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Figure3.21 Survival for S. marcescens at lemedium humidity levels by Fletcher et al. (2003) and Ko et al.
(2000).

Sharp(1940 reported values 0k=0.4449 m.J, based on a single wa of the lethal dose of

20.7 Jn2 (27,000 ergeny) that killed 99.99% of bacteria suspended in R&ccia et al(2001)
reported a value ok=0.45 n?.J* with a 50% relative humidity, in the same research an estimated
dose 32.17 +/90 Jm?2 (3217 +- 90 pwecm?) is proposed for 90% inactivation at 95% relative
humidity, regression of the estimated dose at high humidity givies0a07 n3.J%, never the less

this is an estimated result, and is not supported by experimental data. La{2@Gf)reported

the susceptibility o5. marcesceria various aerosolized media, including air with low and high
relative humidity, PBS, serum and synthetic saliva, the susceptibility reported for aerosolised
bacteria at 68% retave humidity isk=0.92 n3.J%, this is more than twice the values reported by
other researchers, for that reason this result will be considered as an outlier, but the record
remains in case future research unveils relevant information. VanOsdell ancek2@6d) used

two dosages for the inactivation of 99% and 97%Somarcescenso be, 13.41.0h2% and 3.69

Jm2 respectively, \ith susceptibilities 0k=0.343 m2.J' andk=0.95 m.J%, here the difference
between thek values is more than double, this could be due to the inability to measure kill rates
over 99%, after reaching the 99% reduction dosage, further increase on U&f polivbring
inefficient performance, therefore at 3.69mgives 97%, and higher dosages only bring a small
amount of reduction, and is not because of the bacteria is resistant to UV light, is just that the
reduction threshold has been reached andtfiar reductions are only minimal, as the complete
data of the inactivation at 99% is not shown, it seems reasonable to use the average of the two
values which i&€=0.6425 m.J".
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Table3-9 UV susceptibilities folS. marcescenat different RH

Susceptibilit .

Bacteria valloue ’ Relgﬂye Source

- humidity
0.920* 68% Lai et al. (2004)
0.575 22¢62% Ko et al. (2000)
0.527 48% Fletcher et al. (2003)
0.45 50% Peccia et al(2001)
0.449 - Sharp (1940)
S. marcescens g 430 50% VanOsdell and Foarde (2002)

0.486 50% Average
0.071 78% Fletcher et al. (2003)
0.070 90% Peccia et al. (2001)
0.020 8591% Ko et al. (2000)
0.053 78-95% Average
Z1=0.25 .
£2=0.045 7895% ICVIE izgi with shoulder
F=0.18 n=5.

*not used in the average Z calculation

Fletcher et al(2003 reported the full decay spectrum at 78% RH, calculatikg®a071 m.J*
accordingly assuming a single stage decay curve. However the data appears to follow a two stage
shoulder decay wh values otk1=0.25 m.J!, k2=0.045 M.J, a survival fraction f=0.18 and a
shoulder n=5.5. The results reported by Ko e{2000 might not be sufficient to account for

the complete decay spectrum & marcescens

In conclusion for RH up to 60%=a0.486 M.J! in a single stage decay might be used and for
higher RH 7@5% a double stage with shoulder model with valueklsf0.25 m.J, k2=0.045

m?.J%, a survival fraction f=0.18 and a shoulder n=5.5 are appropriate.
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Figure3.22 Fletcher et al. (2003) and Ko et al. (2000) survival fractionSomarcescengs calculated survival
fractions.

3.5.12 Staphylococcus aureus

UsuallyS. aureuss not a problematic bacteria, it colonises human skin and mucosa without
causing any problems. Nevertheless, If the bacteria enter the body, illnesses which range from
mild to lifethreatening may then develop, including skin and wound infections, iefect
eczema, abscesses or joint infections, infections of the heart valves, pneumonia and
bacteraemia(England, 2014 A considerably more dangerous strain of timécroorganismis
becoming more andmore common in hospital environment that is Methilicin resistant

Staphylococcus aurei®BRSA), which in some cases can result lethal.

Table3-10 UV Susceptibility folS. aureus

uv
Bacteria Susceptibility RH Source
m2.J1
1.188 Low Luckiesh (1949)
S. aureus 0.152 95% Sharp (1940)
0.071 High Chang et al. (1985)
0.112 - AverageHigh humidity

Susceptibility values reported I8harp (1940andLuckiesh et al. (1949)0.152 m.J* at 95% RH

and 1.188 mJ*at Low RH respectively differ up to 10 times, nevertheless this is not uncommon
as the same phenomena was reported for coliat different RH E. colisusceptibility in this
document).Chang et al. (1985an experiments on petri dishes at high humidity levels with a

calculated susceptibility of 0.071rm* (referenced values can be seen in Eakdble3-10).
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Figure3.23 Survival forS. aureusunder UVC light

It is apparent thaRH has a strong correlation with UV susceptibilit$ odureusFigureFigure
3.23shows that depending on RH (Sharp (1940) at 95% RH, Luckiesh (1949) at low RH, and Chang
et al. (1985) at high RH), and whilelaw RH the susceptibility can be as high as 1.188'm
(Luckiesh, 1946at high RH (95%e susceptibilitydecreases up to 10 times to071 nt.J*

(Chang et al., 1985

3.5.13 Excluded microorganisms

Francisella tularenss

The UV susceptibility dfrancisella tularensigas reported byBeebe and Pirsch (1958hd
Bedbe (1959)in both studies the lamps used were adapted to filter light frequencies under 300
nm and in this manner simulate more close the spectrum of natural sun light, with the latter
studies analyzing the effects of RH on bacterial decay. Correthgngported results to obtain

a susceptibility value to germicidal UVC (254 nm) might be difficult and prone to errors,
therefore it would be better to run new experimental tests with a standard protocol to

accurately calculate the susceptibility of thécroorganism

~ 64 ~



Pseudomonas fluorescens

The lack of data makes difficult the characterization of UV susceptibility ahtbisorganism
(VanOsdell and Foarde (2008ported a 98%mnicroorganisnreduction for a UV dose of 13.41
Jm2and a 99.% microorganism reduction for 3.68n%. The fact that a lower UV dose provided
a highermicroorganisnmreduction migh be thesign of over Kill, i.e. themicroorganisiis been
reduced to sterilisation levels and any further UV irradiation will not reducertizeoorganism
any further. In average the calculated UV susceptibility is 0.93B.nThe type of survival dag

is unknownthe lackof data and more specifically the variation within the reported data makes
it difficult to provide an accurate susceptibility value Rorfluorescendn conclusion it isnown

that a UV dose 3.69n32 might bring a 23 log reduction foP. fluorescens

3.6 Conclusions.

Various reports on microorganism susceptibility to UV light were not included in the updated
susceptibility review of airborne microorganisms. This is due to reported complex test nsethod
non-standard units, lack of data, neeliable measurement technigues and/or age of the report
which compromise the reliability of results. Some old reports dating back 50 years or more use
methods or techniques too complex or nstandard to nowadays athods, making
correlations and/or conversion of units prone to errors and miscalculations, therefore it would

be better to run new test and obtain more accurate results.

Microorganism do not have static susceptibilities, instead the susceptibility ofr@onganism
consist of a range of values (minimum and maximum value) akin to a band width in the

susceptibility spectrum.

Summary of results

It was found that mosimicroorganisms in this study followed a single stage decay, the relative
humidity of air hasa considerably impact on the UV susceptibilityneitroorganisns and
considerations should be taken when designing a UV system as in some cases the UV

susceptibility of anicroorganisncan vary by up to ten times.

In some cases for easiness of resultsewthe difference on susceptibility is not that different
between high and low RH it is preferably to use a single susceptibility value that being the lowest
of both.
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In real life, the performance of a system might be difficult to calculate, and smiglietites
between single stage and two stage decay might be impractical to calculate, and difference of
results between the two models might only be appreciated in lab test results, therefore if

convenient calculations might be simplified by using a sistgige decay.

Over 80 percent of thenicroorganisns in this study were sterilised to a 2 log reduction (99%)

with a dose of 90.th?, to a 3 log reduction (99%) with a dose of 1363) Just for the case of

B. subtilisand M. tuberculosisa UV dose odt least 200 dn2 might be required for sterilisation

levels of more than 2 log reductions.

Table3-11 UV susceptibility of microorganisns in air

K kKl K2 *Shoulder Shoulder
Bacteria ma2,J1 mz2,J1 ma2,Jt n N F % RH
Band width | Average| Average| (width)
B. subtilisspores/
0.014¢ 0.020 0.017 - 1-3 1.66 - General
B. atrophaeus
B. subtilisveg cells 0.044¢ 0.063 0.053 - - - - General
B. cepacia - 0.105 - - - - >70
B. cepacia 0.05¢ 0.61 0.61 0.05 - - 0.05 50
Ebola - 0.074 - - - - -
E. coli 0.056¢ 0.091 | 0.067 - - - - >70
E. coli 0.160¢0.182 | 0.173 - - - - 50
M. bovisBCG 0.170¢ 0.360 | 0.249 - - - - 50
M.bovisBCG - 0.020 - - - - >70
M. parafortuitum 0.115¢0.220 | 0.135 - - - - 50
M. parafortuitum 0.100¢0.110 | 0.105 - - - - >70
M. phlei 0.020¢ 0.140 | 0.076 - - - - 50
M. tuberculoss 0.107¢0.550 | 0.350 - - - - 50
M. tuberculosis 0.029¢ 0.056 | 0.041 - 4 4 - >70
P. aeruginosa 0.412¢ 0.550 0.464 - - - - >70
S. marcescens 0.430¢0.575| 0.486 - - - - 50
S. marcescens 0.045¢0.25 | 0.25 0.045 - 5.5 0.18 >70
S. aureus - 1.18 - - - - 50
S. aureus 0.071¢0.152 | 0.112 - - - - 95

*Used in MonteCarlo analysis

When band width values are not available, use values &K1
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Figure3.24 Summary of survival decays of airborne microorganisms under UVC.light
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Chapter 4. UV Irradiation Modelling

4.1 Introduction.

Irradiation modelling has been considered by a number of researchers looking to quantify
performance of UV disinfection in air and in water. Current literature lists a number of irradiation
models, and each aghem with specific characteristics that can appeal for the specific intended
task. This ranges from a quick approximation, a simple design assuming constant characteristics

to sophisticated models that account for airflow patterns and physical variations.

This chapter presents a review the different irradiation modelsstarting by explaining basic
concepts on irradiation, such as the inverse square law and the use of solid angles. The chapter
then continues to explain the different types of irradiationodels dividing them by

Trigonometric methods and the Radiative Transfer Equation (RTE).

Finally this chapter explains the Discrete ordinates method which solves the RTE in a numerical
simulation, and is used for the calculation of UV irradiation in thB €dmmercial software
ANSYS, described in Chapter 5.

4.2 The need for irradiance models .

Mathematical modeling of UV irradiation in a reactor is essential for its performance calculation
and further optimizationUVIrradiation modelsattempt to representa 3D light field in the UV

C wavelength, which is determined by the lamp and fixture geometry, the UV output of the lamp
and the reflections from the surfaces in the vicinity of the lamp. It is essential for any UV
irradiation model to capture the spatialistribution of UV light and the influence of all the
different parameters that affect it. For that reason UV irradiation modelse beenwidely
debatedin the literature, and yet, a definitive solution does not exidb, 2009h Lau, 2009
Wang et al., 2008.iu et al., 200/Kowalski et al., 200Bolton, 2000 Blatchley, 1997Irazoqui

et al., 197¢. The debate continues, and variousdels have shown virtually the same level of
accuracy Nevertheless within a photoreactor, phenomena such as reflection, refraction,
absorption, scattering and shadowing can have a great impact on final approximgiid8y'S,
2009 Kowalski et al., 200Bolton, 2000.

Irradiation models can be divided in two types, the trigopnometric models emaetgy based
models Trigonometric models are based on the mathematical relationship of irradiation angles

and surfaces and do not account for physical consideraoch as light absorption, emission
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or scattering These models are based on thdnverse Squaréaw and inalde Point Source
models(Bolton, 2000Q1razoqui et al., 1976 Line Source modélrazoqui et al., 1976and view
factor models Kowalski, 200P In general these types of models tend to be simpler and

represented analytically.

Physical models such as the Radiative Transfer Equation (RTE)en¢ppespagation of
radiation through a media, and states that as a beam of radiation travels it loses energy to
absorption, gains energy by emission, and redistribute energy by scatt€agsano et al.,
1995. The RTE also follows the inverse square law for energy transmission, with the difference
from analyticalmodel being that it accounts faeflection, refraction and absorption In general
these methods are more physically realistic, but more complex remuicomputational

solutions.

Before reviewing the Irradiation models, it is important to revisit the concepts of Inverse Square

Law (ISL) and Solid Angles as these themes will be widely used.

4.2.1 Inverse Square Law

¢KS L{[ ol aSR 2y rshl§ravilafiof IBsimple ternst atdtes tpf 4 P&ific
physical quality or strength is inversely proportional to the square of the distance from the
source(Figure4.1) (Equation4-1).

P

O 0 Qe 813—@— : — . %
Qi 0 WeE wQ

Equation4-1

ISL applies generally when a force or energy is radiated in a normal direction radially from a
point source onto a threelimensional space. It has been widely used on gravitational problems,
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Figure4.1 Propagation of energy according to the Inverse square law.
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4.2.2 Solid angle

The solid angleem> A & -dirfkeBsiondl gafigle in thredimensional space that an
object subtendsat a point. It is a measure of how large that object appears to an observer
looking from that pointandisSELINB&aa SR Ay &GSNIRAIY o6aNL D ¢F

steradiars, is equal to the spherical surface area, A, divided by the square of the ra@iys, r
m o7

Equation4-2

Steradians are dimensionless units, defined as the solid angle that has its vertex atttkeo€en

a sphere which cuts out a spherical surface area equal to the square of the radius of the sphere
Fye &ALIKSNBE 02y ((RyarylaoR A Steradlidn®Nst R s leglisiatent to a surface
area of A=tas shown irFigure4.2.

Figure4.2 Graphical representation of 1 steradian (sr=1).

4.3 Irradiation models

This section outties thetrigonometric models used to calculate the irradiation of light at a single
point including include a simple approximation of the irradiation field by the use of the inverse
square law, and an irradiation model slightly different to the previouscdbed which uses the
view factor (VF)a revision on the Extense Source Radiation model (ESM), the Point Source
model (PS) the Line Source model (LS) and the Dineensional Source model (TDS)nally

this section describes the use of the Radiativangfer model (RTEyhich has become more
popular, as it includes the possibility to account for particle Fluence, and if required, chemical

reactions.
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4.3.1 Inverse Square and View Factor | rradiation models in literature

Beggg2000 used a geometrical representation of a two sectional lafigyre4.3) to model

the irradiance (E) of UV light as the inverse relation of iatéah and distanc€Equation4-3).

ola
% ) — - — Ll |

Pathogen

Figure4.3 Plan view of a two sectional representation of a UV lamp (Beggs, 2000)

Equation4-3

This model only considered direct irradiation and did not considered any reflections as they
appeared difficult and unreliable to quantiffThe modelunderpredicted the irradiation
performance but thisfavoursl  W&QINES a4 OSy | NA 2 Q tylfardaithatSwisa dzNR Yy
integrally built in(Beggs et al., 2000Moreover, the model considered particles as flat surfaces

differentials, not as spherical bodies receiving a fluence of energy.

The view factor model was proposed Kywalski et al. (20013s it was found that thenverse
squarealgorithmalone appeaed to be insufficient to accurately calculate irradiation at close
distances from the lamp; this is an important issue as most ofirkduct UV germicidal
irradiation systems are designed to work at close proximity from the la(Bpggst al., 2000.

To deal with this issue Kowalski, Bahnfleth et2801) employed the view factor model for the
transmission of thermal radiation. Such approach is Hasethermal radiation view factors that
define the amount of diffuse radiation transmitted from one surface to anotfKewalski et al.,
200)). Figure4.4 shows the comparison between the View factor (VF) calculation and the
Inverse square law (ISL) for the UV irradiation power at different distances from the centre of
the lamp. t can be seen that when close to the lamp, the ISL tends to over predict slightly the
irradiation power, and as distance keeps increasing the same ISL tends to under predict the UV

irradiation power. In the same manner the VF calculation slightly undefigiseethe measured
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irradiation as the distance increases but it is evident that the accuracy is still better than that of
the ISL.

100
« View Factor
Inverse Square Law
——Measured
10
=
Q
=
1
0.1 T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90
Distance from the centre of lamp, cm.

Figure4.4 Comparison of View factor vs Inverse square |@gowalski, 200

Almost at the same timeBolton(2000 employed the multiple poinsource summation (MPSS)

to model UV irradiation. The model principle assumes that the emission of a linear lamp is

equivalent to that of n point sources spaced equally along the axis of the lamp, where the power

output of each point source is F/n, with Eibg the total UV power output of the linear lamp.

The overall value is then the sum of the values calculated for each of the n point sources. This
model was then refined by the Multiple segment source summafigoiton andCotton, 200)

currently available as a staralone software UVCalc3Bolton Photoscience Inc., 2011

4.3.2 Extense Source Radiation model (ESM)

Early records of UV irradiation models note the difficulties relating to lamp sizes, photoreactor
design parameters and the need to develop a realistic consideration of the energy source
(Irazoqui et al., 1973 After analyzing various Line Source models tragdCerda et a1973

worked on the development of an Extense Source radiation model (ESM) . Line Source (LS)
models assumed ideal lamps represented by a straight line projected as a point on perpendicular
planes, and were attractive due to their simpliciand their relatively straight forward
formulation; The Extense Source model (ESM) attempted to predict irradiation distribution in

space as a function of the spatial coordinate system, this allowed the calculation of radiation
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flux density values at any pd inside the reactor and its optimisation if the characteristics of
the lamp and reactor were known, something not possible with other Line Source models.

Nevertheless Irazoqui, Cerda et al. model did not account for absorption and dispersion.

For the [SM the total energy per unit area and unit time over a differential of the area from all

directions in space and from the whole volume of a lamp is representEduation4-4

1 E A A OE[NiATnGwm

=

Equation4-4

Where,” T NI} RAdza o60YO0 2NJ alIKBAINKCSNA OO2 2 ORRWRAY |

spherical coordinates in radiafis= lampemissions
Theimita F2NJ ° F2NJ I yé ‘I EquaRohdBS Ol A2y a | NB SE LIN

OAlf® OAT® O O 7

" OE1
Equation4-5
I yR GKS f EqUdtidngs afdEdNntiond-6. y
. _OAInG OAT® p O 7
[ n OC ,
Equation4-6
. ORInO OAI® p O 7
[ n OC ,
Equation4-7
¢ KS f AYAEQuatio®@8N) . AY
n n AT O © o7
I I O
Equation4-8

The final radiant eergy equation would be as follows:
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Equation4-9

An important significance of this model was its ability to predict a finite flux density at the centre

of the lamp.

Irazoqui, Cerda et {1976 advanced their research on the irradiation model and published a
new analysis of radiation field properties where they showed that depending on the radiation
model (point, line or spatial dimension) any property related to specifienigity will have a
different definition and/or formulation. Their research presented three models for irradiation,

the Point Source (PS) model, the Line Source with emission in parallel planes perpendicular to
the lamp axis (LSPP), and the Thdgaensiondsource models (TDS). The development o$éhe
Y2RSt&a ¢F+a olaSR dz2l2y R9A o0SAy3a O2yaidlyd Ay

through a transverse area be given by:

AR 'FNAH A A% A%
Tu Al A AL AL 22

Equation4-10

Where, E= differential flow rateA= arean cnv, g= radiation flux densityn Einsteins cm St,

v=frequency T= denotes transverse areadh I' .y 3f S

This is a brief introductory description of the basis for the BBPLand the TDS models that will

be explain in more detail below.

4.3.3 Point Source model (PS)

The Point Source (PS) mo@ehzoqui et al., 197Gepresents energy as being irradiated from a

point (Figure4.5) .
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Figure4.5 Point source irradiation diagram. lllustration from Irazoqui et al. (1976).

In suchscenario R1=R2={i K S NB Eduadid- Weloltain:

Q0

QN —
r] ’Ql 'Q| ”

Equation4-11
Where,Q fj= Radiation flux density differential (W.mbtm? and~ I NJ R Aspbéricab O Y 0
coordinate (sr)Equation4-11 shows the facto—— is independent of the distance travelled

by light, for a spherical surfadg Ay OHF I An  Amtherefore by definition such factor

represents the specific intensity (1), which leads to

™

Jeoht A%
Am
Equation4-12
Where,)eel' Ly GdSyaArde I G2nbiNgGY fozIhe P8 madelAc=2Fdequency
differential, A % Energy flow rate differential (W/molndAnF Solid angle differential (sr)

Being the specific intensity the total energy irradiated by the point source, and the energy flow
rate being the energy received by a partitiespace through its solid angle. Finally the radiation

density flux is defined by:

Equation4-13
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For the PS model, It was concluded that it emits a finite amount of energy per uniatichthe
TtdzE RSyarde i MKOPisidiSitg.iNE 2F GKS 1YL o

4.3.4 Line Source with emission in parallel planes perpendicular to the lamp axis
(LSPP)

The Line Source with emission in parallel planes perpendicular to the lamp axis (LSPP) model
projects the irradiation as a line differentiéfFigure4.6). The model is simple and attractive to
use, nevertheless it has little physical meaning since every point of the source irradiates in

perpendicular planes to the lamp axXigeazoqui et al., 1976

Figure4.6 Geometry illustration of Line source in parallel planes. Image from Irazoqui et al. (1976).

Ly GKA&a Y2RStf Rh m =Idz. Rronkthevinterprétation diqyatondovieh H

obtain:
AN AvamA AU

Equation4-14

The factorA 9& Af A Ushown inEquatiord-14A & A Y RSLISY RSy &G 2F GKS RA.

specific intensity (I) is described as
A%BANAU b

Equation4-15

Where,)eBe Ly GdSyaaide I ZmaB)jfazbe/ LS amodeland’?=drdquency

differential.
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Equation4-16

Finally the energflow rate is represented as follows:

A% ke AU ARMA AU —= mi AU

Equation4-17

The conclusions for the LSPP model are similar to those of the PS, emits a finite amount of energy
perunittimS | yR GKS Tt dzE RSy aA iA0)is infinite RI&chi®@PY NBE 2 F
worked on the development of a new Line Source Integration (LSI) model that was a continuous
version of the Point Source Summation (PSS) model in which a lamp was simulated as a series
of colinear pant sources of radiation. Basically the LSI model is a finite form of tieodsl

and both were mathematically identical in the limitagrnk = YR 6KSYy FAYAGS

exist, numerical algorithms allowed convergence within specified limits.

4.3.5 Three -Dimensional Source model (TDS)

When threedimensional emitting and receiving components are present, it is necessary to use
two area differentials as part of the mathematical expression. The T#iraensional source
models in diactinic medium (B) considers a finite amount of radiation per unit time, thus the

energy per unit time emitted by the radiation surface must be infinitesifiRigure4.7).

Figure4.7 lllustration of the geometry of the TDS model. Image from Irazoqui et al. (1976).
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This is one of the difference from the PS and LSPP rfloalsbqui etal., 197§. The equations

related to the TDS are as follows:

) . . . ATAIO
A% )M ATATfO——

Equation4-18

Where the term) Adrepresents the specific intensit, ! A 1f Ois the area of the emitter and

is the solid angle of the irradiated surface. TherefEguation4-18 can be rewritten

as:
) A A %n
AL AT[OA! AT[O
Equation4-19
And
.. A9 B
AN A1 ) A AT[OAM

Equation4-20

7 A

CKS 42ftAR Fy3tS gAGK 2NAIAY Ay (GKS NBOSAOAY
represented byAm , .

As opposed to the PS and the LS models (infinite irradiation at the source) the TDS model did
not introduce singularities in the prediction of radiation flux density at any point in space.
Another characteristic of the TDS is the infinitesimal eimissf energy in a manner in which

the whole surface haa finite emission, as opposed to a finite emission by a point like in the PS
model. Another interesting contribution from Irazoqui, Cerda e{E376) was the introduction

of the local volumetric rate of energy absorption (LVREA) to consider the absorption of energy
as a kinetic process and has units of Joulestroot®.sec! or Watts.mot*.cnmi®. For the PS, LSPP

and TDS model the LVREA is repreed byEquationd-21.

Equation4-21
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Where, A A= Volumetric rate of energy absorptioA, %= Absorbed energy flow rate, and &

Volume differential.

4.3.6 Radiative Transfer Model (RTE)

Now, taking a jump a few years ahead, Cassano, Martin {1805 used an alternative
approach,the Radiative Transfeequation (RTEXo model the UV irradiation and chemical
reactions in a photoreactor. When the smallest size characterfstiexample the diameter of

the irradiated patrticleis large compared with the wavelength and the range of times associated
with frequencies, the radiation phenomena can be analysed from a macroscopiclwi¢hs
method the propagation of photonsan be represented by a series of rays in which photons
from all directions (not only normal to the surface) can be considered. MoretherRTE
accounts for the energy transmitted through, emitted by, or reflected on the analysed surface.
The final form of the equation employed by Cassano, Martin e{(18195 integrates the
irradiation over the whole solid angle of a particle in space andwts for all the emissions,

reflections and scattering (by wavelength).

To understand the extent of the RTE it is necessary to review the basic irradiation concepts in
GKAOK AlQa o0daAftaGed Ly AGa aAYLX SquationF2NY (GKS

0 ‘@an

Equation4-22

Where "@ Irradiation(W),0 = Area(m?), andm= Solid anglésr).Irradiation (,) is the amount
of radiativeS Y SNH & 2 TO skeddbitig dz@®ygRaunitiarea perpendicular to the direction
of propagatiom Per unit time and unit frequencfEquation4-23)

Q0o
Qowe IMQ@U

Equation4-23

Where,dE= differential of Radiative energgl4= Area differentigldm = Solid angle differential

dt = Time differentiglanddv= Frequencylifferential.

When the irradiation is integrated through all the solid angles of a particle assuming a spherical

shape we get the incident irradiatioy) (Equationd-24).
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Equation4-24

"0 00 EHQ 9% —

Equation4-25

The difference betweer, (irradiance) andG, (fluence) is that the first considers only the
irradiation about the direction of propagation, while the second considers the irradiation from
all directions. In this manner LVREA is defined as the spectral absorbed incident irradiation as

Equationd-26.

Equation4-26

Beingll the volumetric absorption coefficient, this is a function of the concentration of the

absorbing species. Finally rearrangiuatiord-25andEquatiord-26 we obtainEquatiord-27.
Q I 00 E4Q % —

Equation4-27

Considering the photons travelling within the same path of the solid angle of progagatiRm A y
the directionm, within a surface are that bounds the voluma, the photon balance for the

RTE would be as follows:

OEOADAEAT CA AD iOmODPET O1 1 0 AQAEMDET Ol A BDIC
i AODET ORI O | AAGEGRCT i A Al EOCRRIOT OBOEI AT 00
OERN 1 i A AR OTOERD O £A A A OAOOEDERC i A

The general form of the radiation conservation is representdegnation4-28.

Equation4-28
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Where,c = speed of lighto ; = Change in energy due to absorption ; = Change in energy

due to emissionw ; = Change in energy due tosoatteringandw ; = Change in energy

due to outscattering With each of the terms having a constitutive equatitime first term in
Equationd-28is usually neglected as the 1/c factor makes it very small to have any considerable

effect (Cassano et al., 1993-orabsorption we have that:

@wp I ey el

Equation4-29

Where || ofd =Linear or volumetric absorption coefficient.

[axtN
A
N

The losof energy due to change in directiom{ 2 NJ FNBIljdzSy O0e 6é6A0 o8

is referred as ouscattering, and represented tgquationd-30:

Equation4-30

Where,, efD = Linear volumetric scattering coefficient

Emission of energy by a body external to the source of radiation can also be present, and is

represented byEquation4-31.

Equation4-31

Equation4-32

Where'Q, ¢+ ol , isobtainedfrom the Planck equation for black body emission. Nevertheless
for the case of UV air sterilisation reactors this term is eliminated due to no emission material

present apart from therradiation source.

Finally, in the same manner that estattering redirects photons in a direction or frequency
different to that of W= A tscatiesing accounts for photons redirected from their trajectories or
frequencies to that ofd> A 0 ® 2 Kdh rrivis-frRnA dil dirctions to the volume of interest

we have
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Equation4-33
The RTE in homogeneous media can be rewritten as

'Q "dF] Fb Ny Y M 7, r s ” in e, s 'l
—— 1 im0ihm Qi -
Qi T

Equation4-34

Where,] iR = Extinction coefficientwhich isti KS & dzy 2 FkQl & & RNILAIC 200 $
02 ST FAXkaS)y @ i W = Energy emission of frequengyand, iR = Volumetric

scattering coefficient for frequenocy(energy irscattering)

For induct air UV reactors is no emissioR (1 1) apart from that of the lamp, and
medium is assumed homogeneous hence no scattering is preseftly 1) can be reduced
to Equatior4-35.

Q "®hb -
Ol | "Osp
Equation4-35
Which can be rewritten as
Q'O h e
—— Qim™Oih o
Qi
Equation4-36

The boundary condition fdEquationd-36is given by integrating it from the point of entrance (s

= sr) to the point under consideration (s = s) to obtain
~ ~ ~ ~ F] F] ~
i oo Q ad Q% Q-+ QO—Ho AoD Qi Qi

Equation4-37

Where, X @0O= local volumetric rate of radiant energy absorptiand E @0= volumetric
absorption coefficientin heterogeneous media, such as water UV reactors, where scattering

and absorption have considerable impact, can be expressed as sh@&guation4-38.
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Equation4-38

Similar as in homogeneous, in heterogeneous media there is no emission present inside the
reactor(Q i O 1), nevertheless the scattering coefficient yields an impact on the calculation.
The effect of photon scattering adds a considerable amount of complexity to the solving process.
By integrating=quatiornd-38 from the point of entrance (s = sr) to the point under consideration

(s = s) we can obtain the boundary conditions givekdpyation4-39.

PoofD
QD Q% Q-4 QEO—D Qo Qi , i Qi
o hh i O S 3
Q ofd Q% | QO— i = Q% | Q80 ¢fi—ofd 1| —Pho
0 Fh QN Qifd ., i QiQi
hh

Equation4-39

For both equations (homogeneous and heterogeneous) it is necessary to oiabotndary
condition for the irradiancé€lv ="O), which is provided by the modeling of the lamp radiation
emission, two main lamps are usually employed in photoreactors, those of voluenmisgion

and those of superficial emission.

Superficial emision is produced by radiation emitted by the surface of the lamp, this is the case
of coated lamps, in which the radiation is actually produced by the lamp envelope. For these
cases a threedimensional Source with Superficial, diffuse emissieBE modglcan beused

and the boundary condition is given Bguation4-40.

0 —Hko

“

| F MU
YO
Equation4-40

Where,"O —o = Irradiation at sourcd = Transmission coefficieandd j, = Radiant power

Voluminal emission is produced by radiation emitted by the whole lamp volume, such is the case

of arc lamps i.e. low, medium and high pressure mercury lamps. For these cases -a three

! Term appointed by Cassano, Martin et al. (1995)
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dimensional Source with Voluminal, Isotropic EmissieWI&can beused and the boundary

condition is given biquation4-41.

o~ ORlEmM 1 QE% p Y T
Ol =53 OET

Equation4-41

The work of Cassano, Martin et 1995 is mathematicly thorough and explicit, and it a

good source to understandhé mechanisms of the RTE method. This method is also the basis of
the Discrete Ordinates (DO) irradiation model used in CFD software ANSS'%S, 2009as
applied in Chapter 5.

Finally, there is also the case of empirical model derived from experimental measurements suc
as the one used byilkeson and Noake2@13)to model an upperoom (open field) UV
disinfection system, which appears to be a suitable approximation in cases where the field

generated by the lamp is complex because of louvers, reflections andtaadard geometries.

4.4 The Discrete Ordinate s method (DO) with CFD simulations.

The DO method have successfully been used for the modelling of UV photoreactors in the past.
Ho (2009aused DO model in a CFD computation to calculate the irradiation of a UV lamp within
a water photoreactor and compared its result againgtasured data at different distances from

the lamp, showing that in all cases the difference between measured data and the DO

calculation was less than 10 percent.

The DO model is used to solve the Radiative Transfer Equation (RTE) for a finite numiikr of so
anglesm, each associated with a vector directiann a fixed Cartesian system of coordinates
(x,y, 2) with the solution method being identical to the one used for fluid flow and energy
equations(ANSYS, 2009In the sections that follow is a description of the method, its use in

previous literature, advantages and limitations.

4.4.1 The DO method.

As previously describedhe RTE applied to photoreactolss been widely used as it is
accurately enough to mathematically calculate their performaCassano et al., 1998 is
possible to track an early state of CFD soludiasing theDO method to solve the RTE for
photoreactor designin 199& I f {i K 2 deAdénaledcampdatianal effart F2 NJ G KS
the DO method allowed to a reliable angular distribution of the radiant intensity solution
(Sgalari eal., 1998.
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Fast forward a few years later, and in hand with enhanced computational power, CFD methods
became increasingly popular. In his Doctoral dissertaltion(2004)did a numerical simulation

of a UV disinfection reactdor waterusing CFD Fluent 6.0, in his research he analyseacBue

rate distribution and turbulence models. For the fluence analysis he compared vanmiels
including the Multiple Bint Source Summation (MPSS), Multipl&2gmentSource Summation
(MSSS), Line6@rcelntegration (LSI), a modification of the LSI, ti&Rolved through Discrete
Ordinates (DO) method and the View factor. Liu selected the MSSS for further development and
applied an attenuation factor to account for reflection, refraction and adsorption. His research
suggested that the RTE solved througk DO method was inaccurate as it over predicted the
irradiation close to the lamp and under predicted it far from the lamgs#iconclusions were

later corrected byHo (2009b)vho showed that the DO method could accurately reproduced
the results reported byLiu (2004) and the reason for the inaccuracy mfsults ofthe latter

researcher was that his DO model did not included refradfitam 20095.

Almost parallel tdLiu (2004)Pareek (2004published a research on light intensity distribution

in a photovoltaic reactor, using CFD methods and with a slight variation on tlwalD@ation

using the Finite Volume (FV) method, the difference being that this model allowed the RTE to
be integrated over both, the control volume and the control angle, unlike the DO which only
integrates the RTE over the control volume, the benefthefFV method was to reduce star like
irradiation fields, nowadays commercial CFD software ANSYS perform DO with the option of
angular discretisation therefore simulating the FV metliidd, 2009hANSYS, 2009

Nowadays CFD methods are widely used for the modeling of photochemical reactions.
Imoberdorf et al. (2008)sed CFD methods to model the radiation field of a Maitip reactor,

again using the DO method to solve the RTE equation and account for reflection, refraction and
adsorption of a multlamp system, Their main aimas to calculate photochemical reactions
using a Montecarlo multdlamp radiation model. Also in 2008lfano and Cassano (2008)
LJdzo f AAKSR GKS LJ LISNJ at K2G2NBFOG2N) a2RStAy3ayY
the International Journal of Cheoadl Reactor Engineering, in it they explain a general
methodology for photoreactor analysis and design, which is based on the RTE, and applied to

three specific cases one of them being on photocatalytic reactors for air purifications.

The DO method is udan this research to solve the RTE for the modeling of UV irradiation due
to its practicality and reliability of results, indeed it requires reasonable computational efforts
(Sgalari et al., 1998but as time passes anddenology advances, the computer power and

computational resources stop being an impediment for DO method calculations.
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4.4.2 The DO method: CFDmodeling

Applying CFD to UV modeling is a challenging matter, it involves solving the irradiation of energy
from a surface in this case a UV lamp, calculating the trajectories of particles and the UV

irradiation received over the whole volume of the particle (Fluence).

The DO method in FLUENT uses the previously described finite volume (FV) variant of the RTE
model(Pareek, 200 which considers the RTE in the directiorwa$ a field equationtherefore

Equationd-34 is expressed as

QO 4 r v~ LY ”+ ” e~ T r 3,
ngogbe | , O e— my Ophp 3 ipdeedTRe
Equation4-42
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When modelling UV irradiation from a source (i.e. UV lamp), it is necessary to model the total
irradiation intensity of such source (Warthereforethe total UV wattage of the lamp must be
divided into the surface area, asHhuguation4-43.

Ol 1 OQQMO We WO O i
NQEO0QETI QO Wi

Equation4-43

Where i is the radius of the lamp, andis the length. The irradiation intensity must be
considered a®iffuse irradiatiorthis means the irradiation will be displayed in all directions, a
limitation of this is that the irradiation is considered to be evenly distributed along the lamp,

although in reality this might not be the case and small variations might be possible, such
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variations might be beyond measuring capabilities. By solving the RTE in a discretised manner it

is possible to calculate the irradiation profile around a UV lamp (%/(Rigure4.8).
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Figure4.8 UV lamp irradiation as modeled with RTE in CFD, ANG&Ya&ling in W.m2.

Figure4.9 shows a comparison of results for two UV lamps between the DO model used in this

study, View factor and measured data previously publisheldwyalski (2009a)n this case no

reflections are included and the lamps characteristics used for the modeling are as shown on

Table4-1.

Table4-1 Lamp modeling parameters

Lamp UV power | Arc length Dia Surface irradiation
W cm cm W.m2

GHO2875L 3.2 20.6 1.6 309

AGHO287T5L| 6.5 20.6 1.6 628

The results show that the DO irradiation model appears to be sufficiently accurate for modeling

purposes, with very good agreement with experimental data
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Figure4.9 Irradiation values from centre of lampView factor, Discrete Ordinates and Measured values.

4.4.3 The DO method : Angular Discretization

Angular discretization, which is defined by the angles Theta and Phi, is used to avoid the star
shape irradiation problenfVersteeg and Malalasekera, 2Q0&ngular discretization defines the
distribution of the irradiation within the model, as the irradiation intensities tend to concentrate
towards the centre of the radiation sour¢Pareek, 2004 Although the average irradiation in

the domain area might remain the same, the distribution of the irradiation will vary. The more
divisions in the angular discretizati in the model, the more even the irradiation field will be.
Figure4.10 shows the difference in the irradiation contour between a DO model solved with 3
divisions fo angular discretization in Theta and Phi (left), a DO model solved with 10 divisions
for angular discretization (centre) and a 15 divisions for angular discretization (right). The more
angular divisions for discretization, the better the irradiation Ww#l distributed within the

control volume.
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Figure4.10 Left) DO model with 3 angular divisions on Theta and Rbintre) DO model with 10 angular divisions

on Theta and Phiright) DO model with 15 angulativisions on Theta and Phi.

Figure4.11 shows the irradiation values of the lamp model GHO287]IightSources, 2009
from published datdKowalski, 2009aaken at a range of distances from the centre of the lamp,

the graph shows the difference between a solution wielding 15, 10 and 3 angular division
Theta and Phi.
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———Measured values
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- + DO 15 Angular divisions
10 +——r %
+ DO 10 Angular divisions
o + DO 3 Angular divisions
S
=
1
*
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Figure4.11 Comparison of the Irradiation calculation using the DO method with 15 Angular divisions and 10 Angular
divisions.
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4.4.4 The Do method: Reflections

One of the benefits of using the DO to solve the RTE is its capacity to accahietg§badowing,
reflection and refraction of the modelled geometiiyio, 20094 plus the CFD calculation can
account for fluid characteristics of the model, making this a powerful tool for accurately
calculate the effects of UV irradiation and airflow profiles in a photoreactor. This is a major
difference from other modelling techniques such as the MPSS udBdltmn and Cotton (2001)

the view factor used b¥Kowalski and Bahnfleth (2000a)d the inverse square model used by
Beggs et al. (2000None of those models had the capacity to account floe inherent
shadowing and reflectivitgf a systenmgeometry Moreover, fluid dynamic characteristics such

as airflow profile,and temperatures could not be included the calculations, insteaduch
models calculated)V doseas an average from the system, and the airflow was merely used to
calculate a dwell time of a particle assuming a straight line pathway, therefore the models could

only work assuming a completely mixflw.

Reflection is an integral part of the RTE model, and is accounted by the internal em{ssivity
absorption)and the refractive index of the wall material when modelling opaque walls, while
for semitransparent walls transmittance is also accountd&sically a surface producing
reflections acts as a source of radiation emitting power in relation with the matemdédsvity

and the energy it receives. Incident irradiation over the wall serving as reflector caitve o

types diffuse or specular

For the modelling of reflection we require the refractive indewhich describes the manner in

which light propagates througa medium Equationd-44) (Karlsson and Ribbing, 1982

oS!

Equation4-44

2 KSNBE O Aad GKS O2yailsyhé speed of fighiSnStie substance. At K
important to highlight that n is dependent on the energy wavelength, therefore the refractive
index of UV light at 253 nm is different to that of visibight(Karlsson and Ribbing, 198Bigure

4.12 shows the values for refractive index and the extinction coefficadra generic type of

stainless steel (393 MKKarlsson and Ribbing, 1982
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Figure4.12 Refractive index (n) and extinction coefficient (k) of one ferristainless steel (393 M) adapted from

(Karlsson and Ribbing, 1982

The absorption coefficieni, although not required for the specific case of opaque wall

reflections, is necessary for setminsparent bodis as it determines how far light penetrates

into the material before it is absorbe&uation4-45) (Karlsson and Ribbing, 1982

Where [is the extinction coefficient of the wall material, aiddhe wavelength of the received

Equation4-45

energy by the wall. Finally, the emissivigy ¢f the material in a closed system is equal to its

absorption §), as explained iEquation4-48 (Bartl and Baranek, 2004The reflected §) and
transmitted energy £) does not have any effect on the wall thermaleegy, nevertheless
I.

Foa2NLIiA2y oh 0

R2Sas |yR

~

a

SySNH& A&

0 a2 N

temperature to remain constant, therefore the energy absorbed is equal to the energy emitted.

Equation4-46

For opaque bodies, as in the case of steel walls, there are no transmittzn@g(Bartl and

Baranek, 200y therefore
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Equation4-47
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Equation4-48

In the case for stainless steel, the value for refractive indieat(254 nm appears to be 1 as per
figure Figure4.12 (Karlsson and Ribbing, 1982nd emissivity (absorption) accandi to the

required reflectivity of the walls is shown figure4.13.
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Figure4.13 Reflectivity of a ferritic stainless ste¢B93 M) adapted fron(Karlsson and Ribbing, 1982

Basically, the reflective walls serve as a new irradiation source with its irradiation power defined

by the inciden radiation provided by the main source (the UV lamp), and the boundary

condition of wall emissivityHigure4.14).
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Figure4.14 Reflected irradiation over a surface wall.

Energy Emission from the wall surface is defined within the CFD ANSYS software as:
WO Qi i G-, Y

Equation4-49

o ¢ GAIQQQ6 'Q QU WEON AR p - 1

Equation4-50

WOMI €1 Ho-"Qf ¢

Equation4-51

We have hat"Qis set as the diffuse fraction that in the case of a fully diffuse irradiation is equal
to 1, nis the refractive index of the wall at the specific wavelengthijs the wall emissivity,

is the StefarBoltzmann constant’ (= 5.670x16° JK*.m2.s%), Tis the wall temperature, and

1 is the amount of incident radiation on the wall. Therefore as referred by previous equations,

for a fully diffuse reflected irradiation, the total reflection by the walls is defined as:

Equation4-52

The impact of reflections in a configuration of a single lamp within a duct of 0.61 m x 0.61 m
similar to the ones stated on the EPA tests reports can be seEigime4.15, wall reflections

enhanced the total Irradiance and the irradiance distribution of the system.
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Figure4.15 An example of the irradiation powefrom the centre of the lamp as modelled by DO methoda 0.61
x 0.61 msteel duct with various levels of reflectivity

4.4.5 The DO method: UV dosage calculations.

Sandia National Laboratori€klo, 2009 made public a tutorial on CFD modeling and how to
run a UV dose calculation with particle trajectories by using the DO method, the report described
how to solve the RTE over a domain of discrete solid angles and how to calculate radiation
intensity as dunction of absorption, scattering, reflection and emissivitp. (2009agvaluated

the impact of reflection and refraction in a simulation of a UV disinfection reactor for water by
using the same method as described by Sandia National Laborafblidae2009h. UV water
reactors make use of quartz envelopes around the lamp to prevent cooling of the lamps and
mercury contamination due to contact with the fluid, so the refraction and reflections from the
envelopes needed to ben¢luded in the modelln this specific researchijo (2009a)made a
comparison ofLiu (2004)MSSS models and the DO method, finding that the difference in
accuracy on Liu (2004) results was due to wall reflections from the quartz envelope not being
considered, and proved that DO could accurately calculate the irradiation perfaenaina

photoreactor.

After modeling the UV irradiation field, it is then possible to calculate the UV dose. With the use

of a user defined function (UDF) that approximates the integral by the use of a trapezoidal rule
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(Equation4-53), the cumulative UV dose (J3nreceived by a particle, represented by a scalar

with physical characteristiass it passed through the UV fieddn be obtained.
56A1 OA 4B

Equation4-53

WheredTis a time interval\f and UVi. are the UV intensities in the computational cell at the
beginning and end of the time steplicroorganism inactivations calculated from thescalar
receivedUV dose (fluencet the end of the computional domain, using the model decay
equations shown in Chaptength the appropriate microorganism susceptibilitpnstant.The
average UV dose of the systésmeasured at the end of the duct layeraging the dose received
by all the scalars tracked within the systéaguationd-54).

- B Y& i Q
Yoi oY é | O—————

Equation4-54

At the end of the duct, the particle contains data of positioiXjivandZand UV dose received
(Figure4.16). Under the ideahat real life UV system deal with a wide range of microorganisms
and a variety of susceptibilities which affects the performance of a UV system, the performance
of a system can also be modelled in a msitsceptibility arrangement by varying the

susceptbility of each microorganism or in this case the susceptibility assigned to each scalar.
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Figure4.16 Particles trajectories and UV irradiation received.

Chapter 5 shows a detailed set up of the DO methndbdISYS fluent CFD, where the different

set up parameters and its implications are explained.

4.5 Summary .

This chapter reviewed various irradiation models and their characteristics, and provided an
introduction into the DO method, its use and @sverning equations. Moreover this chapter
described the process in which the CFD commercial software ANSYS Fluent deals with the DO
method and it slight variation of the Finite volume technique, and how reflections are modelled

within a UV chamber.

The DQnodel was used to calculate the irradiation performance of a single UV lamp which was
then compared with measured results and previously published modeling results obtained with
the View Factor method, results are a good agreement for the DO method agadasured

results, showing that the DO method is sufficiently accurate to be used for UV sterilisation

modeling.

Chapter 5 will follow with an explanation of the CFD modeling process and the model validation
by modeling of sterilisation performance o$eries of induct UV air photoreactors and compare

them against lab results.
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Chapter 5. CFD Model Development and validation.

5.1 Introduction.

This chapter validates the use of CFD to assess performance of UV systems and demonstrates

its potential benefits.

The first section of this chapter describes the main characteristics of the CFD technique including
the governing equations, the definition of turbulence, how a model is meshed, the discretization
process, and the solution methods employed. Sectiorabr8 toreproduce the results reported

by the EPA tests EPA 60aJB/050which compasses a single lamp syst&RA 600/R6/051a

four lamp systemand EPA 6004R6/055an eight lamp system, by the means@#D modéihg

using discrete ordinate (DO) irradiatiomodéling and Lagrangian particle trackiag described

in Chapter 4To be able to compare inactivation results between the CFD model and EPA
published results, it was necessary to reduce the uncertainty in microorganism UV susceptibility

as discussed i@hapter 3.

The second part of the chapter focuses on the impact of lamp configuration and systégms
Moreover, the study explores the potential for CFD analysis to evaluate sterilisation

performance and energy efficiency.

5.2 Computational Fluid Dyn amics.

ComputitionalF £ dZA R Ryl YA O& the Ar@lgsis of sydteni? SivoiggSIlRd flona &
heat transfer and associated phenomena such as chemical reactions by means of computer

based simulatiofi(Versteeg and Malalasekera, 2007

Usually he characteristics of the fluid motion or dynamics can be represented in the manner of
fundamental equations, most commonly in partial differential form. These are the equation

governing the process, and thus they are referred as governing equédiaret al., 200%

With the use of Compuatiional Fuid Dynamics (CFD) it is possible to solve partial differential
equations for fluid flows in a discretised manner. Governing equations are solved algebraically
at determined number of points specified by a me$hisconsists of a series of points which in

consequence form a grid.

The advantages of CFD are numerous. When used in engineering design, it can help in reducing

design times and costly prototyp€Bu et al., 200 when coupled with parametric studies CFD
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can help in obtaining optimised solutions, and can help on predicting physical precelssd
otherwise are impossible to measufoung et al., 2090In the case of UV disinfection, it allows

an understanding of the mechanisms of disinfection by modeling the interaction between a flow
field and a UV lamfGilkeson and Noakes, 2013

CFD is capable of mathematically solving complex and sophisticated ntuatedse otherwise
impossible to solvanalytically Prior literature on UV air sterilisation modelling made use of
finite integral solutions and assumptions of completely mixed airflows as it was impossible to
solve particle trajectories and complex airflow witlicthe use of CFDThis isreviewed in
Chapter 4.

5.2.1 Governing equations

The governing equations of fluid dynamics, which mathematically represent the conservation
laws of physis are the fundamental base of CFDhe basic physical laws that are adopted
include(Tu et al., 200y

1 Massconservatio for the fluid,

1 The momentum rate of changequals the sum of forces acting on a fljdewtoy” Q a
second law)

9 First law of thermodynamics, the rate of change of energy equals the sum of rate of heat

addition to and the rate of work done on the fluid.

Massconservation.

The general form of the mass conservation equation can be represented as f¢lloves al.,
2007):

Equation5-1

This is valid for incompressible as well as compressible fBNSYS, 2011The partial
derivative form of the continuity equatiofTu et al., 200ycan be represented in the @asian

coordinate systems as
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Equation5-2

In this case the velocitp at any point in the flow field is described by the local velocities,
and w which are functions of locations, y, Yand time(#). Expressed in the differential form,

the continuity equation is said to be in the conservation form.
Momentum equation

The conservation of momentum is describedtly NavierStokes equationfANSYS, 20)1
B 8" b ” 8f " ©

Equation5-3

With mas the static pressuré "Qand®as gravitationabody force and external forces and the

f'as the stress tensagiven by:

f ngp nob Enaﬂ)o

Equation5-4

Here' is molecular viscosity,is the unit tensor, and the second term on the right represents
the effect of dilution(ANSYS, 20).1

Energy equation

The equation for the energy conservatimomes from the statements of thérst law of

thermodynamicgTu et al., 200%

CYQAQOEQ  §Qi dE M 0 Qowa M
Wi e "QODE Qi "M ODBQQQQ VEICR £ Q

(o]

&)

Equation5-5

Keeping up with the NavieBtokes equations (momentum equatioritbe energy conservation

can be described gANSYS, 20)1
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Equation5-6

These three equations of Mass conservation, Momentum equation and the Energy equations
are the governing calculations performed f6FD modelling and are valid for any given flow.

The DO method is an addition for the calculation of irradiation and is solved following the
governing equations here described. Further equations are required to model contaminants,

particles and other paramers such as irradiation fields which are model specific.

5.2.2 Turbulence

Turbulence is a chaotic and random motion, usually created by disturbances in a flow.stream
The presenceof turbulence can be associated with the ratio of inertia force and vistargs,

i.e. the Reynolds number (Re).

NE QIER@ O

Y T OO RE 6O

Equation5-7

Heremis fluid densityp s the initial velocity, H is the pipe radius (arctlheight) and is the

dynamic viscosity of the fluid.

Low Ras associated witkaminar flow while high Re, usliiaabove 1400 suggest turbulethbw
in an induct systemThisis because at low Re inertia foszre higher than viscous force, while
at high Re the opposite is true and inertia forces start to amplify the disturbances in the flow,

generating thus a turbulent stat@u et al., 200)

Within a turbulent flow exists rotational flow structures, also known as eddies, which in turn
contain a range Pblength and velocity scales known as turbulent scdlas et al., 200%

Turbulence can be described as random fluctuations in the frigui(e5.1).
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Figure5.1 Fluctuations of velocity over time, adapted frofiu et al. (2007)

Therefore to use the conservation equation, the velocity variable can be considered like a steady

state value o©with a moving componer® &), we haveEquations-8.

06 O Oo

Equation5-8

A turbulence model is necessary to solve the governing equations which accounts for the
fluctuations on velocity over timeSeveralturbulence models exist, the most popular ones

appear to bgSumer, 2018

1 Algebraic models, Mixingength model

9 Turbulenceenergy equationsk-rand k-

1 Simulation models, Direct Numerical Simulations (DNS), Large Eddy Simulations (LES)
and Detachededdy Simulations (DES)

Algebraic models are the simplest, where the Reymsldess is expressed as the product of
turbulence and viscosity and theean strain rate. drbulent viscosity itherefore computed in

terms of mixing lengttiSumer, 2013

Turbulenceenergy equation models express Reynolds stress as the product of turbulence
viscosity and mean strain rate, where turbulence viscosity is computed in terms of turbulence

kinetic energy(Sumer, 2013
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Finally we have the modelshich address turbulence directly. Direct Numerical Simulation
(DNS) computes a direct time dependant solution of the NaStekes equations, while Large

Eddy Simulation (LES) aims to average the N&takes equation over a defined, generally
small, volume. At thenoment, these models are the most advanced and required relatively
large computer powetSumer, 2018 DNS, is the most accurate method and directly solves the
transport equations during a numerical discretization. In other words, it completely solves the
turbulence in the flow without making averages or assumptions on solutions. This tends to be
highlycomputational expensive, and for that reason another option for problems showing high
Reynolds numbers or when high levels of accuracy are required is the LES, which calculates large
eddies exactly but deals with small eddies by approximations, thus saeimgutational

resourceqTu et al., 200%
The k-rRmodel

Thek-rmodel, which is the one used for the majority of CFD analysis in this tisesipractical
process for cases in which accurate information about turbulencesiyseem is requiredyet

detailedinformation about every specifieddy m the flow is not necessalifu et al., 200¥

This model focuses on developing equations to accommodate the turbulent quérity the

dissipation rate of turbulent energg This can be described Eguation5-9 and Equation5-10.

Equation5-9

r

‘,,Jé 0
- UV Y—— —
Tw ()

—a —n

Equation5-10

Where// = 1,2,3. From here a local turbulent equation can be define@Egsation5-11

Equation5-11

With the turbulent viscosity given by
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Equation5-12

Finally, the differential transport equations required for the stand&rdmodel are:
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Equation5-15

These set of equations contain five constants as folléiys: T8t (XE p8LA R P&, #
p& T1and# p& ¢ to summarise, the dissipation @fis large, where the production dfis
large(Tu et al., 200y

The k-5 model

There are two basic equations in this model, one iskfahich is the turbulent kinetic energy

and one for. which is the specifidissipation of turbulent energgSumer, 2013

Where k is

Equation5-16

Equation5-17
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Hereris the dissipation of turbulent kinetic energy, and is expressed as

LJO To
' U\%_th_rb

Equation5-18

The turbulent kinetic energy (k) is defined f&gquation5-19

th@ee T T 10
0 Tw 'Tw " T Tw
Equation5-19
While. is defined pelEquation5-20
L L A Ty 1,10 . 10
Y T . . ‘ ” ‘ . T . K O = e m .
0 T Tw TwiTTcoTT P 1T 7T d

Equation5-20

With the values of the model constants being:

@) p O
Equation5-21

@) p O
Equation5-22

r o p Or
Equation5-23

g p Of

Equation5-24

Which for inner (wall) regions have valuesfof: T8t x,p° 181 @r ™ @, X Ty v
andA T®. And for the outer regiony miygrdp T8 @r ™ ¢,& p8r, and

A T L.Q

Thek- &2t @8a T2NJ {AySGAO SySNH& FyR (dNbBds Sy

accurate for flows close to a walh@with low Reynolds number
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5.2.3 Meshing

When using CFD it is necessary to subdivide the domain volume under analysis into a finite
number of discrete volume cells where the transport equations will be solved. The meshing
process is rather important asaffects the accuracy of the CFD results and the solving time of
the model. A fine grid will better capture the qualities of the flow and other governing equations

included in the model, as in this case the DO irradiation.

Figure5.2 Mesh of a 3d model for CFD use.
Meshing is a subject on itself, and as such it is important to understand basic terminology.

Mesh topology refers to the structure of the mesh. There are various types of mesh topologies

suchas

Structured meshSimple and regular geometry, the mesh is composed of orthogoriaede
(Figureb5.3). These type of meshdend to ease the flow solving procgsas the connectivity
between cells is rather simple, although in some cases it might be hard to fit this type of

structure into complex geometrigdu et al., 200y
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Figureb.3 Structured mesh.

Unstructured mesh:This is when cells are allowed to assemble freely, with most cells in the
shape of triangles or tetrahedron&i@ure5.4). They are especially useful when dealinghwit

non-standard geometries. The disadvantage of this type of meshing is that calculation might
required more computational power as neighbouring cells are not well defined and more

complex solution algorithms might be requirdu et al., 200}

Figure5.4 Unstructured mesh.

Block structure: A third approach is to have combinations of cells, in what is called block
structures. In this type of meshing, a certain part of the domain volume is meshed in a specific
manner, i.e. stuctured mesh while other parts are meshed in a manner which accommodates
better the specific geometry i.e. unstructured mesh. In this manner, geometries within the
domain volume can be solved easier with less computational resources, while focusing

resour@s in other more complex geometries within the doméin et al., 200y
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Figureb.5 Block structured mesh.

The accuracy and time taken to solve a CFD model is directly dependant on the quality of the

mesh, therefore a good mesh is essential to obtambest results.

5.3 EPA experimental test series.

The US Environmental Protection Agency (EPA) ran a series of lab test on vattisatd N air
sterilisation systems known as. A 2t 23A Ol t Lyl OG A @bButtiUsrgviol& F F A OX
Light Systeme(EPA, 2006&PA, 20061EPA, 2006cThe purpose of these tests was to measure

their efficacy and efficiency at sterilising microorganisms and were based on earlier tests
standards developed byanOsdell and Foarde (2002)

The CFD modeleveloped inthis thesis was validated by compariswaith results from three
EPA testKigure5.6):

1 EPA 600/R6/050, which used a device entailing a single 53 cm mercury lamp located
perpendicular to the air flow,

1 EPA 600/R®6/051 which compromises a deei using four 53 cm long UV lamps located
perpendicular to the airflow and evenly distributed over the height of the duct

1 EPA 600/R6/055 which uses a system of 8 UV lamps each one of 41.4 cm in length
installed perpendicular to the airflow in two arragsfour lamps along the height of the

duct.
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Figure5.6 Geometry from left to right for the EPA 600/A36/050, EPA 600/F06/051 and EPA 600/R6/055

The EPA tests were conducted on devices available on the market, and show increasingly

complex lamp geometry. The lamp and UV systems specifications are ligtabl@s-1.

Table5-1 EPA tests specifications.

Spec 600/R-06/050 600/R-06/051 600/R-06/055
Number of lamps 1 4 8
Lamp power 58 Watts 25 Watts 60 Watts
Lamp UVC power 19 Watts 8.5 Watts 18 Watts
Total system power 58 Watts 100 Watts 480 Watts
Total system UV power 19 Watts 34 Watts 144 Watts
Lamp length 53.3cm 53.82 cm 61 cm
Lamp diameter 1.9cm T6 1.9cm T6 1.9cm T6
Duct 61 cmx 61 cm 61 cm x 61 cm 61 cm x 61 cm
Duct length 7.83m 7.83m 7.83m
Duct wall Emissivity 0.750.85-1.0 0.750.85-1.0 0.750.85-1.0
Duct wall Reflectivity 25%15%0% 25%15%0% 25%15%0%
Duct wall refractive index 1 1 1

The EPA experimental tests were conducted using two bact&a&illus atrophaeusand
Serratia Marcescefsand one virus (MS2 Bacteriophage), nebulised and aerosolized into an
enclosed ducting ventilation test uniFigure5.7). The description of the tests, includédthe

EPA reports, state that the microorganisms were susperidea fluidcomposed of salts and
peptone and for the case &. marcescenantifoam This wasaerosolised at 15 PSI using a
collision nebuliseand injected into the test ducBioaerosol samples were taken before and
after the UV device by the means of liquid impingdfgre5.7), and thesesamples were
incubated and counted to quantify the efficacy of the UV sterilization system by the fraction of
survival of microorganisms. Full details of the experimental methods adopted by EBikeare

in the reports(EPA, 200682006k 2006).
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Figure5.7 Schematic of test duct as shown in EPA tests.

In each case the EPA calculated the average UV dose delivered by the device using the single
stage decay model (reviewed in Chapter 3). Experimental results in the testt repos
SELINBaaSR Ay (GSN¥Ya 27F YA Obibvival) andaBaicOated méay | Ol 7

dose was obtained witEquation5-25 (explainal in Chapter 3).

3 A

Equation5-25
5.3.1 CFD Model Development

CFD models of the EPA tests described above were carried using Fluent (ANSYS v13.0). The
geometry of the UV chamber was based on deta|sorted by EPAKowalski, 2009aEPA,

20063 EPA, 2006/EPA, 2006¢ consisting of a duct area of 0.61 x 0.61 m and a duct length of
1.83 m The airflonwas developed im duct with the same facarea with a lengttof 6 m, and

then incorporated at the inlet of the 1.83 m UV chamber as a developed velocity piifile
structured mesh refined close to the lamps was defined using the ANSYS meshing module; the

quadlity of the mesh is discussed in sectio.3.(Figure5.8).
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Figure5.8 CFD modelled geometry for thsingle lamp case showing an example mesh around the lamp.

The materialsassumed irthe simulation were air as fluid and stainless steel as solid walls. All
properties remained as standard, except for the absorption coefficiggt &énd refractive
index(7) of stainless steel which were adjusted to fit the wavelength of sterilisation UV light
(253.7 nm) with values of 99,338,898'mand 1 respectively (Chapter 4.5.@arlsson and
Ribbing, 1982 Originally sdinless steel should have a diffusive wall reflectivity of 35%
(Kowalski, 2009a however reflectivity inside the UV chamber was not measmadspecifed

in the EPA repost A different combination of material, dirt or dust could have impact on the
wall reflectivity, therefore the CFD models were run at three values of diffusive wall reflectivity
25%(emissivity=0.75), 15% (emissivity=0.880 8% (emissivity=1{f was found that the latter
(15% diffusive wall reflectivity) better approached the values reported by the ERMiation

was based on the power and geometry stated in the EPA repbatd€5-1). Flow was assumed

to be steady and isothermal in all cases, with turbulence approximated througk-s#reodel

with standard wall functions. Boundary conditions were set as indicat@dle5-2.

Table5-2 CFD Model Boundary Conditions.

Zone Property 600/R-06/050 600/R-06/051 600/R-06/055

Velolclty magnitude 5 B 2 B 2 B
(m.sh)
Turbulent intensity

Inlet %) 10 10 10
Hydraulic diameter 061 061 061
(m)
No slip - - -

Walls Diffuse fraction 1 1 1
emissivity 1.0, 0.850.75 1.0, 0.850.75 1.0, 0.850.75
Direct irradiation

uv (W.nT?) 0 0 0

lamps ?\;\];fl;ng imadiation 597.2 per lamp* | 294.17 per lamp* | 494.36 per lamp*

*Data taken from EPA reports.
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The solution methods used were SIMPLE scheme {Bapticit Method for Pressurkinked
Equations) for pressureelocity coupling, while the spatial discretization usedltleast Square

Cells Based Solution for gradient, Second order discretization solution for pressure, and Second
Order Upwind for momentum, turbulent kinetic energy, turbulent dissipation rate, energy and
discrete ordinates; calculations were run for approately 3000 iterationsvith a convergence

criteria of 10° on residuals

5.3.2 Discrete Random Walk

Once a converged flow field had been obtained, Lagrangian particle model with Discrete
Random WalKeddy lifetime modelvas used to simulate airborne mamrganisms carried by

the flow (King et al., 2013 The turbulent dispersion of particles can be predicted by stochastic
tracking models (random walk), which considers the effect of instantaneous turbulent velocity

fluctuation of the partia trajectory.

During a turbulent flow the CFD code (ANSYS) predicts the trajectory of particles using the

average fluid phase velocitg), moreover, the code allows to introduce the values of fluctuating

gas O)0

Equation5-26

Then the code predicts the particle turbulent dispersion by integrating the trajectory equation
for each individual particle. A number of tries, representing the number of times a particle will
be injected to representdfinal path, is assigned to each particle and in this manner the random
effect of turbulence is included on the particle dispersion. Moreover, the Discrete Random Walk

(DRW) includes a time scale constant to solve at discrete constant functions of time.

The number of particles injected in the system is defined by the number of cells at the surface
area, in this case one particle stream is released from each cell at the inlet, in average each

simulation accounted between 10,000 to 13,000 particle tracks.

The parameters of the Random Walk simulation included usiagdigbes with physical
characteristics of water liquid dropletdiameter distribution ranging from 3x¥o 3x10° m

(0.03 micros to 3 microns) divided along 20 number of diameters with a spaesat of 3.5,
injected by surface at the inlet of the CFD models as described in Chapteahd ising a DRW
tracking method with an assigned number of tries value of 3 and a time scale constant of 0.15,

the particle injection was made over 500 step

~ 111~



Results of the airflow development are showrkrigure5.26. The flow developed evenly towards

the centre of the duct until reaching the lamp loedtat Z0.915 m(centre of the 1.83 m UV

chamber)
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Figure5.9 Airflow profiles along the duct length (z) for the single lamp CFD model EPA 606/650.

5.3.3 Mesh Quality

Mesh independency tests were carried for the single lamp (EPA @18)(F$0) CFD model. The
calculation was run for three different mesh sizes containing 100,000 160,000 and 280,000
elements respectively. Flow profiles were takersixdifferent points witin the duct at the UV
system section. The total volume average velocity and pressure were condisteveen the

three models, and in each case the average UV dose at the end of the domain was calculated

using the arithmetic mean dhe dose forall the article tracks. All three modelsere run at
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25% diffusive wall reflectivity (0.75 emissivity) ameldedsimilarvalues of average UV dose in

a range of 12.137 t€2.271 J.n* (Table5-3).

Table5-3 Calculated UV Dose for the Three mesh sizes for the EPA 606/850 CFD Models.

The velocity profiles of the three models appear to be relatively identical with minimal

Average Avera_ge Average

Model Dose J/m velocity pressure
(m/s) (Pa)
100 kmesh 12.228 2.500 0.117
160 k mesh 12.234 2.509 0.117
280 k mesh 12271 2.487 0.135

differences at the end of the duct (Z83m) (Figurd-igure5.10).
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Figure5.10 Velocity profile for the 100,000 160,000 and 280,000 element size CFD models.
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When comparing pressures, there appears to be minimal differences of less than 0.05 Pascal

between the modelsKigure5.11).
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Figure5.11 Pressure profile for the 100,000 160,000 and 280,000 element size CFD models.

Finally tocheck ommesh independency, the turbulent kineticemngy (k) Figure5.12), dissipation

rate (R (Figure5.13) and the Reynolds numbefigure5.14) were compared for the three cases.

These paramters also showethree virtually equal profilesconfirming mesh independency.
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Figure5.12 Turbulent kinetic energy &) profile for the 100,000 160,000 and 280,000 element size CFD models.
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Figure5.13 Dissipation rate § profile for the 100,000 160,000 and 280,000 element size CFD models.
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Figure5.14 Reynolds number (Re) profile for the 100,000 1600fnd 280,000 element size CFD models

Although the behaviour of the three mesh sizes are similar, the 280,000 mesh is able to better

capture the subtleties of thairflow pattern, andfor thesereasons this mesh model is used in

further calculations.

Theother two models, EPA 600/86/051 and EPA 600/86/055, used the same element size
as the 280,000 mesh of the EPA 60062050 CFD model.

5.3.4 CFD calculated inactivation performance.

All three EPA test reports measured microbiological kill rai afrophaeusS. marcescerand

MS2 Bacteriophage, then determinéél/ dose via calculatiofrom the UV susceptibilitgf B.

atrophaeus In the case of the CFD model, UV dose is directly calculated from the trajectory of
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the simulated microorganism throughelcalculatedUV field, then inactivation is determined.
Both approaches depend on appropriate data for microorganism susceptibility (Chapter 3).

Table5-4 shows the PA reported kill rates for the three different systems.

Table5-4 EPA reported microorganisms Kill rates.

EPA Microorganism kill rate 600/R-06/050 600/R-06/051 600/R-06/055
S. Marcesens 99% 99.8% 99.9%
MS2 39% 46% 82%

B. atrophaeus 4% 0% 40%

The UV susceptibility &. marcescenia air has been extensively tested as shown in Chapter
3.4.11, and both Fletcher et a{2003 andLai et al. (20043uggests a single stage decay model
is appropriate. Both calculated a susceptibility constant of 0.82%to 0.939 nt.J%, yet this is
higher than the value 0f0.445 n%.J! reported in Sharp (1940). For the case of MS2
Bacteriophage, Walker et a{2007) reported values of k=0.038 %! for 32-50% relative
humidity and k=0.048 ! for 74-82% relative humidity. Fahe next microorganism under
analysisBacillus atrophaeushe susceptibility value used by ERA063 is said to be k=0.016
m2.J%. The RTI study by VanOsdell and Fo&2@©2 reported the susceptibility oB. subtilis
spores to be 0.02 A, As discussed in Chapter 3.4BL,subtilisspores do not follow a first
order decay model and are better reperged with a shoulder (n) in its decay modé€bwalski,
20093 Nicholson and Galeano, 200¥XKe et al. (209) reported susceptibility values faB.
subtilisspores to be 0.017 At with a shoulder (n) of 3 for relative humidity levels of 50 to 60%
and 0.014 mJ* with a shoulder (n) of 2 for relative humidity levels of 70 to 83% (Chafe)3.

The EPA calculated the average UV dose of the systems by regression of the killBate of
atrophaeusspores sing a microorganism susceptibility constant of 0.01%63t(EPA, 2006)
Table5-5 shows a comparison of the average UV dose reported by the EPA tests, the UV dose
calculated byKowalsk{2009a)and those calculated by CFD modelling at 0%, 15% and 25% walll

reflectivities.
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Table5-5 Average UV dose calculated by EPA, Kowalski and cui@id studies, and the EPA reportey dose

600/R-06/050 600/R-06/051 600/R-06/055
J.m? J.m.? J.m.?
EPA reported average 247 205 31.80
UV dose
Kowalski reported average UV dos 10 18 73
This study CFD 0% wall reflectivity, 922 15.52 58.27

average UV dose

This study CFD 15% wall
reflectivity 10.97 18.45 70.19
average UV dose

This study CFD 25% wall
reflectivity 12.27 20.63 79.76
average UV dose

Kowalski(2009a)calculatedUV dose and th€FDcalculated UV dose at 15% reflectivity are
quite similar however slight differences are present. The reasons for the difference between
the EPA, Kowalski and CFD results from the current study are various. K ¢2209) calculated

a dose of 10 J.rhfor the EPA 600/R6/050, 18 J.m for the EPA 600/R6/051 and 73 J.rhfor

the EPA 600/R6/055; however he did not consider a fully developed airflow, and did not
accountfor airflow patterns and particle trajegries within the system. The CFD models here
presented used a developed airflow in a duct of 6 m long prior to the entering the UV chamber
of 1.83 m long and considered trajectories and the 3D UV irradiance field. Another issue is the
reflectivity withinthe duct, the EPA did not repattie reflectivity of the material, and for that
reason Kowalski (2009apssumed a 25% diffugivwall reflectivity as such value better
approached the EPA result, for the CFD model 0%, 15% and 25% diffusive wall reflectivity values
were used in the analysifinding that results at 15% reflectivity matched both, the calculated

UV doses reported bitowalski (2009aand the kill rates reported by EREPA, 2006eEPA,

2006h EPA, 2006cThe susceptibility values Bf subtillispores used by EPA for the calculation

of the systems UV dose is one of the main reasons on the difference in calculated performance.
The EPA calculated performancerkgression of kill rate oB. subtillisspores, while Kowalski
(2009) and the CFD study calculated average UV dose of the system to then calculate sterilisation
performance. This combined with the natural variation found in microbial tests can be the
reasa for the slight differences on results. Nevertheless the CFD models were successful on

reproducing experimental results with more than 90% accuracy.

The performance kill rate of CFD models were calculated using a range of UV susceptibilities as
for each nicroorganism as reported in Chapter 3. Sormarcesceriswas used an average Kill
rate obtained from the susceptibilities reported Bietcher et al. (2003t 48% relative humidity
(RH),Sharp (1940)and Lai et al. (2004at 68% RH. For the MSaderiophage is was used an
average of the susceptibilities reported Walker and Ko (2008t 32-50% RH and 785% RH.
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The kill rate oB. atrophaeuspores was calculated using the single stagh shoulder model
with an average UV susceptibility obtained from the reportg§@fiOsdell and Foarde (20G#)d
Ke et al. (2009t 50-60% RH and 783% RH.

Table5-6 EPA 600/R06/050 CFD Calculated Performance against test results ud%gl5% and25% wall
reflectivity.

EPA | Gur | 1swR | 2owR
* 0 0 0
Reference | \ricroorganism | 1 n Kol Test | 920 3m2 | 1097 3 | 1227 3P
values % value | m2J Kill
rate | Kill rate Kill rate Kill rate
Fletcher 2003 48 - 0.939 99.82% 99.96% 99.98%
Sharp 1940 S. marcescens Low - 0.445 99% 96.20% 98.26% 98.65%
Lai 2004 ’ 68 - 0.920 99.79% 99.96% 99.98%
Average - - 0.662 99.03% 99.71% 99.89%
Walker 2007 MS2 3250 | - 0.038 28.45% 33.03% 36.63%
Walker 2007 Bacteriophage 7485 | - 0.048 | 39% 34.28% 39.54% 43.63%
Average - - 0.043 31.44% 36.38% 40.24%
VanOsdell 2002 - - 0.020 16.36% 19.22% 21.53%
Ke et al. 2009 B. subtillis 5060 | 3 0.017 1% 0.43% 0.62% 0.81%
Ke etal. 2009 | (B. atrophaeuy | 70-83 | 2 0.014 1.61% 2.15% 2.65%
Average - 1.66 0.017 4.18% 5.36% 6.40%

*N value= shouwler

In the case of the single lamp model, the kill ratesSoimarcesceris matched by all three wall
reflectivities, this is due to the relatively high UV susceptibility of the microorganism. However,
as the UV susceptibility of MS2 Bacteriophage Bndubtilliss stronger, differences in results

are more evident. MS2 Bactephage appears to be better represented by the results at 15%
reflectivity, and B. atrophaeus is better represented by results at 0% reflectivity. In general it
seems that 15% diffusive wall reflectivity better reflects the EPA lab results, showing no
difference on the kill rate 08. marcescensand only 2.62% difference in the kill rate of MS2
Bacteriophage and 1.36% difference in the kill ratB.afubtillisspores Now for the EPA 600/R
06/051 showing a 4 lamps system, the results are relativeljlairhowever in this case the
model without reflectivity seems closer to EPA reported results, nevertheless the results of the

15% diffusive wall reflectivity are not far from those reported by EIRAIES-7).
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Table5-7 EPA 600/R06/051 CFD Calculated Performance against test results udt#g15% an@5% wall

reflectivity.

EPA | our | 1wk | 2owR

* 0 0 0
R\elgel[:znsce Microorganism '3/': Valnue m|2<.J‘1 L?lft 1552 J.n? | 18.45 ). | 20.63 J.n?

rate | Kill rate Kill rate Kill rate
Fletcher 2003 48 - 0.939 99.99% 100% 100%
Sharp 1940 S marcescens | 0% | - 0.445 | 0 oo, | 99-70% 99.92% 99.95%
Lai 2004 : 68 - 0.920 : 99.99% 100% 100%
Average - - 0.662 99.96% 100% 100%
Walker 2007 MS2 3250 | - 0.038 43.99% 49.90% 53.72%
Walker 2007 Bacteriophage 7485 | - 0.048 | 46.0% | 51.77% 58.10% 62.06%
Average - - 0.043 48.03% 54.19% 58.03%
VanOsdell 2002 - - 0.020 26.47% 30.67% 33.55%
Ke etal. 2009 | B. subtillis 5060 | 3 0.017 | 1 o, | 1.39% 2.10% 2.78%
Ke etal. 2009 | (B. atrophaeup | 70-83 | 2 0.014 | 3.94% 5.30% 6.43%
Average - 1.66 0.017 8.95% 11.41% 13.31%

*N value= shouwler

It can be seen iTable5-7 that the EPA 6004R6/051 test reported a 0.00% kill rate dh
atrophaeus while the CFD model predic895%,11.41% and 13.35. It is thought that this

value of 0.00% is an @ in the experimental data as a higher UV power for the four lamps

model (34 Watts) than the single lamp model {#&tts) should result in a higher kill rate. It is

also worth commenting on the results f& marcescenasthey showvery close comparison

between CFD and experiments for all three lamp configurations. How&venarcescens

highly susceptible to UV light, and any UV dose over 18Wanld result in a 99.99% kill rate.

Therefore it is not a good reference microorganism to conduct UV dadeulations or

experimental assessments for duct mounted installations.

Finally, the EPA 600/66/055 which consisted of a complex geometry of 8 lamps showed the

following results Table5-8).

Table5-8 EPA 600/R06/055 CFD Calculated Performance against test results ud#g15% an@5%diffusive

wall reflectivity.

EPA | oo | rswr | 2owR
* 0 0 0
Rs;ehrjir;ce Microorganism 'ﬁ/'o" Valnue mf_J_l L?"St 58.27 Jn? | 70.19 J.n? | 79.76 J.nP
rate | Kill rate Kill rate Kill rate
Fletcher 2003 48 - 0.939 100% 100% 100%
Sharp 1940 s marcescens | LW | - 0445 | oo | 100% 100% 100%
Lai 2004 : 68 - 0.920 : 100% 100% 100%
Average ; - 0.662 100% 100% 100%
Walker 2007 3250 | - 0.038 87.95% 92.13% 94.57%
Walker 2007 '\B"asczteriophage 7485 | - 0.048 | 82.0% | 92.94% 95.83% 97.41%
Average - - 0.043 90.79% 94.28% 96.26%
VanOsdelP002 - - 0.020 67.83% 74.43% 78.92%
Ke etal. 2009 | B. subtillis 5060 | 3 0017 | 0 0. 24.81% 33.34% 40.34%
Ke etal. 2009 | (B. atrophaeu} | 7083 | 2 0.014 : 30.81% 38.57% 44.70%
Average ; 1.66 | 0.017 45.53% | 53.95% 60.14%

*N value= shouler

~ 121~



It can be seen froritable5-6, Tableb-7 and Table5-8 that there is considerable variation in the
calculated inactivation oB. atrophaeudrom the CFD model depending on the susceptibility
constant and whether single stage or shoulder decay model is used. This is of paramount
importance if measted inactivation rates are used to calculate UV dose by biodosimetry
regression, as done by the EPA test, and explains why the reported UV dose calculated from the

EPA tests is lower than that determinbyg the CFD analysis.

The EPA test 600/86/050, 600R-06/051 and 600/F06/055 rated the performance of the
systens by regression of the kill rate &. atrophaeusn single stage decay at the susceptibility
value of 0.016 rhJ* (EPA, 2006). If the EPA stated UV dose value is used to calculate the
inactivaion rate of the other tested microorganisn& marcescenand MS2 Bacteriophage,
using the average susceptibility constants as giveralne5-6, we would obtain the results as

shown inTable5-9.

Table5-9 Calculated kill rates using EPA Testatetl UV dose.

. EPA Test | EPA Dose
Microorganism EPA EPA DZO se | Susceptibility measured | Calculated
J.m reference . )
kill rate kill rate
B. atrophaeus 4.0% 2.20%
S. marcescens 600/R-06/050 2.47 Average 99.0% 90.16%
MS2 Bacteriophage 39.0% 10.07%
B.atrophaeus 0.0% 0.66%
S. marcescens 600/R-06/051 2.95 Average 99.0% 85.81%
MS2 Bacteriophage 46.0% 11.91%
B. atrophaeus 40.0% 56.0%
S. marcescens 600/R-06/055 31.80 Average 99.9% 100%
MS2 Bacteriophage 82.0% 95.66%

The UV dose deliveredoy an enclosed UV system working under normal constant operation
should remain constant as it is function of the physical and irradiation parameters of the system
only. Therefore when calculating the UV dose of a system by regression of biodosimetry test
results, the calculated dose of the system should remain constant independently of the
microorganism used; if it is different, then it is an indication that the microorganism decay model

used for the calculation is wrong.

The UV dose calculated by the EBArdgression of the kill rate d8. atrophaeuspores(EPA,

20063 EPA2006k EPA, 200§avas wrong as it assumed a single stage decay curve, and did not
account for its shoulder. This resulted on an under calculation of the U¥ aidbe system. It

was shown that the average UV dose calculated by CFD modelling for each system achieved the

kill rate performances for each microorganism as reported by the EPA, and at the same time
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matched the calculated UV doses reportedKaywalski (2009aMoreover, the reasons for the

differences in results were also explained.

5.3.5 Multi -susceptibility

The UV susceptilty of a microorganismbeing a biological parameter presents a considerable
amount of variationas expressed in Chapter 3. Even the same microorganisms can present
variations in susceptibility due differences between strains (Fletcher, 2001 Some
microorganisms might behave in a rather standardise manner, and shi¥gasceptibilitythat

is somewhat stable with changeand does not result in significaeffectsin UV sterilisation
performance such as in the caserf®. bovis(Peccia and Hernandez, 2Q00@hers, as in the

case ofB. atrophaeugpresentlargechangesn susceptibilitythat can affect the performance of

a system in a significant manner.

Prior research dealt with variationis susceptibility by averaging a single val@walski,
20099. Without the use of single particle tracking, mudtisceptibility analysis would be
impossible and the performance of a system would be given by eithawverage UV dose, or

the calculated sterilisation rate of a single microorganism.

CFD modking benefits from theability to calculake representativeparticletrajectories (scalars)
independentlyand treat them asmicroorganisms withtheir own susceptibity constant
Therefore it is possible to assign a randomised susceptibility valeach particle normally
distributed within a certain rangeto observe the performance of a UV system. Previous
research showed the performance based on the kill rata epecific pathogen individually, as

the average UV dose was calculated as a surface integral and could not account for particle
trajectories (Kowalski et al., 2001 By ugng a multi-susceptibility technique it is possible to

determine the reliability of the system based on the standard deviation of its performance.

To calculate microbial decay due to UV irradiation it is necessary to know the microorganism
received UV das (D) and the microorganism UV susceptibililywhich as it was explained in
Chapter 3, can vary over a given range for each microorganism, thus it is common practice to
use the average UV susceptibility value, and to use the average UV dose of the &yste
calculate microbial decay (chapter 3). However, the use of computational fluid dynamics allow
us to calculate the specific microorganism decay (or kill rate) for each scalar, and to obtain the
average microbial decay of the system by accounting fohegalar. Moreover, it is possible to
modify the UV susceptibility valu&)(in the calculation of each scalar. This gives the flexibility

to use a band range of susceptibility values, which appears to be a more realistic alternative for
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the microbial deay calculation, than using the average UV susceptibility of a microorganism

family.

To compare the CFD results directly to the EPA tesish microorganism was independently
simulatedwith a suitable range of susceptibilitiecEach CFD simulation tracked in average
10,000 scalars, at the end of the duct each scalar reported the UV irradiationQose¢ived

as it passed through the systenfror each scalar, the dose received remained constant while
the UV susceptibility wasnodified randomly over an assigned range of susceptibilities,
simulating the range of UV susceptibilities reported by each microorganism. For example, in the
case oB. subtilithe susceptibility ranged from 0.0%4.020 n?.J* with shoulder values ranging

from 1 to 3. The average UV dose of the system was then calculated. This same iteration, of
leaving the scalar UV dose constant and modifying the assigned UV susceptibility, was run over
100 times for each UV system to caltaldts average performance in a montarlo style

calculation(Table5-10).

Table5-10 Multi -susceptibility performance.

EPA Test M-S Kkill M-S Kill M-S kill
Microorganism EPA measured rate rate rate

kill rate 0% R 15% R 25% R
S. marcescens 99.0% 99.53% 99.57% 99.81%
MS2 Bacteriophadge | 600/R06/050 39.0% 31.41% 36.34% 40.21%
B. atrophaeus’ 4.0% 3.77% 4.74% 5.59%
S. marcescens 99.0% 99.98% 99.99% 99.99%
MS2 Bacteriophadge | 600/R06/051 46.0% 47.98% 54.13% 58.03%
B. atrophaeus’ 0.0% 7.63% 8.47% 11.18%
S. marcescens 99.9% 100% 100% 100%
MS2 Bacteriophadge | 600/R06/055 82.0% 90.68% 94.18% 96.17%
B.atrophaeus™ 40.0% 40.28% 48.63% 54.98%

M-S=Multi-Susceptibility

*MS2 Bacteriophage k=0.0380.048 n%.J*

**S, marcesceng k=0.430¢ 0.920 mi.J*

***B, subtillis ¢ k=0.014- 0.020 n?.J* with a shoulder n=1.33

5.3.6 UV dose distribution within a duct

CFD analysis can help to visualise important data which otherwise would be impossible to
capture on a biodosimetry test. While the average UV dose for the single lamp atoti&do
diffusive wall reflectivity and 25% diffive wall reflectivitys calculated at10.82 J.nfand12.27

J.m? respectively, not all particles received the same amount of UV dose. In thishea€#D
model is able to show the variation bfVdose within the systemFigure5.15 shows the dose
distribution received by particles at the end of the duct. The mode UV dose is somewhere
located at9 J.n¥ for the 15% diffusive wall reflectivity model a@@ J.n¥for the 25% diffusive

wall reflectivity,where the peak of %particles. i3his is lower than the average UV dose of the
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system which appears to be increased by a small number of particles necaivery high dose
This means that &rge population 6% population for the 15% diffusive wall reflectivity and

62%population for the 25% diffusive wall reflectivitseceive less than the average dose.

EPA600/R-06/050
15% Reflectivity AverageUV dosel0.97J.m?
25 4
= 20 - Full spectrum
3 —— Lower than average UV
© 15 4
() dose
© —— Higher than average UV
& 10 - dose
o
S
o 5 |
0 10 20 30 40 50 60 70 80 90 100
Dose J.n#
EPA 600/R06/050
25% Reflectivity AverageUV dose 12.27 J.#n
25 4
= 20 - Full spectrum
8 — Lower than average UV
© 15 -
) dose
© — Higher than average UV
g 10 - dose
o
S 5
0 T T T T T T T T

0 10 20 30 40 50 60 70 80 90 100
Dose J.n?

Figure5.15 Dose distributions by particle track at the end of the duct for the EPA 66062050.

In reference toFigure5.15, the idealdistribution would be a single sharp peak of partickds
receiving the required UV desparticles receiving less are underexposed and those receiving
more UV dos than necessarganbe translated as waste of resourcésgure5.16 shows the

end of the duct and the lamp location in relation with areas of the duct where particles received
the average UV dose of the system or mdte€an be seen a tagharp peak before the point of
average UV dose of the system, this peak represents the particles passing on top and below the
UV lamp. The dose distribution of the single lamp system is relatively narrow, meaning that most
particles received a similar Wése, this can be seen by the standard deviation of the UV dose

received by a particle, which in this case if of 4.40°J.m
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Figure5.16 Cross section of the EPA 600(®/050 duct at15% diffusive wall reflectivity (top) an@5%diffusive
wall reflectivity (bottom) showing lamp position and location of particles receiving the average UV dose or more.

Each point on the plotis Figures 5.15 to 5.épresents one of the simulated parédocations.

An interesting insight to see how reflectivity affects the performance of a system is to see how

the area of UV dose coverage changes at a specific UV dose. In tHisgrasd.17 shows how

the UV dose coverage changes for particles receiving 18 @lmen a 15% diffusive wall

reflectivity or 25% diffusive wall reflectivity is present in the duct.
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Figureb.17 Area of UV dose coverage above 10 3.far a 15%(top) and 25%bottom) diffusive wallreflectivity
for the EPA 600/F06/050.

It can be seen in Figure 5.16 how the area of coverage improves for 25% diffusive wall reflectivity
and now it extends closer to the wallBigure5.18 shows the areas where patrticles received less
than the average UV dose of the systdnthis case the area was filtered for a 10 3\dV dose.

The results indicate that duct corners have tbwest average irradiation values, with particles
here receiving the lowest dose, while those that pass close to the lamp generally have higher
than the average dose. This highlights the impact of lamp location and configuration, and the

need to improvedose distribution while reducing energy consumption.
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Figure5.18 Cross section of the EPA 6008/050 duct at15% reflectivity (top) and25% reflectivity (bottom)
showing lamp position and location of pécles receivingess than10 J.n?.

Figureb.19 shows the dose distribution fohe case with four lamps evenly distributed over the
height of the det. The resultshow a double peaked distribution, with 50% of particles receiving

the average UV dose or more
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Figure5.19 Dose distributions for EPA 600/B6/051 at 15% reflectivity (top) and 25% reflectivity (bottom)

The dose distribution for the EPA®/051 is relatively narrow, and almost 50% of particles
receive the average UV dose or more. This is an indication of an even distribution across the face
of the duct. Regarding the coverage of this design, it can be sedrigure5.20 how the four

lamps distributed across the height of the duct delivered aemevenly distributed UV dose.

The standard deviation of the dose received by the particles was of 3.87 J.m
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Figure5.20 Cross section of the EPA 600®/051 duct at 15% reflectivity (top) and25%reflectivity (bottom)
showing lamp position and location of particles receiving the average UV dose or more.

However if we filter resultdo showpatrticles receiving less than 15 F.incan beseen that the
end corners of the duct, where there is a friggacebetween the end of théampsand the duct
wallsis the most compromised-{gure5.21). This situation becomes more apparent when there
is only 5% diffusive wall reflectivityrigure5.21 shows how an increase in reflectivity improves

the UV dose area coverage of the system.
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Figureb5.21 Cross section of the EPA 600f®/051 duct at15% reflectivity (top) and25% reflectivity(bottom)
showing lamp position and location of particles receivifgss thanl5 J.n?.

When the wall reflectivity was increased fratB% to 25%, the particles receiving less than 15
J.m?were reduced, and were only presented at thedeside of the lamps and close to the walls.

This exemplifies the impact reflectivity can have on adunot system.
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Figure5.22 Dose distributions for EPA 600/B6/055 at 15% reflectivity (top) and 25% reflectivity (bottom)

Figure5.22 presentsthe eight lamp modelwhichshows a wider dose distribution, with only
37% of patrticles recdiwg the average UV dose or more. This broadened dose distribution is a
sign of uneven irradiation distribution, as there is a considerably difference between the
minimum and maximum dose received by a particle, this is also reflected in the standard
deviation of the UV dose received by particles which for this system is of 14 .8ANith this

configuration,it can be seenhat only the areas around the lamps ag@y to be covered with

the average UV dose or moreigureb.23).
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Figureb5.23 Cross section of th&PA 600/R06/055 duct at 15% reflectivity (top) and25% reflectivity(bottom)
showing lamp position and location of particles receiving the average UV dose or more.

Currently, due to thenumber of variations in designs and specifications, as yet them® is

parameter to measure efficiency of these types of UV systems.

5.3.7 Contours of Irradiation

The effect of the lamp location on UV irradiation of the systean be further assessed by
looking at contours of irradiatiorfigure 5.23 shows contour plots fave locations in the duct

for the single lamp modelOne striking aspect of the irradiation pattern is how rapidly the
irradiation power decays as the distance from the lamp increases (as seen in Chapter 4 Figure
4.9 of lamp irradiation power)Forsuchreasons it was impossible to use the same UV power
scale when portraying the irradiation in various planes along the duct, as using a global scale
would rendered the irradiation at inlet and outlet unnoticeable compared with that at the
centre of the lampFigure5.24).
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Figure 5.24 Contours of irradiation. Left) scaled from 0 to 10 W4nRight) scaledylobally based on highest
irradiation value Watts.

There was no noticeable differenaeirradiancebetween the planes at the inleF{gure5.25A)

and outlet (Figure5.25B), and between the planes located between outlet and lafigure

5.25C), and between inlet and lampigure5.25D). The low irradiation seen at the corners of

the duct is more noticeable in section C and DF@jure5.25, it can be appreciated lower

irradiation levels at the left corners as the lamp is stacked to the right of the duct wall.

Figure5.25 UV irradiation contours. A) Inlet, B) Outlet), C) between outlet and lamp, D) between inlet and lamp.
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For the EPA 600/R6/051 the irradiation contours show how the duct is bebwiter covered
with UV light although gain it is evident that corners agreas of low irradiationFigure5.26
shows how rapidly irradiation decays as the distance from the source incrélasgdanes here

shown are 0.4575m separated between each other.
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Figureb.26 Contours of irradiation EPA 600/6/051. Left) scaled from 0 to 20 WA Right) scaled globally based
on highest irradiation value Watts.

A closer lookat the contour surfaces reveals how lamp position, in this case four lamps located
at equal distances along the height of the duct, distributes the irradiatifiis has a direct

impact on the particle dose distributiofrigure5.19).
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Figure5.27 UV irradiation contoursEPA 600/R06/051. A) Inlet, B) between inlet and lamps, C) between lamp and
outlet, D) Outlet.
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The EPA 600A6/055 with eight lamps shows how the irradiation is differgmtistributed due
to lamp locationsKigure5.28). Having lamps located along the length of the duct as well as the
height help to distribute the UV field in directiof the airflow.
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Figure5.28 Contours of irradiation EPA 600/26/055. Left) scaled from 0 to 20 Watts, Right) scaled globally based
on highest irradiation value Watts.

With this lamp configuration, it istill noticeable that areas towards the end of the lamps and

the corners of the duct contain the lowest irradiation valuEg(re5.29).
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Figure5.29 UV irradiation contours EPA 600/86/055. A) Inlet, B) between inlet and lamps, C) between lamp and
outlet, D) Outlet.

Another aspect for consideration is the distribution of the irradiation along the length of the
duct, whle the EPA 600/R6/051 distributes the lamps along the height of the duct, the EPA
600/R06/055 does it along the length of the duct, therefore covering a longer distdfigare
5.30).
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Figure5.30 Irradiation along the duct length at 100 wattscale for the EPA 600/26/051 and EPA 600/4R6/055.

When omparing allthe cases it is difficult to define unde what parameter to measure
efficiency in performance. For example if performance is measured by dose distribution we have
that the more even the UV dose distributiome more efficient the system is. However a broad
dose distribution, like the one of thEPA 600/R6/055 Figure5.22) suffers on performance

due to the large variation in UV dose received by particles, meaning that a great number of
particles will receive less or more than the average UV dose of the syBttin of these are
potentially a waste of energy, as higher than required UV dosage will not bring further
improvement in performance, and less than required UV dosage will not achieve the required
sterilisation goals. Moreover the real performance willrhasked by the average UV dose of

the system.

Results for theEPA 600/R6/050 Single lamp systejrshow that62.23% of particles received
lessthan the average dose of the systersimilar values were observed fidre EPA 600/R
06/055 (eight lamps systermhere 62% of particles received less than the average dose of the
system.In the case of the EPA 60608/051 (four lamp system), shows that only 45% of
particles received less than the average dose. Moreover, it appears that the spread of the UV
dose distibution, and the standard deviation of the UV dose received by particles, can be used
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to evaluate the quality of the irradiation distribution of the system, the more even the
irradiation, the lower the standard deviation of the system. A good design dtumuisist of a

single sharp peak located at the centre of the system average dose.

These results show the impact of lamp position on the distribution of UV irradiation within a
duct, and its subsequent impact on sterilisation performance. This will Itleefudiscussed in
Chapter 6.

5.4 Conclusions.

Section 5.3ompares CFD mollieg of three in duct UV systems with published experimental
data and demonstrates that CFD models are a viable method of predicting performance and
supporting system design. DO dwls in CFD modeling appear to be a reliable technique for the
calculation of UV field, UV dose and microorganism kill rate withithugt UV sterilization
systems. Good comparison is seen between CFD calculated inactivatio(BBA 2006h

20064 test results, and previously published average UV dose calculdomslski, 2008).

The resultsof section 5.3.3highlight important considerations in selecting appropriate test
microorganisms for performance assessmeBtssubtillisandB. atrophaeugresent a shoulder

on their decay curve. The results show that not accountimgdich a shoulder when calculating

UV dose by regression from microbiological tests may result in an under calculation of the UV
system dosage. The results also indicate tisat marcescenss not a good reference
microorganism for the calculation of a ssi UV dosage as it has a high susceptibility to UV and
any dose over 10 J:Awill result in kill rates of 99.99% regardless of system deSige.results
alsoconfirmed what was discussed in Chapteth®, limitations of current UV susceptibility data

in the literature. While there are a good number of studies that report susceptibility data, there
is a considerable amount of variability between studies which depends on test conditions and
the particular strain of a microorganism species. A more comprakiendatabase of UV
susceptibility of microorganisms that includes the full spectrum of the microorganism decay is
required for accurate calculation of the UV power demands for the sterilization of air. This is the

case for performance assessment througbddling or experimental approaches.

System design and the method of evaluation are shown to have a significant effect on the energy
efficiency and sterilization efficacy of a UV installation. Calculating UV dose by regression from
biodosimetry tests usim the wrong microorganism decay model or incorrect UV susceptibility

values will result in miscalculation of UV dosage. This in turn can lead to underpowered systems

in which the sterilization efficiency would be compromised or overpowered UV systems
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resuting in a waste of energy and excessive capital and maintenance costs. Furthermore the
average dose delivered by a system may be a poor representation of its performingce.
averageUV dose and kill rate data at 15% diffusive wall reflectivtignpares wé between
experiments and CFD modgtifferences might be due to variations on airflow and or wattage
during the operation of the system on the real life experiment, nevertheless the approximations

made by CFD analysis appear to be reliable enough &gual@urposes.

The CFD analysis showed that more than half particles received less than the average calculated
dosefor the EPA 600/R6/050 and EPA 600/86/055 This indicates a poor design with both
under performance and excess energy use apparent willdrsame deviceOnly in the case of

the EPA 600/®6/051 54% of particles received the average UV dose or . more

Section 5.3.5 and 5.3.6 showed how lamp position has an impact on UV performance.
Extrapolating this, it means that particle trajectoriesvi an impact on performance, therefore
airflow patterns are paramount parameters for sterilisation efficiency. Hence, the performance

of a system is not static; it will present variation depending on the patrticle trajectories.

Section 5.3.4 saw the intduction of a novel multsusceptibility performance calculation, with
results showing good agreement with experimental data, as opposed to prior calculations where
the kill rate of a specific pathogen was considered individually with a single suscepiisilie

and the average UV dose was calculated as a surface integral and could not account for particle

trajectories.

CFD analysis is capable of identifying variability in dose distribution that otherwise would be
impossible to identify by a biodosimetredt. Initial simulations with four and eight lamp
configurations show the benefit of positioning lamps to create a more evemréliationfield

and hence UV dose in the systeiie standard deviation of the UV dose distribution appears
to be a good quaritative parameter to measure the quality of an even irradiation distribution,

the lower the standard deviation, the more even the irradiation distribution within the duct.

Finally, thischapter validated the CFD model to be used in future analygjklidhts the need
for a reliable data set of microorganism UV susceptibility valuesinin evaluated dose
distribution among injected particles andemonstrated the importance of system desjgn
moreover it is shown that ithin a given design, in this case agielamp system a significant
number of particles receive a dose thatdifferentthan the averageChapter 6 will focus on

lamp position and the impact of dose distribution.
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Chapter 6. In-Duct UV system design parameterisation.
6.1 Introduction.

This chapteappliesthe use of CFD analysis to consider how the position of a UV lamp in a duct

influences the performance.

Section & presents a parameterisation study to analyse the impact of lamp position on
sterilisation performance within a duct, by studying a system with a lamp located in seven
different positions, results suggest that turbulence does not directly affects thedfireahge UV

dose of the system, and that airflow patterns will have a bigger impact.

Section & shows a comparison of a lamp located perpendicular to the airflow against a lamp
located parallel to the airflow, and how UV irradiation and UV dosagfest in the system
and concludes that for a single lamp system, lamps located parallel to the airflow perform better

than a lamp located perpendicular to the airflow.

6.2 Parametric study methodology .

The first study of this chapter is ¢eady state CFBimulations (ANSYS) used to model the
irradiation field and UV dosef an induct system of 0.61 m x 0.61 m duct, 1.83 m long with a
constant airflow of 2.5 min line with the models provided dgowalski (2009hRnd assuming

to contain a UV lamp 53.3 cm long with a diameter of 1.9 cm (T6) producing 19 W of UV power

located at seven different positiorfable6-1).

Table6-1 System configuration

Configuration Z position Y position
L1H1 230 mm 2B mm
L1H3 230 mm 406 mm
L2H1 915 mm 2B mm
L2H2 915 mm 305mm
L2H3 915 mm 405mm
L3H1 1600 mm 205mm
L3H3 1600 mm 405mm
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The lamps were locategerpendicularto the airflow at three different position over the height

of the duct and at three different distances from the inlet of the duct as showiguare6.1.

direction of airflow

1830 mm
mm
230 mm 685 mm 685 mm 230 mm
205 mm
- L3H3 L1H3
outlet ~ 100mm Inlet
< 100mm <

L3H1 L1H1

Figure6.1 Lamp configuration schematics.

Both the mesh and the boundary conditions were as described in Chapter 5. The CFD models
containedbetween 280,000 t830,000 cells depending on lamp configuration. The UV field
produced by the lamp was defined using the discrete ordinates method described in Chapter 4.
The airflow was developed in model of a 6 m long duct with the same face aréan(8.6.61m

X 6m), and the flow profile was then inserted at the inlet of the UV chamber (1.83 m long duct).
Once a solution for the flow field was converged, particles were injected using a discrete random
walk Lagrangian model to simulate microorganismithiw the flow (King et al., 2013 On
average 10,500 scalars with physical characteristics of water liquid droplets with diameter
ranging from 3x18to 3x10° m (0.03 microns to 3 microngjere injected by surface at the inlet.

A user defied function, adapted from HE009hH, was employed to determine the cumulative

UV dose (J.rf) received by eacharticleas it passed througthe UV field by a trapezoidal rule

to approximate the integral (as described in Chapter 5). The model was validated at the
configuration L2H2 against the EPA test report 6606RO50 (Chapter 5). The performances of
the different configurations were then sgematically compared in order to find thlemp

locationwith the highest sterilisation rate.

With the use of CFD it was possible to track airflow patterns, identify the areas with the lowest
and maximum air velocities, the irradiation volume created gy UV lamp and the effect of
diffuse reflectivity from the walls. This allowed for the calculation of each particle received UV
dose, path travelled, residence time, and outlet coordinates (X and Y coordinate within the
duct). Moreover, the use of the DOeatihod to model irradiation allowed for the inclusion of
reflectivity (emissivity) on the walls of the duct. With this information it was possible to value
the average system UV dose, and the impact of airflow patterns, UV irradiation volumes created

at different lamp position within the system and the reflectivity of the walls.
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6.3 Influence of lamp position and duct reflectivity.

Lamp position has impactsn turbulence and UV irradiation within the systerand more
importantly, duct reflectivity increasethe irradiation area and the average UV dose of the
system. e following sectionsonsiderhow these parameters impact on the performance of a

UV system.

6.3.1 Particle dose distribution

TheFigure6.2 shows average UV dose measured at the end of the duct for eachgasion

In each case the value is calculated by averaging the dose received by the particles injected into
the system (dscribed in Chapter 5). The performance of the induct UV system varied according
to lamp configuration, with differences accounting for up to 20% in some cases (i.e. when
comparirg average UV dose of L2H2 vsH?)3 It can be seen how the distributiathanges
according to lamp configuration, with lamps located at L2 (centre of duct) showing the highest

average dose, followed by lamps on L1 (beginning of duct) and then lamps at L3 (end of duct).

m 0% Reflectivity m 15% reflectivity

12.00
11.00
10.00
9.00
8.00
7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00

UV dose J.m

L1H1 L1H3 L2H1 L2H2 L2H3 L3H1 L3H3

Figure6.2 Average UV dose by lamp configuration areflectivity.

Theaverage UV dose of the systemasinfluencedmost significantly by the position of the lamp
along the length of the duc&(@xis), while changes of the lamp position along the height of the
duct (Yaxis) resultedn minimalor irrelevantimpactsin performance. In both cases, at 0% and
15%diffuse wallreflectivity, the best performances were achieved when the lamp was located
at the centre of theZaxis within the duct (L2), and the high@strformance was achieved when

the lamp was located at the centre of baftand Y axis (L2H2).
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The particle dose distributioat the end of the ductpresented irFigure6.3, reveals thatamps
located at L1H1 and L1H3 show almost the same dose specindeed both configurations
show the same average UV dosage, at 0% reflectivity of 7.8% dnd at 15% reflectivity the
performance of the system increased to 9.143for both L1H1 and L1H3.

N
(4]

0% Reflectivity

=20 L
N
O 5 Average dose for lamp configuration
% @L1
-% 10 [ \ / 7.81J.n% L1H1
N
S 5

0 J : A ‘ \ '

0 5 10 15 20 25
Dose J.n%

2 —

° 15% Reflectivity
20 ] .
S Average dose for lamp configuration
8 N QL
© 15
O / \ / 9.14J.m
O
% 10 L1H1
Q / \ // \ L1H3
S 5

0 5 10 15 20 25
Dose J.m

Figure6.3 UV dose distribution for configurations at L1.

In the case of lamps in the L2 position, tlase spectrum for L2H1 and L2H3 is very similar with
an average UV dose ranging from 8.963tm9.16 J.nf and slightly different to the case of
L2H2 at 0% reflectivity with an average UV dose of 9.22. However, wherthe material has
adiffuse wal reflectivity of 15%, the average UV dose of the three configurageess out and
stays between 10.74 J:fhand 10.97 J.m Such small differences in average UV dose of less than
1 joule might be insignificant when translated into sterilisation perfance, and more
importantly, when translating these results to a real operational system, the difference might

be insignificant.

~ 144 ~



0% Reflectivity
= 20 -
8 A L2H1-L2H3
O 8.96 J.n%t0 9.16 J.n?
% y K \/ Average dose for lamp configuration@ L2H1
=IO _ /[ L2H2 L
< / 9.223.m L2H2
X 5 L2H3
0 T T T T T
0 5 10 15 20 25
Dose J.nt
25 0 —
15% Reflectivity
220 /\
S Average dose for lamp
3 configuration @ L2
o 15 747
© L2H1
g 10 / / \% L2H2
X 5 L2H3
5 10 15 20 25

Dose J.n%

Figure6.4 UV dose distribution for configurations at L2.

Lamps located at L1 (beginning of the duct) performed slightly better than lamps located at L3
(end of the duct)lamps located at L3 show an average UV dose of 7.60td.m73 J.nt at 0%

wall reflectivitywhile lamps at L1 showed 7.81 F.mat 15% wdlreflectivity L3 showe8.86 J.m

2t0 9.0 J.nt while L1 performed a9.14J.m? (Figure6.5).

There was a slightifference in performance between L1 and L3, although their position is
symmetrical within the UV chamber, lamps at pdrformed marginally better than lamps
located atL3 However; as previously stated, differences in performance of less than 1 joule

might not be relevant in real operational conditions.
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Figure6.5 UV dose distribution for configurations at L3.

Table 6-2 shows the difference in performance at O8éfuse wallreflectivity expressed in
percentage of efficiencyt ¢an be seen how lamp configuration at L2H2 is in average 20% higher
than those at.1 and L3 and just marginally better than the other two configuration at L2 (L2H1
and L2H2). The configuration at L2H1 was the second highigsan average performance 18%
higher than those at L1 and L3, followed by the configuration at L2H3 with arages
performance 15% higher than those at L1 and L3.
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Table6-2 UV dose prformancecomparisonmatrix at 0% reflectivity.

0% R

LIH1  L1H3 L2H1 L2H2 L2H3  L3H1  L3H3

0% R U}’_i‘gse 781 780 916 922 896 773  7.60
L1H1 7.81 0.00% 0.14% -17.27% -18.04% -14.71% 1.04%  2.70%
L1H3 780 | -0.14% 000% -17.44% -18.21% -14.87% 0.90%  2.56%
L2H1 916 | 14.73% 14.85% 0.00% -0.66% 2.18% 15.61% 17.03%
L2H2 922 | 15.28% 15.40% 0.65% 0.00% 2.82% 16.16% 17.57%
L2H3 896 | 12.82% 12.95% -2.23% -2.90% 0.00% 13.73% 15.18%
L3H1 773 | -1.05% -091% -18.50% -19.28% -15.91% 0.00%  1.68%
L3H3 760 | 278% -2.63% -20.53% -21.32% -17.89% -1.71%  0.00%

Results expressed in percentage of performance

At 15% reflectivity, resultare not much different. Nevertheless, one notable variation is the

increase in performance in L2H1 and L2H3, now being closer to that of L2H2. This is due to the

effect of diffuse wall reflectivity, which in this case helped in the distribution of theaaeeUV

R2aS8sz

NB RdzOA y 3

GKS AYLI O

27

fl YL LIardGrzy

As it can be seen, the difference between L1H1 and L1H3 was of just 0.1%, differences in

performance at configuration in L2 accounted for no more thar22 and configurations at L3

the difference in performance was of merely 1.60%. Such small differences would be

insignificant in a real operational installation.

The performance of the system is virtually unaffected by the lamp location across the bkight

the duct.

Table6-3 UV dose prformancecomparisonmatrix at 15% reflectivity.

15% R

L1H1  L1H3  L2H1  L2H2  L2H3  L3H1  L3H3

L6 R Uj_:;gse 914 913 1094 1097 1074 900  8.86
L1H1 9.4 | 000% 011% -19.67% -19.94% -17.45% 1.58% 3.13%
L1H3 913 | -011% 000% -19.80% -20.07% -17.58% 1.47%  3.02%
L2H1 1094 | 16.44% 16.53% 0.00% -0.23% 1.89% 17.75% 19.05%
L2H2 1097 | 16.63% 16.72% 0.23% 0.00% 2.1%% 17.94% 19.23%
L2H3 1074 | 14.86% 14.95% -1.89% -2.12% 0.00% 16.20% 17.52%
L3H1  9.00 | -1.60% -1.49% -21.58% -21.86% -19.33% 0.00% 1.60%
L3H3  8.86 | -323% -3.12% -2353% -23.81% -21.24% -1.60%  0.00%

Results expressed in percentage of performance

The direct comparison of the UV dose performance of the systelf% reflectivity is in average

15% greater than that at 0% wall reflectivity e.g. when comparing L2H2 at 15% reflectivity
against L2H2 at 0% reflectivifjable6-4).
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Table6-4 Performance comparison matrix of 15% reflectivity vs 0% reflectivity.

0% R

LIH1  L1H3 L2H1 L2H2 L2H3  L3H1  L3H3
15% R U}/_ST‘Z’SE 781 780 916 922 896 773  7.60
L1H1 9.14 | 1456% 14.68% -0.20% -0.85% 1.99% 15.45% 16.87%
L1H3 913 | 14.47% 1459% -0.31% -0.96% 1.88% 15.35% 16.78%
L2H1  10.94 | 28.60% 28.70% 16.27% 15.72% 18.10% 29.34% 30.53%
L2H2  10.97 | 28.76% 28.86% 16.46% 15.91% 18.29% 29.50% 30.69%
L2H3 1074 | 27.25% 27.35% 14.69% 14.13% 16.55% 28.01% 29.22%
L3H1 9.00 | 13.19% 13.31% -1.80% -2.47% 0.42% 14.09% 15.54%
L3H3 886 | 11.80% 11.92% -3.43% -4.11% -1.17% 12.71% 14.18%

Results expressed in percentage of performance

In relation to the area coverage of the various lamp configuratidfigue 6.6, Figure6.7 and
Figure 6.8 show the area where particles receive 10 3.or more (this dose is mely
representative and is used only for the purpose of direct comparison between designs). The

effect of reflectivity is evident in all three figures showing how the area coverage is improved

and particles close to the wall now receive irradiation.
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Figue 6.6 Cross sectiorat the outlet of the L1H1 and L1H3 lamp configuration at G2d 15%diffuse wall
reflectivity showing lamp position and location of particles receiving the UV dose of 1Rjmore.
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Particle dose and area coverage of the configurations at L1H1 and L1H3 is almost identical with
the only differencebeing thatone islocated at bottom while the latter on the topf the duct

it appears as if lamp position in thaxis did not have any considerable eftect

L2H3 0% reflectivity L2H3 15% reflectivity
0.60 0.60 +
0.50 - 0.50
0.40 0.40
E 0.30 f 0.30
0.20 0.20
0.10 0.10
0.00 T T T T T T 0.00 T T T T T T
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.00 0.10 0.20 0.30 0.40 0.50 0.60
Xm Xm
L2H2 0% reflectivity L2H2 15% reflectivity
0.60 0.60 >
0.50
0.40 -+
E 0.30
0.20 -+
0.10
0.00 T T T T T T T T T T T T
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.00 0.10 0.20 0.30 0.40 0.50 0.60
Xm Xm
L2H1 0% reflectivity L2H1 15% reflectivity
0.60 0.60
0.50 0.50
0.40

£
< 0.30

0.20

UV lamp

0.10 -

0.00 ; ! . '
0.00 0.10 0.20 0.30 0.40 0.50 0.60
Xm Xm

Figure6.7 Cross sectiorat the outlet of the L2H1 L2H2 and L2H@&mp configuration at 0% and 15%iffuse wall
reflectivity showing lamp position and location gdarticles receiving the UV dose of 10 J2mnore.

For lamps located at the L2 position, the central lamp at L2H2 shows a slightly bigger area of
coverage; it appears that lamps located close to the walls do not allow for the full development

of the UV dos area coverage as seen in L2H1 and L2H3.
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L3H3 0% reflectivity
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Figure 6.8 Cross sectiorat the outlet of the L3H1 and L3H3 lamp configuration at 0% and 1&%use wall
reflectivity showing lamp position and location of parties receiving the UV dose of 10 J2more.

Lamps at L3H1 and L3H3 showed similar area coverage, with the only difference being that one

being located at the bottom and the other at the top.

6.4 Impact of airflow patterns

Airflow patterns and turbulencare defined by the lamp position within the system, which in
turn, impact its performance; it was found that turbulence do not show a direct correlation with
UV dose, however it appears that airflow patterns impact in the sterilisation performance of the

system. The following section reviews the impact of turbulence and airflow patterns.

6.4.1 Velocity profile

The contours of velocity show us that the airflow velocity redyagstsafter the lamp, and close
to the walls, creating an area (volumahere partcles travel relatively slower in comparison

with other areas of the duct.
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Figure6.9 Contours of velocity (m:%) for L1H2 (top), L2H2 (centre) and3H3 (bottom).

6.4.2 Turbulent kinetic energy (k)

Themodels were run using the-iturbulence model (explained in Chapter 5), which is just one

of the many turbulence models available (e.g. RNS, LES etc). In the case of these studies,
turbulence modeling is just a possible representation of the turbulendeabieur within the
system. Due to the lack of airflow data, it is impossible to validate a turbulence model.
Nonetheless, as all the designs were analysed under the same turbulence model, the results
work as direct comparison between them. Moreover it @ the intention of this research to

analyse turbulence models, there is literature information available on the {opiet al., 2007
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Chang and Young, 2004u, 2004, however, results from this research can lead to the study of

turbulence on irduct UVC system as future work.

The mean kinetic energy per unit mass is associated with eddies in a turbulent flow, plotting its
contours within the irduct systems can give us notice of wheatgbulenceis created. In
general, all single lamp configuration show little change in kinetiergy apart from the area

after the lamp.

Configuration at L1 show little changes on kinetic energy whether lamps are located at top
(L1H3) or bottom (L1H1) within the duct .Again, configuration at L2 show little change on the
turbulent kinetic energy @nfirming that lamp location in theY axis has little impact on
turbulence in the systenmLamps located at L3 show a turbulent kinetic energy contour which

has not developed entirely.
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Figure6.10 Contours of turbulent kinetic energy (K) f$2 for L1H1 (top), L2H2 (centre) andBH3 (bottom).

6.4.3 Turbulence intensity

The following figures show the percentage of turbulence intensity within the system, in general,
for all three configurations itan be seen how turbulence intensifies after the UV lamp and close
to the walls Figure6.11). Again, for lampocatedat L3, turbulence was not allowed develop

and just a small area after the lamp presentatensifiedturbulence.
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Figure6.11 Contours of turbulence intensity % forlH1 (top), L2H2 (centre) an8H3 (bottom).

6.4.4 Turbulent Reynolds number

Turbulent Reynolds number (fés defined byequation6-1:

" 0

Y Qk

Equation6-1

In which wis the normal distance to the wall at the cell centids the density of the fluidQis
the turbulent kinetic energy and is the dynamic viscosity. As explained in Chapter 5.1.2, the

Reynolds number is the ratio of the force of inertia otlee force of friction, and is a direct
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indicator of the type of flow, laminar or turbulent, of the system. It is assumed that a region is
fully turbulent when Re_y is greater than 200 (total val{f)SYS, 20).1

The contours of turbulent Reynolds number for lamps located at L1 was aideogical with
the only difference being that one is located at the bottom (L1H1) while the other is located at
the top of the duct (LLHFor lamps located at L2, the position L2ZH2 showdtigh turbulent
Reynolds number at the centre just after the lanmpboth planes Kigure6.12). The lamps

located at L3 do not allowed for a fully developed contour of turbulent Reynolds number.
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Figure6.12 Contours of turbulent Reynolds number (Re_y) fdH1 (top), L2H2 (centre) andBH3 (bottom).
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6.4.5 Irradiation profile

The irradiation profile shows how the UV light covers the volume within the duct, it can be seen
how in the cases of Lldnd L3 irradiation is stopped by the limits of the duct (beginning and end
of duct). More importantly, it can be seen how the walls receive the lowest irradiation values

on the scale
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Figure6.13 Contours of Irradiation (W.n#) for L2H1 (top), L2H2 (centre) and L2H3 (bottom).

The irradiation profile at Land L3show how the irradiation is not allowed to develop as it is

stopped by the walls. Lamps located at L2mbd have the obstruction of the front and rear
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ends, and just suffer from the top and bottom walls at L2H1 and L2H3, while L2H2 is allowed to

develop the irradiation profile in all directiorfBigure6.13).

6.4.6 Turbulence, Irradiation and UV dose

The sterilisation performance depends on UV irradiation, contact time of UV irradiation with the
microorganism and the susceptibility of the specific micgamism. Average irradiation is the

only parameter which shows a direct correlation with UV dose when lamps are positioned
perpendicular to the airflowRigure6.14). However this is not the only parameter that defines
average UV dose performanéas it will be seen in section@. Table6-5 shows the volume
weighted average (VA) value for % turbulence, turbulent Reynolds number (Re_y), velocity and

irradiation.

Table6-5 UV dose, turbulence and velocity.

15% Reflectivity | 0% Reflectivity VA VA VA VA
UV dose UV dose Turbulence Re_y Vel m.st Irradiation

J.m? J.m?2 % — ' w.m?
L1H1 9.14 7.81 12.79 900.90 2.50 12.49
L1H3 9.13 7.80 12.79 901.90 2.50 12.50
L2H1 10.94 9.16 12.61 876.54 2.50 14.77
L2H2 10.97 9.22 12.64 882.59 2.50 15.13
L2H3 10.74 8.96 12.58 874.42 2.50 14.78
L3H1 9.00 7.73 12.30 832.46 2.50 12.17
L3H3 8.86 7.60 12.26 830.47 2.50 12.17

VA= Volumeveighted Average
Re_y=turbulenceReynolds number

The VA was calculated as the summation of the product of the field variable (e.g. % turbulence,

Re_y, velocity) and cell volume, by the total volu@bISYS, 20){Equation6-2).

Qw1 Wws

e-lo

Equation6-2
Lamps located at L1 (beginniofthe duct) performed marginally better than lamps located
L3 (end of the duct), it was also noted that configurations at L1 carried higher ¢ndzul
(turbulence % and the turbulence Reynolds number) than configurations at L3 and L2, however
the VA irradiation was higher for the lamps at L2 with L2H2 giving them the highest average UV
dose Equation6-2). It was found that the only value that showed a direct correlation with the

average UV dose of the system was the VA irradiati&r0(B95) Figure6.14).
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Figure6.14 Correlation graph of UV dose vs % Turbulence (top) amddent Radiation (bottomYor the 15%
reflection system

In the case of turbulence, lamps at L1 showed the highest turbulence of all configurations, even
higher than those at L2, nevertheless, lamps at L2 showed the highest VA irradiation of all
configurations. Lamps located at L3 showed the lowest turbulendevékirradiation which in

turn was reflected as the lowest performance (in average UV dose) of all configurations. In the
case of L2H1 and L2H3 VA irradiation was almost identibdé turbulence was greater for the
L2H1 configuration, and also this cigufration had a slightly higher average UV dose (10.94 J.m

2 at 15% reflectivity and 9.16 Jhat 0% reflectivity) over the L2H3 configuration (10.74%%am

15% reflectivity and 8.96 Jhat 0% reflectivity).
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Figure6.15UV dose (J.r) received by particles at L1H1 (top) and L1H3 (bottpfigw moves from right to left

The effect of UV irradiation in the airflow can be seerfrigure6.15, where a high UV dose
stream is visible just after the lamp in the L1H1 configuration (top) as opposed to the L3H1
where the stream is small and does not develops entirely. At the end the differermsarage

UV dosebetween lanps in L1 and L3 waof about 3%, which would be insignificant for a real

operational system

An interesting result from the analysis of turbulence was the finding tindiLdiencealone does
not define the performance of the systems; insteai$ & combination of the volumaradiation

and the airflow patternswhich in turn can be influenced by turbulence

6.4.7 Sterilisation performance

Variations in average UV dose do not translate directly to sterilisation performance i.e. in the
case of the configuration L3H3 at 1%5eflectivity (8.86 J.nm) where the average UV dose was

up to 20% lower than the average dosel®2H2 (10.97 J1A) the difference in sterilisation
performance for a pathogen with a susceptibilities ranging freyo{0.038 mM.J* to 0.048 nt.J

1 (MS2 Bateriophage) would be of 5.7% approximately i.e. 36.55% Kkill rate for L2H2 vs 30.9%
kill rate for L3H3. This is due to the fact that sterilisation performance is linked to dose through

an exponential relationship (as discussed in ChapteE4ygtion6-3).
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Equation6-3

Where S= survival fractionk = susceptibility factor of pathogen and= average dose of the

system.

Figure6.16 shows he performance of the systems calculated using the mearado multk
susceptibility method over 10@eration (as described in chapter 5), assigning randomised
susceptibility values ranging from 0.0649.75 nt.J* to each patrticle. In all cases the standard
deviation was of about 0.5% kill rate. Maximum kill rate value and minimum kill rate value found

during the results are shawin the top and bottom outlier

89%

87% mA
85%

83%

81%

79% -

77% -

75% -

L1H1I  L1H3 L2H1 L2H2 L2H3 L3H1 L3H3
Lamp location

Sterilisation performance

Figure6.16 Average %kill rate for susceptibilities ranging from 0.01@.75 n?.J%. A) 0% refletivity and B) 15%
reflectivity, showing themaximum (top outlier bar), minimum (bottom outlier bar) and average value (main
column).

The biggest difference in performance was found to be of about 5% in kill rate in both cases at
0% and 15% reflectivity, and it happened when comparing L2H2 ag&H& Table6-6 and
Table6-7).
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Table6-6 Kill rate performance comparison matrix for UV susceptibilities ranging from 0.014 to 0.73mat 0%

reflectivity.
0.014-0.75 n?.J* (k) at 0% R
L1H1 L1H3 L2H1 L2H2 L2H3 L3H1 L3H3
0% R  %killrate | 79.80% 79.85% 83.56% 84.60% 83.18% 79.68% 79.60%
L1H1 79.80% 0.00% -0.05% -3.76% -4.80% -3.38% 0.12% 0.20%
L1H3 79.85% 0.05% 0.00% -3.71% -4.75% -3.33% 0.17% 0.25%
L2H1 83.56% 3.76% 3.71% 0.00% -1.04% 0.38% 3.87% 3.96%
L2H2 84.60% 480% 4.75% 1.04% 0.00% 1.41% 491% 5.00%
L2H3 83.18% 3.38% 3.33% -0.38% -141% 0.00% 3.50% 3.58%
L3H1 79.68% -0.12% -0.17% -3.87% -491% -3.50% 0.00% 0.08%
L3H3 79.60% -0.20% -0.25% -3.96% -5.00% -3.58% -0.08% 0.00%

Results expressed in percentage of performance

Increasingeflectivity within the system reduced the difference in performance between lamp

configurations, as it can be seen; now the difference in performance between L2H2 and L3H3 is

of 4.57% Table6-7).

Table6-7 Kill rate performance comparison matrix for UV susceptibilities ranging from 0.014 to 0.75'at 15%

reflectivity
0.014-0.75 n?.J* (k) at 13 R
L1H1 L1H3 L2H1 L2H2 L2H3 L3H1 L3H3
15% R  %kill rate | 83.79% 83.82% 87.22% 87.86% 86.94% 83.5006 83.29%
L1H1 83.79% 0.00% -0.03% -3.43% -4.07% -3.15% 0.29% 0.50%
L1H3 83.82% 0.03% 0.00% -3.40% -4.04% -3.12% 0.32% 0.53%
L2H1 87.22% 343% 3.40% 0.00% -0.64% 0.28% 3.72% 3.93%
L2H2 87.86% 407% 4.04% 0.64% 0.00% 0.92% 4.36% 4.57%
L2H3 86.94% 3.15% 3.12% -0.28% -0.92% 0.00% 3.44% 3.65%
L3H1 83.50% -0.29% -0.32% -3.72% -4.36% -3.44% 0.00% 0.21%
L3H3 83.29% -0.50% -0.53% -3.93% -457% -3.65% -0.21% 0.00%

Resultexpressed in percentage of performance

Lamps located at L2H2 at 0% reflectivity performed better than lamps located in L1 and L3 at

15% reflectivity, this highlights the impact of lamp position, as in this case lamp position had a

bigger impact thameflectivity (Table6-8).
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Table6-8 Kill rate performance comparison matrix for UV susceptibilities ranging from 0.014 to 0.75-th2tJ
15% vs 0% reflectivity.

0.014-0.75 n?.J* (K) at @ R
LIH1  LI1H3 L2H1  L2H2 L2H3 L3H1  L3H3

15% R %kill rate | 79.80% 79.85% 83.56% 84.60% 83.18% 79.68% 79.60%
L1H1 83.79% 3.99% 394% 0.23% -081% 0.61% 4.10% 4.19%
L1H3 83.82% 403% 397% 027% -0.77% 0.64% 4.14% 4.22%
L2H1 87.22% 7.42% 7.37% 3.66% 2.63% 4.04% 7.54% 7.62%
L2H2 87.86% 8.06% 8.01% 4.30% 3.26% 4.68% 8.17% 8.26%
L2H3 86.94% 7.14% 7.09% 3.38% 2.34% 3.76% 7.26% 7.34%
L3H1 83.50% 3.70% 3.65% -0.06% -1.10% 0.32% 3.82% 3.90%
L3H3 83.29% 3.49% 3.44% -0.27% -131% 0.11% 3.61% 3.69%

Results expressed in percentage of performance

Reducing the susceptibility to a range of 0.014Jnto 0.5 nt.J* amplifies the difference in

performance of the system configurations.
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Figure6.17 Average %kill rate for susceptibilities ranging from0Q4 - 0.5 n?.J.. Q 0% reflectivity andD) 15%
reflectivity .

When reducing the susceptibility, the difference between L2H2 and lamps located at L3 is in

average of 6%, this is when reflectivity is at (I%ble6-9).
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Table6-9 Kill rate performance comparison matrix for UV susceptibilities ranging from 0.014 to G5'at 0%
reflectivity.

0.014- 0.5 m2.J* (k) at 0% R
LIH1  LI1H3 L2H1  L2H2 L2H3 L3H1  L3H3

0% R %killrate | 71.55% 71.49% 76.17% 77.38% 75.64% 71.34% 71.28%
L1H1 71.55% 0.00% 0.06% -4.62% -583% -4.09% 0.21% 0.27%
L1H3 71.49% | -0.06% 0.00% -4.68% -5.89% -4.15% 0.15% 0.21%
L2H1 76.17% 462% 4.68% 0.00% -1.21% 0.52% 4.83% 4.89%
L2H2 77.38% 583% 589% 1.21% 0.00% 1.73% 6.04% 6.09%
L2H3 75.64% 4.09% 4.15% -0.52% -1.73% 0.00% 4.31% 4.36%
L3H1 71.34% | -0.21% -0.15% -4.83% -6.04% -4.31% 0.00% 0.05%
L3H3 71.28% | -0.27% -0.21% -4.89% -6.09% -4.36% -0.05% 0.00%

Results expressed in percentage of performance

When reflectivity is increased to 15%, the difference in performance between the various

configurations gets reduced (in averag&alfle6-10).

Table6-10Kill rate performance comparison matrix for UV susceptibilities ranging from 0.014 to 5"t 15%
reflectivity.

0.014-05m2.Jt (k) at 19% R
L1H1  L1H3 L2H1 L2H2 L2H3 L3H1  L3H3

15% R %kill rate | 76.55% 76.47% 81.02% 82.01% 80.67% 76.15% 75.85%
L1H1 76.55% 0.00% 0.08% -4.47% -546% -4.12% 0.40% 0.70%
L1H3 76.47% | -0.08% 0.00% -4.55% -554% -4.20% 0.32% 0.62%
L2H1 81.02% 447% 4.55% 0.00% -0.99% 0.34% 4.87% 5.17%
L2H2 82.01% 5.46% 554% 0.99% 0.00% 1.34% 5.86% 6.16%
L2H3 80.67% 4.12% 4.20% -0.34% -1.34% 0.00% 4.52% 4.82%
L3H1 76.15% | -0.40% -0.32% -4.87% -5.86% -4.52% 0.00% 0.30%
L3H3 75.85% | -0.70% -0.62% -5.17% -6.16% -4.82% -0.30% 0.00%

Results expressed in percentage of performance

An interesting result is that In both cases at 0% and 15% reflectivity the variation in performance
independently of the lamp configuration was minimal with standard deviations no gréeer

0.6% over a set of 100 runs (mortarlo analysis), this indicates that the reliability of the system

is constant, and although the general performance of the system is affected by lamp position
across the length of the duct, its reliability, meanitsgcapacity to keep a constant performance,

is not.

The more resistant the microorganism is to UV light, the biggest the impact lamp configuration

and reflectivity will have in sterilisation performance.

There was littleimpacton sterilisation perdrmance due to lamp position across the height of

the duct, e.gL2H1 and L2H3 where the difference in average UV dose was of merely 2.12%
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resulted in a difference in sterilisation performance of 0.38%, whichiissagnificantdifference

in performanceln a real system installation, both systems will perform virtually identical. The
tables of kill rate performance show us that lamps at L1 independently of position in Y
performed virtually equal, and the same is for lamps at L2 and lamps at L3. Thetledoeayas

no real impact regarding the position of the lamp along the height of the duct.

The difference in performance between lamps in L2 and L3 was also virtually null, meaning that
as lamp move away from the centre in either direction, their perfanceadecreases at the same

rate.

6.5 Alternative turbulence model k -5 .

The kr turbulence model(Chapter 5)is one of the most popularly used models, is not
computationally expensive in comparison with other models, and generally valid for fully
turbulent flows ( as is the case of the UVC systems here anal¢badt al., 200V The K.
(Chapter 5) is an alternative turbulence model that solves for kinetic energy and turbulence

frequency(Sumer, 2018

The first noticeable affectation of using an alternatturbulence model is the average UV dose
of the system. While the-k calculated a UV dose of 10.965 3.the k-. calculated a slightly
higher average UV dose of 11.264 3. reality such variation is minimal, of about 0.3°3.m

and will not have ay considerable affectation on performance.
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Figure6.18 UV dose distribution for L2H2 at 15% diffuse wall reflectivity solved with the (top) and the k.
(bottom) turbulence model.

The use of a differenturbulence model also affected particle trajectoriéSgure6.18 shows
the particles that received 10 Jhor more at the outlet of the duct. In the case of the k

model, the particles appear to be spread covering a wider area, with a considerable amount of

particles located close to the walls.
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Figure6.19 Crosssection at the outlet of L2H2 solved with the-k (left) and kr (right) turbulence model at15%
diffuse wallreflectivity showing particles receiving the UV dose of 10 3.more.

In the same manner that particles trajectories are affected by the use of a turbulence mode, the
residence time of particleis also influenced. While thetkcalculated an average residence time

of 0.69 m.g the k. calculated 0.72 msaverage residence time.

UV dose J.rA
<
UV dose J.rRA

000 020 040 060 080 100 120 140 000 020 040 060 080 100 120 140
Residence time (sec’ Residence time (sec

Figure6.20 UV dose and Residence time of particles for L2H2 solved with(left) and kR (right) turbulence
model.

When comparing the location of particles and the average UV dose they receive, we find that
the results are relatively similar. Slight differenceswltthat the k. model develops a more
even particle distribution along the x axis, meaning that particles passing between the gap of
the end of the lamp and the wall (in the x axis) receive a more even irradiation. While irrthe k
model is more evident t area after the lamp where particles receive less UV dose (located

between x 0.00 and x 0.10 in the bottom left graph).
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Figure6.21 UV dose received by particles at X and Y coordinates at the end of tha. d.2H2 solved with the -k
(top) and kr (bottom) turbulence model.

It appears as if the-K models captures the velocity profile in a more pronounced fashion, in
the top image it can be seen the ellipse of the fully developed air velocity profile at the inlet of
the system. Nevertheless, although the velocity profile appears slightly differbenvthe
system is solved using the. kturbulence, the average air velocity of the system remained the

same at 2.50 ms
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Figure6.22 Contours of velocity (m:%) for L2H2 solved with the K (top) and KRr (bottom) turbulence model.

The average volume kinetic energy of the system when solved with-théukbulence model
was calculated to be 0.0763%rs? which is significantly greater than kinetic energy calculated

with the KrRmodel.
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Figure6.23 Contours of kinetic energy (K) %52 for L2H2 solved withthe K 0 (12 L3 b FRIE&2Y0 § dzND d
model.

The volume average turbulence intensity of the system when solved with-théukbulence
model is of 21.63%, which is considerably higher than the value calculated when using the k
turbulence model (12.64%). It can be seen how the turbulence intensity is calculated to be
greater before the UV lamp when solving with the knodel,while the kr did not developed

turbulence before the UV lamp.
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Figure6.24 Contours of turbulence intensity % for L2H2 solved withthe K 6 12 L3 BERIG&¥2Y 0 { dzND o
model.

The volume average turlence Reynolds number was also higher for thetkrbulence model

which calculated to be 1593.99 as opposed to for the system.
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Figure6.25 Contours ofturbulent Reynolds numbe(Re_y for L2H2 solved withthe K 0 (2 L3 & §FR(G ¥2 Y0
turbulence model.

The volume average turbulence Reynolds number was also higher for. tiherkulence model

which calculated 1593.99 for the system as opposed to 888.59 when usinertmedel.

Albeit all the differences in turbulence results and velocity profiles, the performance of the
system is relatively unaffected by the selection betweenakd the k. (1 dzND dzf Sy OS Y2
a theoretical microorganism with susceptibility ranging from 0.024¥h(susceptibility of B.

subtillis spores) to 0.75td the k. KIF a 'y | @SNI 3S LIS NF 2rNd6wsy OS 2
87.86%, and for a susceptibility of 0.014.#to 0.50 nt.J! the performance is 82.08% and
82.01% respectively={gure6.26).
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Figure6.26 Sterilisation performance for range of susceptibilities 0.014 to Ori5J2 (top) and 0.014 to 0.5 3!
(bottom).

In conclusion, the use of a different turbulence model (betweenk I ¢ R 1 dzNDb dzf Sy OS
did not affect the calculation of performance of the systethe CFD models here presented

used the kRmodel due to lower computational costs and tiassolving times.

Table6-11 Performance %kill rate comparison against specific microorganisms for the L2H2 solved withrhe k
and the k. turbulence model.

% Kill rate
_ _ K Shoulder
Microorganism ma2.J1 n k-R K-+
Band width width
B. Subtillis 0.014-0.020 1-3 4.85% 5.05%
E. coli 0.056-0.091 - 53.08% 53.58%
M. bovisBCG 0.170-0.360 - 90.94% 90.93%
M. tuberculosis 0.107¢ 0.550 - 91.71% 91.72%
P. aeruginosa 0.412-0.530 - 98.50% 98.44%

6.6 Parallel lamp configuration

In the previous models, lamps were located perpendicular to the airflow. This section explores
how lamps are positioned within the duct, parallel or perpendicular to the airflow, and the

impact on performance.
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The configuration.2H2 at 15% reflectivity was modelled as parallel to the airffagufe6.27)
using the same lamp power, duct design and operation parameters as stated in &tioh

this chapter.

direction of airflow

1830mm
outlet 610mm L2H2 parallel Inlet
<—

Figure6.27 Lamp configuration schematics of L2H2 parallel.

6.6.1 Particle dose distribution comparison

The particle dose distribution of a lamp located parallel at the centre of tloe @2H2 parallel)
showed a peak at approximately 9 Fwihile the average UV dose of the system is of 17.36 J.m
2, which is considerably higher (almost double) to that of the L2H2 perpendicular (10:9Y J.m
(Figure6.28).

~ 173~



L2HZparallel
Average UV dose 17.36 Ji

25 4
=20 - Paralle} Full spectrum
S
o)
© 15 -
% —— Paralle}l Lower than average UV dos
510 -
Q
X 5 | —— Paralle} Higher than average UV dos

0 10 20 30 40 50 60 70 80 90 100
Dose J.n?
L2H2 perpendicular
Average UV dose 10.97 Jin

25 4
= 20 - n Perpendicular Full spectruml
c iy
> 1
o 1
15 - 1 :
% I PerpendicularLower than average UV dos
S04 !
o | A
X . ':"\\ ————— Perpendicular Higher than average UV dos

AN
0 L S ; ; ; ; ; ; ,
0 10 20 30 40 50 60 70 80 90 100

Dose J.n?

Figure6.28 UV dosedistribution for configuration L2H2 parallel vs perpendiculakverage UV dose at the
crossing of lower and higher than average UV dose.

The particle dose distribution is very similar for both configurations (L2H2 parallel and L2H2
perpendicular), and the difference appears to be created by patrticles receivingtaidiation

in the area close to the lamp when the lamp is positioned parallel to the airflow.

While the highest UV dose received by a patrticle in the L2H2 perpendicular configuration was of
60 J.n?, for the L2H2 parallel the highest UV dose receivedsrticle was more than 100 J.m

2, with a few receiving up to 150 JinThis is to highlight how albeit lamp power inside the UV
system remained constant, lamp position hasdignificanteffect on the irradiation received by
particles This also shows or& the reasons why the average UV dose of the L2H2 parallel

system is higher than that of the perpendicular configuration.
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Figure6.29 Cross section at the outlet of the L2H2 perpendicular (top) and L2H2 parallel (bottom) lamp
configuration at 15% reflectivity showing lamp position and location of particles receiving the UV dose of 30 J.m
or more.

Particles passing close to the lampe&e higher UV irradiation, while just a few particles
manage to receive the UV dose of 303.ar more for the @rpendicular configuration, the
paralld configuration allowed for many more particles to receive such UV dose or more, hence

the average UVake of the system is increased in the latter configuration.
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Figure6.30 Cross section at the outlet of the L2H2 perpendicular (top) and L2H2 parallel (bottom) lamp
configuration at 15% reflectivity showinmp position and location of particles receiving the UV dose of 109.m
more.

Now, if we consider particles receiving just 104.mhich was the representative dose used to
compare area of coveragef the different lamp configurations earlier this chaptdtr can be
seen how the perpendicular configuration covers almost all the width of the decti§) while

the parallel configuration focuses the area of coverage at the centre of the Bligeir6.30).

The L2H2 parallel configuration had a higher average UV dose because it allowed a group of
particles, those passing close to the lamp at thatee of the duct, to receive particularly high

UV doses.

6.6.2 Sterilisation performance comparison

Perhaps, it is more interesting to analyse the calculated performance of the two systems at
different susceptibilities. If we use a single number as suimiéties e.g. 0.75 rhJ%, 0.5 nt.J!

etc we would see that difference in performance is minimal between the two lamp
configurations, and important changes would only be visible at susceptibilities of.0*lon

less Figure6.31).
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Figure6.31 Performance kill rate of UV system L2H2 perpendicular (A) vs L2H2 Paralladi(i)) static
susceptibilities

Nevertheless, we know from the research shown in Chapter 3rtfietoorganism do not have
single numbesusceptibilities, instead the susceptibility of a microorganism consist of a range
of values (minimum and maximum value) akin to a band width in theegpaibility spectrumas
suchE.colifor example will have a susceptibility band width of 0.@35091 nt.J* at 70% RH
depending on the particular strain and environmental conditions. If we would have the
theoretical case in which the UV systems herespnted would be injected with a group of
microorganism with random susceptibilities normally distributed in a range from 0.G1# m
(minimal susceptibility found fdB. subtillisspores) to various maximum susceptibilities values
(i.e. 0.75 M.J%, 0.5m?J etc), which is a more likely scenario in a real life installation, we would

find that a) the average performance kill rate of the system is reduced and b) that the difference

in performance between the systems becomes more evideigure6.32).
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Figure 6.32 Performance Kill rate of UV system L2H2 perpendicular (A) vs L2H2 Parallel (B) usingwdthd
susceptibilities(band ranges) showing the maximum (top outlier bar), minimum (bottom outlier bar) and average
value (main column).

Table6-12 shows the calculated kill rate f@pecific microorganism susceptibilitigs, give an

idea ofhow the two systems would compaie a real life installation

Table6-12 Performance %kill rate against specifiticroorganisms.

% Kill rate
. . K Shoulder L2H2 L2H2
Microorganism mz2.J1 n .

Band width width perpendicular parallel

B. Subtillis 0.014-0.020 1-3 4.85% 9.54%
E. coli 0.056-0.091 - 53.08% 60.55%
M. bovisBCG 0.170-0.360 - 90.94% 92.35%
M. tuberculosis 0.107¢ 0.550 - 91.71% 93.03%
P. aeruginosa 0.412-0.530 - 98.50% 98.64%

6.6.3 Turbulence and Irradiation comparison

The lamp parallel to the airflow improved the average UV dose of the system, and reduced its
turbulence. Neverthelessn a real operational installation, the parallel design will need

mounting brackets which will affect its turbulence.

It is also of importance to note that the parallel system did not show a higher volume average
irradiation and yet it showed a higher aage UV dose, meaning that volume average
irradiation of the system is not what defines its performance and its correlation with

performance ceases when lamps are located at a different angle against the airflow e.g.
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comparing volume irradiation of a langarallel to the airflow to a lamp perpendicular to the
airflow. Instead, the performance of the system is a combination of irradiation and airflow

patterns.
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Figure6.33 Contours of turbulent kinetic energy (K) si52 for L2H2 paralle{top) and L2H2 perpendicular
(bottom).

Theturbulent kinetic energy of the parallel lamp system is relatively low, as it can be seen the
kinetic energy across the height and the width of tuct is reduced to a short stream locdte

after the lamp, opposed to what happened when the lamps were located perpendicular to the
airflow, where a stream of kinetic energy and turbulence is generated across the width of the

duct.
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Figure6.34 Contours of turbulence intensity % for L2H2 paral{edp) and L2H2 perpendicular (bottom)

The percentage of turbulent intensity was reduced with the lamp positioned parallel to the
airflow; the volume average turbulence for the parallel lamp system was of 12.11% which is
lower than in any of the perpendicular lamp design, reinforcing the eweehat turbulence

can be either an advantage or a disadvantage for the effectiveness si/item performance
(Chang and Young, 2007
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Figure6.35 Contours of turbulent Reynolds number (Re_y) for L2H2 pardttegh) and L2H2 perpendicular
(bottom).

The volume average turbulent Reynolds number for the L2H2 with lamps parallel to the airflow

wasthe lowestif comparal against the perpendicular lamp configurations.

The idea of low turbulence being beneficial for UVC sterilisation has been previously analysed

by Changand Young (2007)n a theoretical study they concluded that turbulence can either
increase or decrease the sterilisation performance of a UV system. Whén 2KID the
effectiveness of the UV system is increased, wiitehe case of 2KID 2éhe effectiveness is

reduced? KSNB + A& @St20A0@8X Y Aa GKS YAONR2NHI )
and D is the longitudinal diffusion coefficient. Nevertheless, the study was a theoretical model

and was not validated against physical or mitetk data.

~ 181~



4.50e+00
I 4.28e+00
4.05e+00

3.83e+00
3.60e+00
3.38e+00
3.16e+00
2.92e+00
2.70e+00
2.47e+00
2.25e+00
- 2.03e+00
1.80e+00
1.58e+00
1.3be+00
1.12e+00
9.00e-01
6.7be-01
450e-01
2.2be-01
0.00e+00

Figure6.36 Contours of velocity (m:$) for L2H2 parallel.

In regards to velocity, the parallel configuration showed to have higher velocities within the
duct, hence shorter residence time tie particles injected in comparison with the lamps
located perpendicular to the airflow. Nevertheless, it was also found that particles with the
longest residence time were not the ones with the highest average UV, tlusédiighest UV
dose was reached byarticles within the average residence time which for the L2H2 parallel
configuration was of 0.69 seconds while for the L2H2 perpendicular was of 0.71 sé€igus
6.37).
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Figure6.37 UV dose and Residence time of particles. L2H2 parallel (left) and L2H2 perpendicular (right).
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Residence time did not have any correlation with the UV dose received by the particleg, in fa
the particles with the longest residence time wamaong the particles with the lowest UV dose

this meanghat although the particles spent longer times inside the UV chamber, they did it in
areas of low UV irradiatiorkigure6.38 shows thatparticles located at the duct wahlgere the
particles with the highest residence time, and as we know from the findings in section 6.3 and

6.4, the walls are the areas thagceive the lowest irradiation.

Figure6.38 Residence time and particle position across the width (X) and height (Y) of the duct. L2H2
perpendicular (Top) and L2H2 parallel (bottom)

The particles that redeed the highest UV irradiations were the particles passionge to the

lamp. For the L2H2 parallel system, as the lamp is located at the centre of both the X and Y
planes, the particles receiving high irradiation where also located at the centre iritiEo¥and

Y position. For the L2H2 perpendicular configuration, where the lamp is located at the centre in

the Y position but across in the X position, the particles receiving high irradiation where at the

centre of the Y axis, while particles across thexis received even irradiatiofigure6.39).
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