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Several studies have linked nosocomial transmisaiidiorne diseases to airflow in
healthcare settings. Quasi-experimental methoddeareloped to observe the
aerodynamic transport behavior of synthetic respiygparticles in corridors of a
hospital. Computational models, validated by expernital results, are then developed to
explore the spatial relationships of supply-exhairstentilation in patient corridors. The
aim of this study is to determine optimal HVAC dgsstrategies to contain and remove

airborne contaminants in healthcare environments.

In addition to occupant comfort, hospital HVAC sysis are designed to provide
ventilation and directional airflow to contain, u# and remove contaminants including
airborne disease. Of 183 epidemiological studiddigived worldwide from 1960-2005,
however, only 10 studies were deemed by a panateational experts as having
conclusively demonstrated the effectiveness ofilatitn to control the spread of

airborne disease in healthcare settings.

Two experimental tests were conducted; one plgeatignt corridors under directional

airflow and the second placing the corridors umder-directional airflow. The purpose



of these tests was to observe the spatial-tempoyaément of artificially-generated
aerosols with respect to particle size and verditatnode and to assess the probability of
contamination from infectious sources inside anidide of the patient area. Next,
computational fluid dynamic (CFD) models were depeld and validated by
experimental results to test several ventilatidagavith modified supply-exhaust air

system configurations in patient corridors.

Results suggest that dissemination of bio-aerasdisspital corridors could be
exacerbated by directional airflow caused by eitherspatial arrangement of supply-
exhaust air ventilation, or, the pressure relatigmbetween the corridor and
surroundings spaces. Within the non-directionaheutral’ airflow regime, modified
supply-exhaust air system configurations reducedlaae particle concentration 30% and
transport distance more than 60% without increaginghange rate. Aerosaf®.5um,
however, were observed more than 30m from the sowith comparatively less regard
to airflow mode or supply-exhaust air system camfagion. Ventilation arrangements

can potentially reduce concentrations and imprasgibutions of particles. And, higher

ventilation rates do not necessarily culminateattdy results.
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CHAPTER 1: INTRODUCTION

1.1 Introduction

Certain pathogens are transmitted through air bgiratory droplets that desiccate
shortly after emission and fordroplet nucleit. Droplet nuclei are sufficiently small
(<5.0um) to remain suspended in air indefinitehd #éus, create a pathway between an
infected and susceptible persohis process is called ‘airborne transmissiorithdrne
transmission from a source to a susceptible deifftsnumerous factors. Some engage
biological and epidemiological parameters in tl@$mission mechanism. While others
focus on physical phenomena causing pathogenséadmithin a particular function
space (e.g. corridors of a hospital). In a sefgeldtter are the engineering parameters
and include geometry of the space, ventilatiortesjias, and pressure relationship with
adjacent spaces. Regardless of the route, trannemissproportional to the number of
infectious agents, or quantum rate Thus, engineering endeavors are invariably fotuse
on finding strategies to remove, disinfect, andtaoninfectious quanta. This of course,
is of utmost importance in healthcare environmeurttsre infectious agents are rife and
diverse. Particularly, patient corridors host hurtraffic of a vast variety of individuals
including patients, visitors, and healthcare waskgtCW’s). The source in corridors is
neither sedentary nor microbiologically identicdlish demands an astute use of

engineering tools to design a healthier environment



1.2 Context of the Problem

1.2.1 Healthcare Associated Infection (HAI)

Approximately one in every ten hospitalized paseai¢als with healthcare associated
infection (HAI) after admission. The evident resuflthis is prolonged stay in hospitals
and more therapeutic interventiarSuch interventions entail a direct cost of prawid
care in addition to indirect costs that are alsmired to patients due to workplace
absenteeism and intangible costs attributed to gmised by the infection. In 2002, the
annual number of HAI in U.S. hospitals was appratety 1.7 million of which 98,987
deaths were associated with the infection. Thiséad has ranked HAI's as the fifth
leading cause of death in the United States. Aeldepk reveals that airborne infection
is a prominent route of disease transmission ifthesre environments. Maggil et &l.
reported pneumonia and surgical-site infectiorhasitost common types of HAI
(21.8%). AccordinglyS. aureusandKlebsiella Pneumoniadyoth known to disseminate
via airborne routé® are amongst the top three agents causing infeictibealthcare
environments. Moreover, Weber et%ashowed that only 21% of pneumonia is due to
unsterile ventilator (device-related) which leaaésut four-fifth of it attributable to the

airborne route.

Such tragic data has compelled the Department afttland Human Services to target
the elimination of HAI's as a priority. In fact, honly the governmental authorities are
anxious to mitigate this problem, healthcare managealso keen to address it in a

systematic, and perhaps, less costly manner.



1.2.2 Energy Consumption

High energy consumption is a serious issue in heaie facilities that, indeed, ensues
from the prevention of healthcare associated irdactUnlike residential and office
buildings, hospital heating, ventilation and aindiioning (HVAC) system is generally
not ‘load’ driven, but is predicated on providingeguate ventilation air to maintain a
wide range of directional airflow relationships aidchange rates to contain, dilute and
remove hazards such as volatile medical gasescydates ancirborne diseaseFor
example, patient corridors are typically an integpace with low density occupancy for
which a comfort-based design produces less thamiombange per hour (ACH). Despite
this, ASHRAE Standard 170-2008 recommends 4ACHb&bient corridors. The average
healthcare facility has 3-5 times the energy useniity of a typical office buildingf.
Although hours of operation and equipment ‘plugids contribute to disproportionately
high energy consumption in hospitals, HVAC systatsount for more than two-thirds

of all energy use (Figure 1-1).

\

Heating -
Ventilation & Air- Ventilation
Conditioning Fans
(HVAC) cex

74% Cooling 12%

OA Conditioning 7%
Pumping 6%
Misc/Auxiliary 6%

-

Figure 1-1 Hospital Energy Use by Sourcé



1.3 Research Question Development

Several codes and standards have been develofegidiate a set of minimum
requirements for ventilation systems in healthear@ronments. For example, the
American Society of Heating, Ventilation, Refrigéoa, and Air-Conditioning Engineers
(ASHRAE) issues a specific standard pertainingaietiation of healthcare faciliti€'s.
Other organizations such as World Health OrgaroraivHO), and the American
Institute of Architects (AIA) have also set forwaetommendations in this regaid
In specific, ASHRAE Standard 170-2013 provides bl&&ontaining requirements on
pressure relationship with adjacent spaces, minimemtilation rates, air recirculation,
and thermal comfort parameters (Figure 1-2). Thp&se of this standard is to define
ventilation system design requirements that proeitléronmental contrdlor comfort,

asepsisand odor in health care facilities.

TABLE 7.1 Design Parameters (Continued)
Pressure All Room Air Air Design

Function of Space Relationship to NCIJIEItr(;](;J(;Tr] Minimum Exhausted Recirculated by~ Relative TemD:rsa{tgunre 0
P Adjacent Areas ach Total ach Directly to Means of Room Humidity (k) EF JoC
(n) Outdoors () Units (a) %
Combination All/PE anteroom (e) NR 10 Yes No NR NR
Labor/delivery/recovery/postpartum (LDRP) (s) NR 2 6 NR NR Max 60 70-75/21-24
Labor/delivery/recovery (LDR) (s) NR 2 6 NR NR Mag 70-75/21-24
Patient Corridor NR NR 2 NR NR NR NR

Figure 1-2 ASHRAE Standard 170, Design Parameters
As can be seen, aside from the thermal comfortinpetexs (e.g. Temperature and
Relative Humidity), there are major requirementggring to the space hygiene and
infection control. Engineering parameters suchegilation rates and space
pressurization are deemed to affect the spreadhbfevpathogen®. Regulating these

requirements, however, has been the most eminagtratic step toward the research
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problem, if not the only one. As a result, ventdatrates and pressure relationships with
adjacent spaces have been regulated with respspate function. These numbers seem
to be consensus based meaning that they have baeedifrom the experience of

scholars in the field®17

Furthermore, there seems to be a paucity of relsdrmsed evidence to quantify
engineering parameters (e.g. ventilation rate) ettative to occupants’ health and well-
being. Of 183 epidemiological studies publishedldwide from 1960-2005, only 10
studies were deemed by a panel of internationamxjas having conclusively
demonstrated an association between airflow anttanemission of airborne disease.
Collectively, data was insufficient to specify mimim ventilation standards to control
the spread of airborne disease in any setfinigp another multidisciplinary review,
Sundell et al. revealed an uncertainty as to tha faf the ventilation-health relationship
19, Although many studies observettend between ventilation rate and health, the real

relation and the attributed mechanisms have stiiained ambiguous.

In particular, studies of this nature do not efastpatient corridors. In spite of this, the
ventilation rates have recently been changed fraxCH to 2 ACH in the latest version
of ASHRAE Standard 170-2013 Moreover, pressure relationship with adjacentepa
is not required (NR) for patient corridors by ASHRAvhich can possibly turn into an
infinite number of legitimate design strategiess@lunlike airborne infection isolation
rooms (AIIRS), no recommendations have been pplaoe for the exhaust air grille

and/or supply diffuser placements.



Therefore, this dissertation aims at testing thteexticity and reliability of
recommendations made by current codes relativeliorae particle dissemination

within patient corridors. Specifically, the follomg questions will be addressed:

1. What pressure relationship must be maintained tieqacorridors relative to
adjoining spaces in order to mitigate airborneipl@spread?

2. What is the impact of ventilation arrangements iopoane particle dissemination
for a given ventilation rate? In other words, hawld engineers control the
motion of airborne particles by means of alterimigt/outlet arrangements as
opposed to increasing ventilation rate (i.e. maorergy)?

3. How does ventilation rate influence the concentratiand distributions of

airborne particles within patient corridors?

1.4 Research Design
Both quasi-experimental and computational proceslwere employed to address the
research questions. In fact, a series of tests emrducted in an actual hospital’s
corridors, which was decommissioned at the timexjdore the aerodynamic
behavior of surrogate particles. Next, CFD modedsendeveloped, and validated by

experimental results, to further study cases sjgadif on various ventilation rates.

1.5 Dissertation Organization
In the following contribution, in Chapter 2, a rewi of the selected literature is presented
with respect to airborne infection, theoreticalkground of indoor air motion, and

particle tracking techniques. In Chapter 3, theeeixpental setup and equipment used are
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presented and ample information about the patianti\geometry and mechanical system
is provided. Next, the CFD development procedungsraiances of computational
modeling are elaborated, and the CFD model vabdas discussed. In Chapter 4,
experimental results of two conducted tests areugdsed. Subsequently and in Chapter 5,
computational results are presented as a threeifpjareliminary results, 2) results
pertaining to space pressurization, and 3) regeitiining to ventilation rates. In
Chapter 6, this dissertation concludes by discgdsaw the findings support (impugn)
current codes. Specifically, ASHRAE Standard 1&@»nmmendations on pressurization
and minimum ventilation requirement will be questd. Based on the evidence, the
non-directional flow strategy is suitable for cdors. Moreover, increasing the
ventilation rate does ngrroportionallylower particle concentrations, and therefore, is

not necessarilthe solution.



CHAPTER 2: LITERATURE REVIEW

In this chapter, early works on airborne infectiomealthcare settings are reported and
summarized. Particularly, studies focusing on itigctransmission as well as indoor air

and particle motion are of interest and will becdissed separately.

2.1 Infection in Hospitals

Acute respiratory disease (ARD) is the leading eaafsnfectious disease morbidity and
mortality in the world, resulting in nearly four ilion deaths each ye&?. ARDs that
constitute a public health emergency of internai@oncern include severe acute
respiratory syndrome (SARS), pandemic influenzaupmonic plague and human
episodes of avian influenza. Although many othemagare capable of producing
contagious respiratory disease, (e.g. rubellacela, etc.), large-scale outbreaks with
high morbidity and mortality are comparatively rafeberculosis seldom presents as an
ARD, but its infectivity, particularly within theyblic transportation and healthcare
environment, is also cause for international coméerPneumonias account for <15%

hospital acquired infections (HAIS) but result iom than one-third of all HAI death3

Establishment of infection control procedures, udahg environmental controls, is
critical for containment and removal of pathogdret tmay otherwise constitute a major
public health threat, particularly in clinical sefs. Environmental controls are based on
the known transmission routes of the disease atidda methods to reduce the
concentration of infectious agents in the air andwrfacesContact transmissioof

microorganisms can occur by direct body contaavbeh an infected person and
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susceptible host, or, by indirect contact with ataminated objecDroplet transmission
occurs when respiratory droplets, usuallymbin size, are propelled a short distance
(<1m) from an infected person and deposited orctimunctivae, mouth, nasal, throat or
pharynx mucosa of another persénAirborne transmissionf disease is caused by
desiccated respiratory droplets (e.g. droplet nyalsually <qum in size, that remain

suspended in the air over long distances and time.

A patient with an airborne infectious disease nesguairborne precautions,
including placement into an airborne infectioudaton room. Infectious isolation rooms
are prioritized for patients with obligate or prefistial airborne infections, and, for
patients infected with novel ARDs with no inforn@ation possible routes of
transmission. An infectious isolation room is amowith >12 air changes per hour
(ACH) andinward directional airflow designed to contain, dilutedaeemove airborne
contaminants. An ACH is a volume of air equal te Wolume of the room that will be

replaced in one hour.

Inward directional airflow prevents contaminatedfeam leaking out into corridors and
other adjacent spaces and is achieved by creatigatine air pressure within the
isolation room. For isolation rooms with 0.05on less air leakage are#2.5Pa negative
air pressure can be achieved by exhaustbil /s more air than is supplied to the room
13,1423 A patient requiring only standard, contact orpdied precautions may be placed
into a general patient room where source controdspersonal protective equipment
(PPE), not special ventilation procedures, maydogired to prevent disease

transmission.
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The rationale for determining minimum ventilatiates is based on two main
factors; the effect of ventilation on the concetraof airborne contaminants, and, the
effect of ventilation on the infection probabilfiyr known airborne diseasés To
determine the time necessary to reduce an inbiatentration of contaminant to a
desired or ending concentration of contaminantfalewing concentration decagr

'purge'equationcan be usedt;

Where;

t = time (s)

V = volume of the space @n

Q = ventilation rate (ifs)

¢ = contaminant concentration, initial (gdm

¢4 = contaminant concentration, ending (§/m

In the above equation, the ratio of ventilatiomdom volume can be expressed as
an ACH (Air Change per Hour). Similarly, the ratibinitial contaminant concentration
to ending concentration can be expressed as anagecof removal, usually 90%, 99%
or 99.9%. Using this simple equation, the time ssagy to achieve a desired removal
efficiency can be determined relative to ACH. Forsolation room with 12 ACH, the

initial contaminant load can be reduced by 90%2nrinutes, 99% in 23 minutes, and,
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99.9% in 35 minutes. This calculation, howeveruasss an initial contaminant
concentration, pure ventilation air and perfectingxnot a continuous release of

contagion from an infectious patient under lessalid&flow conditions.
To determine the concentration from a constantasnimant source within a
room, the followingdilution ventilation equatioran be used;
dc i

VE=Q(CO_ ) + Voot 2
Where;
dc = change in concentration
dt = change in time
Co = contaminant concentration, supply air (&/m
¢ = contaminant concentration, room (§fm
Vpol = contaminant generation rate (g/s)
Solving for room contaminant concentrati@p &t any point in time,
Vp

c=(c, + QOI)(l —e ™)+ cie™™ 3

Where;

n = air change rate.
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For the purpose of determining long-term exposunere time t) is very large, the initial
room concentrationc() becomes less significant, while the contaminamegation rate
(Vpol) and ventilation rate() approaches the following simplified, steady-s&kition;

v,
pol
)

c=(c, + 0

Again, these computational methods indicate tigitdr ventilation rates reduce
the time necessary to remove airborne contaminanggesting that the exposure time
and infective dose may be reduced. These mathexhatadels assume perfect mixing
where the contaminant concentration is the same/ebere in the room, such as a
gaseous pollutant. Airborne disease, however, stmefpathogenic microorganisms
aerosolized on small particles or in droplets. kink gas, the concentration of particles
in the air is not uniform, but is determined bytjgde size, settling velocity, particle-
particle interactions, surface deposition and@wfl The length of time particles remain
suspended in the air is largely governed by parsce, which is determined by the fluid
containing the organism(s), the force at emisdioa,nitial size of the droplet,

temperature, humidity and the size of the orgars$mv(thin a drople®.

Several studies found that respiratory activitigshsas coughing and sneezing can
produce between 500-40,000 expiratory dropletepent with mean aerodynamic
diametersd,) between 1-15urh?627 More than 70% of these droplets were found to be
in the respirable range of 10um or 165%, each capable of supporting a poly-microbial
composition of viruses (0.02-0.3um) and bacterid-@0um). Device-generated

aerosols can produce droplets in even greater atnatens and much smaller in size,
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which are more able to cause infection with a senalbse’®-2¢ Of cough-generated
aerosols containing viabMycobacterium tuberculosi®0% were found in particles
<5.0um?3’. With deposition velocities between@nd 16 m/s, particles <5.0um can
remain suspended in airflow almost indefinitélyEven particles >5.0um can remain

airborne by the movement of ventilation air, peawie medical equipme#it

Given the complexities of quantifying airborne paet concentration and behavior, the
Wells—Riley equatiowas developed to approximate the effect of veiiteon the

infection probability for known airborne diseasgpecifically, the Wells-Riley equation
considers not only the concentration and lengttinod pathogenic particles are present in
the air, but also other epidemiological and envimental factors such as the infectivity of
the pathogen (g) and survival of the pathoge®([yhe parameters used in the Wells—
Riley equation (below) include ventilation ratengeation of infectious droplet nuclei

(e.g. 'quanta’) and duration of exposure;

Where;

P = probability of infection for susceptible
D = number of disease cases

S= number of susceptible

| = number of infectors
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p = breathing rate per person¥s)

g = quantum generation rate by an infected persoantaus)

t = total exposure time (s)

Q = outdoor air supply rate (is).

According to the Wells—Riley equation, the prolligpof infection through
infectious droplet nuclei is inversely relatedlte wentilation rate. For a patient
producing 1 quanta/min in a 118msolation room with 12 ACH, the estimated risk of
infection for 15 minutes of exposure is approxirha@37%. For the same patient
producing 6 quanta/min during a bronchoscopy, #tienated risk of infection for 15
minutes of exposure increases to 2.25% for sudseptinprotected cohort patients or

healthcare workers (HCWSs).

Although the Wells-Riley equation has become tlostwidely accepted model
for airborne disease transmission in indoor envirents, it also assumes steady-state
airflow conditions and ignores the proximity of eeptible people to an infectious source
and the random, stochastic transmission behaviemall populations in a clinical setting
40, Invariably, computational methods may be unablgpecify minimum ventilation
standards without supporting epidemiological evaderyet, of 183 epidemiological
studies published worldwide from 1960-2005 with\keyds or medical subject headings
(MeSH) pertaining to airborne transmission of cominable respiratory diseases, only

40 studies provided data on ventilation. Of thesdy 10 studies were deemed by an
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international panel of experts as having conclugidemonstrated an association

between airflow and the transmission of airborrsedsés.

Only one study of 1,289 HCWs in 17 Canadian hokpftaind a conclusive association
between and ventilation and airborne disease tri@sgm in a clinical setting. In this
study, tuberculin conversion was 3.4 times highgyatient rooms with <2.0 ACH when
compared to patient roora®.0 ACH*L. Results, however, were insufficient to
recommend a minimum ventilation rate for infectammtrol, or, a maximum ventilation

rate above which there was no further reductioimfeiction risk.

Five other studies, however, were able to demates&raonclusive association between
directional airflow and the transmission of airb®isease. In one such study, a pediatric
patient receiving respirator-assisted ventilatiothwaricella zoster virus (VZV)
pneumonia was implicated in the transmission obsdary infections to 13 of 24
susceptible cohort patients. Retrospective studigsd that the index patient’s room had
no exhaust, resulting in a positive (outward) airfipressure relationship with respect to
the corridor and adjacent spaces. Analysis of diygaatient room having a 90% attack
rate found the supply air system inoperable, regylh a negative (inward) airflow-

pressure relationship with respect to the indeieptis room and corridd?.

In a similar study, secondary VZV infection occuria eight out of 36 susceptible
patients despite isolation procedures. Tracer §&9 (eleased in the index patient’s
room following the outbreak reached concentratiarthe corridor as high as 10% of

those inside the patient room. Concentrations eft&#n ‘halved’ every 4.9-7.3m in the
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adjacent corridor. Correspondingly, attack ratedided at roughly the same rate as the
decline in SEconcentration. All infections occurred in roomsdé¢han 30.5m from the

index case where $tas detected in the adjacent corritfor

A later study found that secondary VZV infectiorcored in seven out of 41 susceptible
pediatric patients who were in the same ward asmaex patients isolated in rooms
without negative pressure ventilation. The pediattaff later moved to another facility
equipped with negative air pressure isolation u@tger a period of one year following
the relocation, six index cases were admitted wutianeous VZV into the care of the
same pediatric staff utilizing the same isolatioogedures used in the previous facility.

Of 110 susceptible cohort patients, none developsdcomial chickenpoX.

In a rural U.S. hospital, nine secondary caseslmrculosis and 59 tuberculin skin test
conversions occurred after exposure to a patietht large tuberculous abscesses.
Tuberculin reactivity among patients in rooms a€pdado the index case was 2.9 times
greater than those located on the other end afdh@lor. Results of retrospective air
flow studies found that the exhaust air was payti@bstructed, causing the index

patient’s room to pressurize with respect to theidor and adjacent spacts

More recently, evidence has shown that airbornestréssion of SARS is possible,
especially for the epidemics that occurred in HKiegg and Torontd®4’. In both events,
there was a clear association between the temppatial infection pattern between the
index case and secondary cases that could notdb@eed by the known limitations of

either contact or droplet transmission. Again,agpective airflow analyses found the
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supply air rate (20.2#fmin) to be nearly 4 times the exhaust rate (5/&vim) in the
index patient room, resulting in a strong outflofxcontaminated air to the corridor and
adjacent rooms. Again, a direct correlation wasoled between attack rates and aerosol

concentrations simulated by tracer gas {Cddd computational models.

Although these and several other studies cleappen the use of negative airflow-
pressure for airborne isolation, several underlyaagors, including door position, door
motion, and personnel movement likely contributethe success (or failure) of these
‘air barriers’. As Leclaif*? indicates, “activities” associated with the indeatient’s

critical care “necessitated frequent and prolonggehing of the door to the room.”
Gustafsort noted that tracer gas concentrations near thergatibeds averaged 50% of
those in the immediate corridor with entry doothyfdpen despite 0.3-1.13%min outward

airflow from rooms to the corridor.

Another retrospective study of nosocomial transioissf VZV to 3 HCWs found tracer
gas (NQ) concentrations in a nursing station equal tayeater) than concentrations of
NO; released through an open door from a nearby isolabom under 0.7#min
negative air pressufé. In a subsequent study, a nurse was reportedvi® fressed
equipment through a doorway to other hospital staéfnding to a VZV patient in
isolation. Despite 3.0Pa negative air-flow-presstire nurse developed the same

genotype of VZV, even though he did not enter thar*°.

In each of these studies, the position of the diberdoor-opening motion and the

movement of HCWs and equipment likely resulted breakdown of otherwise properly
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maintained isolation conditions. An analysis of tlo®r-opening motion indicates that
the negative airflow-pressure relationship betwaeisolation room and adjacent spaces
can be transiently reversed if the door-openinganas too rapid. Specifically, when the
a door is opened, a dipolar vortex of air wrapsiadthe leading edge of the door,
allowing temporary spillage of potentially infeati®air into the anteroom or corridor.
The exchange volume of air produced by the doonimgemotion is comparable to the

swept volume of the door, or approximately®3m

An added exchange volume of air can be produceagm®rson entering the room. A
typical person with a forward projected area oh®.&alking at 1m/s can generate a
‘body wake’ of approximately 4#1°. Together, a HCW opening a door and quickly
exiting an AlIR can transport as much as 5-10 p#roéthe room volume to the corridor
despite a 2.5Pa pressure differefftdf a temperature difference exists between the
isolation room and corridor, colder (denser) adnirthe corridor may force warmer air
from the isolation room upward into the breathinge of unprotected HCWs entering
the anteroom (vestibule), or, to persons nearltlgarcorridor*®. Supporting this premise,
a cluster sample of 346 patients with acquired imoaeficiency syndrome (AIDS)
found that 21 nosocomial multidrug-resistant tubksis infections occurred in a total of
16 patient rooms that were located two rooms & é&gay from index cases. In four of
these rooms, inward airflow from the corridor te fmatient room was observed at the
bottom of the doorway while outward airflow frometpatient room to the corridor was

observed at the top of the doorway



19

2.2 Theoretical Background and Considerations

2.2.1 Viscous Fluid flow Formulation
In general, for air as a fluid with constant prdjgsrin the ambient temperature and

pressure range, the Navier-Stokes (NS) equatioves tha following form:

Vﬁ=0 6

Du_ Vp + uviu
P o =PI —Vp+uviu 7

Whereu is the velocity vecton is the pressure and air propertipg(idy) are constant.
However, several work&->¢have shown that air motion within enclosed envinents
have a strong turbulent characteristic which isrmegligible. Based on the Reynolds
decomposition concept, velocity and pressure cattebemposed into a mean and a

fluctuating componerit’ which are listed through Eqgs. 8 to 11:

Up(x,v,2,t) = U(x,v,2,t) + ur(x,y,2,t) 8

uy(x,y,2,t) =u,(x,y,2,t) +tuy(x,y,2,1t)

9
uy(x,v,2,t) = u,(x,y,2,t) + uy(x,y,21t) 10
p(x,y,2,t) =p(xy,2t) +p'(x,y,21t) 11

whereu',, u',, andu', are fluctuating velocity components;, ii, andii, are time

averaged velocity components;is the fluctuating pressure apds the time averaged

pressure.
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In a turbulent flow, the fluctuation values’Jubecome comparable to the mean values,
and thus, significant. The fluctuations are in gaheandom, and time-dependent.
Although the conservation equations still hold urtdebulence, they become extremely
difficult and computationally intensive to solvehdrefore, a principled practice is to
create models which approximate the turbulenceiodarattempts have been invested in

exploring turbulence in flows and it can be gergrdivided into three major categories:

2.2.1.1 Reynolds Average Navier Stokes (RANS) Model
The idea for this method is to use the time-avexadecity and create a model to
incorporate the fluctuation values into the solntiBxperiments on turbulent flow show
that the velocity of particles varies with resptecboth time and spacé Although
turbulence is proved to be random, some aspedtsan be studied through the
averaging process. Statistical averaging of artraryifunction related to turbulencg)(
with respect to time in a time periotl)(longer than that of a typical fluctuation period
(Eq. 12) reveals consistent characteristics
t+T
u= Tft u(x,y,z t)dt 12
Besides, the instantaneous velocity distributioty mat be of interest from practical
point of view in real-world problems. By definitipthe time average of is zero,
however, one half of the sum of the time-averagdefluctuations squared is referred to

as the turbulence kinetic energy.

u' = [uy, uy, uz] 13



21

K=%(u_&2+u_§z2+u_£2) 14
In fact, if turbulence is to be described by onigwelocity scale, it would belkR Using
the time-average notion, turbulence is simulatedkuthe premise that the conservation
equations are solved for the time-averaged vel@aitythe turbulence parameters such as
the turbulent kinetic energy, in the form of pdrtdferential equations, are employed to
approximate the turbulence. In this sense, the &olaition loses the details pertaining to
turbulence. The RANS equations are mathematicaljyogous with the Navier-
Stokes equations except for the turbulence flustgdaerms which are treated as
additional shear stresses appearing in only turibdlew. The prominent advantage of
using this group of modeling is its simplicity. Asddvantage however, is that using this
method’s outcome to track particle movements witl @ about 10% error since the

particle movement is extremely related to the migent component of velocity.

2.2.1.2 Large Eddy Simulation (LES)
This approach carries out a full unsteady Naviek&s calculation and the
approximations take place to model small eddiesralade them to large eddies. In a
turbulent flow, eddies are formed due shear stresseen two layer of the fluid which
make the fluid swirl and create a reverse current.fEddies generally are seen when the
fluid flow near an obstacle. The obstacle coul@s®lid surface or even the body of
fluid with a lower velocity. Therefore, the velogigradient can cause eddies to happen.
Eddies can have a size as big as largest lengih iscthe system or as small as the
molecular levef®8L The lower limit of the eddy size depends on tegri®lds number,

the larger the Reynolds number is the smaller tlily size will become. Eddies of any
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size transfer momentum and energy, thus even theshscales must be considered.
Since the numerical calculations are performedinrsteady manner, those eddies
smaller than the grid size will resolve into theteyn. The approximation is brought in to
model the small eddied momentum and energy traasigéisomehow related that to those
of the larger eddy sizes. This method is very caatnally intensive limited to
moderate Reynold numbers which makes it hardlyeselfile with our existing
computational facilities. On the other hand, tlmvfldetails are maintained and is
determinant of the particle motion within the fluithe general procedure of LES

consists of the following ste§s

» Decompose the flow variables into large-scale andllsscale by utilizing a filter
function.

» Filter the governing equations and constitute ilberfaveraged Navier Stokes
equations. Similar to the RANS method, we obsemeeappearance of small
eddies’ contribution. This part needs to be someimmaleled.

* Model the unresolved (filtered) scaled stresses.

» Solve the equations for the large-scale contriloultip incorporating the small-

scale role.

2.2.1.3 Direct Numerical Simulation (DNS)
This method solve the full unsteady conservatiaméigns of the flow and requires no
simulation for turbulence. This method is highlynstrained by the Reynolds number
magnitude. Thus far, using the most advanced sapgraters, this method can perform

for flows with Reynolds number of the order of*10herefore, the DNS is not applicable
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to real-life problems. However, a very importanplgation of DNS is to provide details
and evidence for improving turbulence models. it parfectly work as a form of

validation for other methods.

2.2.2 Particle Track Formulation

In general, two accepted approaches are used telrti@motion of a second species in
a carrier domain: the Eulerian and Lagrangian na#gh®he Eulerian method treats
particles as continuum within the carrier domaglyss the fundamental equations for
the new species and considers the interaction leetspecies. This method, however, is
established for environments in which the secomttigg’ concentration is sufficiently
large to create a continuuihi® Alternatively, the Lagrangian method treats joet as
solid, non-deformable entities whose motion is aeieed by the forces exerted on them

65, The Lagrangian method track particle by solvimg following equation

d —
&=FD(u—uP)+ M+n(1:)+FL+F 15
dt Pp

Above is an ordinary differential equation where tmly unknown is particle velocities.

g

u and Upare air and particle velocity respectively. Thetfterm in the right hand side

of the equation is the drag force) i5

_ 18u CpRe
P p,dz 24 16

Wherepp and ¢ are the particle density and diameter respectivdyis the Reynolds

number and €is the drag coefficient that is calculated by (Feg2-1)%
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Figure 2-1 Drag Coefficient versus Reynold Number
The second term is associated with the gravitytarayancy. n(t) andFare the
Brownian and Saffman’s lift forc® respectively and the last term represents otheeo

such as the Virtual mass and pressure gradierggorc

, 216ucT
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Vl/zpdij(ui _ up,i) - 19
Pp (dyedi)t/* b

F,; = 5.188

Where( is a Gaussian random number with zero mean andiamance, dij is the rate of
deformation tensos is the Boltzmann constanpip and dp are particle density and

diameter respectively. And Cc is the Cunningham stirrection factor.

Particle velocity is the only unknown in Eqg. 150® found. Particle trajectories are
computed with the following equations

B dxp

u = —_——
Pdt

20

Wherex, is the particle position vector in the domain.

In summary, As stated in the WHO Guidelfig‘There is little evidence that ventilation
directly reduces the risk of disease transmisdioh many studies suggest that
insufficient ventilation increases disease transinis.” Specifically, in patient corridors,
not enough research has been conducted to corvelatiéation to the risk of disease

transmission.

The existing literature suggests that the Realez&ll model is suitable for modeling
indoor air motion and the Eulerian-Lagrangian mdtisovastly used for simulating

discrete phase (e.g. particles) behavior withiitwargdomain.
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CHAPTER 3: METHODOLOGY

3.1 Experimental Location and Description

A 37,510n% hospital, vacated in November 2009, was usedhalste the aerodynamic
behavior of surrogate respiratory aerosols undeows ventilation alignments in various
function spaces. A total of two tests were condiiatethe ward corridors on the 5th floor
of an eight (8) story ‘bed’ tower (Figure 3-1, FigB-2, Figure 3-3). The ward consisted
of twenty-eight (28) general patient rooms and (@)oairborne infectious isolation

rooms (AlIRs) as well as ancillary function spacHse ward was supplied 168.8min

of 100% outside air (as verified by duct traverssasurements) from a single air
handling unit (AHU) providing conditioned air ditgcto the corridor, ancillary spaces
and isolation rooms (Figure 3-4). The corridor wapplied 89.2 fimin (53%) of the

total supply air. Exhaust air within the ward wampved by two (2) exhaust air risers
serving other zones on other floors. Pressure memsunts indicated that the 5th floor
ward was positive in relation to the 4th floor (7e§ and neutral in relation to the 6th
floor. Grille type diffusers were used in this hitgpand the supply air temperature was
15.8°C. Since a controlled lab condition was not, measi-experimental tests were
conducted where parameters such as ventilationgapply temperature, geometry of the
space were under control. Other parameters suchtaisle temperature and humidity,
wind speed and direction, radiation through windoavel indoor temperature distribution

were not under control.
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3.2 Quasi-Experimental Method

To simulate a respiratory aerosol, a synthetichaliic hydrocarbon (polyaliphaticolefin)
approximately 84.7% of the density of water (at@DWas aerosolized at a rate of
approximately 1.0g/min at 0.4L/s airflow r&f’to generate a 0.5um-3.0um poly-
disperse liquid aerosol. The aerosolization rate meended to represent the respiratory
volume of two human subjects at rest. The partide distribution (Figure 3-5) was
consistent with two studie€2°which found that a human cough generates patticles
with a size distribution of 0.5-15.0um (71% <10.Qumhich desiccate by half

immediately after release.
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Figure 3-5 Particle Size Distribution of NUCON SN-D Pneumatic Aerosol Generator
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The aerosol was continuously injected in the maimidor between an elevator lobby
and the entrance to the patient area (Figure 8-8inulate the exposure of patients to
other potentially infectious patients, healthcaekers and visitors transiting the bed
tower elevators. The aerosol was released at ghi@x@pmate location of a non-
ambulatory patient’s nose-mouth at rest (0.8m)giaiNUCON SN-10 pneumatic

aerosol generator.
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Figure 3-6 Particle Sampling Locations in General Btient Ward Corridors

Particle size distribution measurements (partitlessinging from 0.5-3.0um were

collected using a NUCON F-1000-DD forward lighttseang photometric aerosol
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detector at 30 sampling locations (Figure 3-6). abesol detector was a six channel

instrument with +1% reading accuracy and 0.0001 igleshold sensitivity.

Concentrations of aerosol were observed alongdkiemd-room side of the main corridor

(‘A’ series) and along the side of the corridor opipe the patient rooms (‘B’ series) at

sampling heights of 0.6m, 1.2m and 1.8m aboveltdw {Figure 3-7). Concentrations of

aerosol were also observed in the center of arcadfjaorridor (‘C’ series) at a sampling

height of 1.2m. For each spatial sample series;ertnations of aerosol were first

observed at a distance of 3.3m from the aeroseasel point, and then, at intervals ~3.0m

over a total distance of 31.5m from the aeros@ast point. Samples from each

sampling point were drawn at 30 second intervalgfmtal of ~30 minutes each.

Ambient concentrations of airborne particles wenagled for 30 minutes prior to

aerosol injection (

Table 3-1).

Time Time Instruments Test Locationg  Description
(Neutral) | (Negative)
dioo:0t | GiO0®:3C | MSDOMMEINEH-301€6-1AQ | Alestlocatlions Bables6id 8 3n
ONEWrad | ONRUREvE) “ Al, B1, C: Injection started (3.3r
g:8E:Yige | ¥iBe:Yige | F-1UUL-DD/RA-SUIEIARQ | A%, B2, ] PaSKIRMHGVeEht (7.1
9:0e:9igk | ¥igk-4:8E A3, B3, ke PYRHION FieVEAeAt110. 1
9:9k-4:4E | 1:8e2:i9€ A4, B4, b+ PBsItiBA MBYemenig.2m
1i4e-2:8E | 2:9E-2:3C A3, B, ket PBsitiBR MBveEMment {(18:2]
2igk-2:3E | 2:3E-Zidk A6, B6, Bt PesitieR mevemeria8m |
2:3t-4:8c | 2:3k-3:3k Av, By, & PBSItIBR MBYEMEeRt (203
2i8e-3:9k | 3igE-3:3 AB, BB, k¢ PesitieA MBVEMEnRt (25.4

[ 2:3G2:5C 13 BE3 3 Ré; Bé; Ee BBsItiBH MBVEMERt (28.4]
Z5C3IC TR 3EFE R%0BB16ic1 | POSItEA FBVEMERE (3341 |
3:1(-3:2C | #:3E:5:0E AP0BE16 CL | MReliRm Soppae 181z 4
0:0(-3:2C | B:dk-5:6¢€ HH-301¢-IAQ Stati(B10, L1 | Nepsesmavessigs .ol
3T1C-372C | 473C-5:0C A10, B10, CIr | Injection stopped (31.57
0:0¢-3:2C | 0:0C-5:0C HH-301¢-1AQ Static Nurses station (35.01
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Table 3-1 Summary of Test Procedure in Corridors

Figure 3-7 Particle Sampling Equipment in General Rtient Ward Corridors. Sampling Locations Al
(left) and B1 (right) Shown at Entrance to PatientArea at 0.6m, 1.2m, and 1.8m Sampling Heights
Respectively. Aerosol Generator Approximately 3.3nBehind Closed Doors

3.2.1 Neutral mode

For testing under theeutral airflow mode, attempts were made to balance \aiit
air supplied to the patient ward by manipulatingatale frequency drive (VFD) controls.
At 60Hz (maximum capacity) the ward was supplie@.g8&?¥/min of ventilation air as
verified by duct traverse measurements. A tot&3#.4n¥/min of exhaust air was

removed from the ward by a constant volume syspeaducing a neutral to slightly
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negative pressure relationship relative to adjaspates. Flow hood measurements in the
general patient rooms indicated that ventilatiod exhaust air were on average,
balanced (~2.4&fmin), producing a neutral air pressure relatiopstith respect to the
corridor. Measurements in the isolation rooms iathd that exhaust air exceeded
ventilation air by 2.3/imin, producing a negative air pressure relatignstith respect

to the corridor.

3.2.2 Negative Mode

For testing under theegativeairflow mode, the VFD on the ventilation systenmswa
reduced from 60Hz to approximately 35Hz, reduciagtifation air from 220.8/tmin to
136.7n¥/min as verified by duct traverse measurementsalshair removed from the
ward remained relatively constant (227.8min), producing a strongly negative pressure
relationship relative to adjacent spaces. Flow hoedsurements in the general patient
rooms indicated that exhaust air exceeded vemtilatir by ~0.4r#imin, producing a
negative air pressure relationship with respetiéocorridor. Measurements in the
isolation rooms indicated that exhaust air exceadgdilation air by 4.2/fimin,
producing a strongly negative air pressure relatigmwith respect to the corridor.

For both tests, entry doors separating the eleValbby and patient area were
closed. Sampling instrumentation was calibratedgi5mg of polyaliphaticolefin per
cubic meter of air as part of a procedure develapéud guidance from ANSI 510 and
511, ASME AG-1 and ASHRAE 52%:5° Indoor temperature, relative humidity and air
density were continuously recorded at a centraltyated nursing station during the tests.

Wind speed and direction, precipitation, tempergtrglative humidity and barometric
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pressure were recorded from three outdoor metegicalbstations. The average indoor
temperature was 21.7°C during testing. The averatgor relative humidity was high
(>70%) as there was little effort to control latérdads during the time this area of the
hospital was vacated (and thus available for namdrusubject testing). Barometric
pressure remained near constant at 1,012mb aravénage indoor air density was
1.17kg/n¥. Outdoor temperatures were mild (18.9-2€)8and winds were light (5-

7km/hr) and variable.

3.3 Computational Modeling Method

ANSYS Fluent 15.0R was used to construct the coatjgutal models. The first
series of CFD models were constructed to replieaperimental procedures. As
experimental results suggested, particle conceémtiatzanished approximately 30m
away from the aerosol generator. Therefore, sexwdhe corridors from the entrance
door up to the nurse station area were modelegldioce the computational intensity.
Model geometries consist of the main and opposilievays from the entrance door (at
the elevator lobby) to the nursing station aregyfé 3-6). Supply diffusers and exhaust
fans were placed according to the mechanical phdittration and exfiltration from the

patient rooms and ancillary function spaces wegtauted.

3.3.1 Discretization and Mesh

The entire domain was discretized using tetrahedesh. The maximum size of
the general mesh was primarily set to 20cm. Thehmes refined from 20 to 15cm and
again from 15cm to 10cm to assure ‘mesh-independénable 3-2). In practice, using

finer meshing in high velocity gradient regions @aprove the rate of convergence.
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Thus, 1cm and 5cm grid sizes were used at diffusmsdsvall, respectively. As a result of

the meshing scheme, a total of 2,935,528 nodes gegrerated with an element volume

range from 1.13x1®m?3 to 1.25x16 m3. The maximum aspect ratio and the minimum

orthogonal quality were 2.3667 and 0.20264, resypadgt

Table 3-2 Meshing Accuracy Relative to Mass Flow Ra Values at Boundaries

2%
%
»%

»%

)

Mesh Size (cm) vs. Mass Flow Rate (kg/s)

Mode Boundary Change Change
20 5 1 2ot15)| 10 | (@151t010)
Exhaust Fans 0.0934 0.097]3 3.73% 0.0979 0.64
Neutral Supply Diffusers 0.0576| 0.0587 1.91% 0.0590 0.51
Pressure Inlet 0.0043 0.0026 -39.53% 0.0027 3.8"

Overall Continuity | 0.0174| 0.0056 -67.82%  0.00%3 36806
Exhaust Fans 0.0921 0.0965 4.32% 0.0979 1.4"
Negative Supply Diffusers 0.0288| 0.0292 1.39% 0.0297 1.71
Pressure Inlet -0.0890 -0.2391 168.49% -0.2503  9%.6¢

Overall Continuity | -0.3562 -0.5259  47.67%  -0.5406 .8026

Ansys Fluent recommends using®#s the convergence criterion; however, 5%10

was used for this study to assure the convergelratad 3-3). The residuals decayed

to some small value ("round-off") and then stoppleanging ("level out").
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Figure 3-8 Scaled Residuals for Conserved Variables

Table 3-3 Scaled Residuals for Conserved Variables

Continuity | x-velocity | y-velocity | z-velocity | k epsih

3.1319e-4 | 5.7517e-5| 6.8573e-5 5.6750e-5 1.0018e-422Be-5

Moreover, it is a good idea to judge convergendeonty by examining residual
levels, but also by monitoring relevant integrag@antities such as drag coefficient.
Therefore, as per your request, convergence oragwerelocity field, pressure in
Exhaust fan 3, and the drag coefficient on waksalso studied for convergence

(Figure 3-9, Figure 3-10, Figure 3-11).
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Figure 3-10 Total Static Pressure for Exhaust Fan 3
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Grid independency test was also conducted for ¢hecity field on a vertical plane in the

middle of the hallway (y=1.25m), a horizontal plaatghe release height (z=0.8m), and

the boundaries for the neutral mode (Table 3-4).

Table 3-4 Meshing Accuracy Relative to Velocity Fid

Mesh Size (cm) vs. Velocity (m/s)

Mode Boundary Change Change
20 151 (20 tofS) 101 (1510 20)
Exhaust Fans 1.2251 1.27Q09 3.73% 1.2787 0.62
Supply Diffusers 0.130 0.1331 1.91% 0.13B8 0.514
Neutral Pressure Inlet 0.0001 0.0001 -39.53% 0.0001 3.85
Mid Hallway Plane (y=1.25m) 0.0541 0.0496 -8.30% 04@5 -0.22%
Release Height Plane(z=0.8m) 0.0460 0.0396  -12.0{1%.0392 -1.05%

%

%

3.3.2 Material Properties

temperature values. The absolute viscosity of as mssumed constant (u= 1.98%10

Air was deemed as a perfect gas where its denséyges with local pressure and
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Pa.s) in the ambient temperatdfeMoreover, particle properties were similar tottbia

the surrogate particle in the tests&47 kg/ni, Co= 2217.5 J/kg.K).

3.3.3 Modeling and Solver

As alluded to earlier, turbulence is the intringgt of indoor air movement and it
has to be modeled accordingly. Several previousksvoave suggested that the
Realizable Ke Reynolds-Averaged-Navier-Stokes method is appatgfior airflow
modeling in enclosed spacés’ This model is of RANS type models which introdsice
two more partial differential equations for mathéice closure. Energy equation was
also solved for the problem. Hence a total of Tigladifferential equations (conservation
of mass, 1 equation; conservation of momentumethrgiations; turbulence, two
equations; and conservation of energy, one eqyatiere simultaneously solved to
obtain the solutions. The SIMPLE algoritHfrwas utilized to iterate towards the
solution. A second order upwind scheme was usegpooximate the first and second
derivatives of the unknowns (i.e. temperature, ¢iglppressure, turbulent kinetic energy,
and turbulent dissipation rate). Models were solgsliming the steady state condition

since there was no time dependence in the variables

3.3.4 Boundary Conditions

Aside from the governing equations, boundary camafit are required to attain the
mathematical closure. In fact, boundary conditiaresthe inherent part of a physical
problem that provides the unique, realistic solutim this work four types of boundary
conditions existed: walls, supply diffusers (vetganlet), exhaust fans, and pressure

outlets (Figure 3-12).
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Figure 3-12 Boundary Conditions in General PatieniWard Corridors

3.3.4.1 Walls
Both the normal and tangential components of thecity field were deemed to be zero
at walls. In the technical sense, walls were norp® with no-slip condition which
makes the air stagnant in the wall vicinity. Thg-law was implemented in the viscous
sublayer as well as the buffer lay@rAlso, walls were assumed to be stationary and

adiabatic (i.e. no energy transfers through walls).

3.3.4.2 Supply Diffuser Modeling
Simulating supply diffusers is one of the most bi@some parts of creating CFD models.
A typical diffuser is considerably smaller compatedhe size of the room and has high
flow velocities’®. In addition, several types of diffusers (e.gllgyisquare, displacement,
vortex, etc.) exist in the market creating variloe conditions at the inlet. Thus, many
researchers have defined modeling the inlet airtiawajor limiting factor in using CFD
techniques in indoor spac®s’ It should be noted that the inflow through mdst o

diffuser types is not completely identical to thassical fully developed free or attached
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jet flow problems. Therefore, in its most generise, the approaches to model diffusers
are threefold:
1. Momentum modeling at the air supply deviégs
This method is called the momentum method anddbdeles mass and momentum
boundary conditions. The diffuser is representetthénCFD model with the same
gross area, mass inflow, and momentum flux asdakdiffuser. To apply the
momentum method to a CFD model the following infation is needed.
» Airflow rate

Effective diffuser area

* Supply air turbulence properties

* Supply air temperature and contaminant level

2. Momentum modeling in front of the air supply de@ée
Several models have been suggested over a coutisgeafising this approach
including the box modé¥ 23 the prescribed velocity mod®| the diffuser
specifications modé¥ and the tiny box modép. The box model for instance, draws
an imaginary box in front of the diffuser. The fldi®ld inside the box is ignored,
calculated of observed magnitudes of velocity espribed on the opposite side, and
the surrounding faces are zero pressure inlet kariesd(Figure 3-13). Below are the
required field information for the box meth&uf®

» The distribution of air velocities

* The turbulence properties
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* The distribution of temperature and contaminantceatrations

Figure 3-13.Simulation of the slot diffuser with (& the momentum method (b) the box method, and
(c) the tiny box method®

3. Modeling the airflow in the duct prior to the differ and retain all flow details at the
diffuser.
It should be noted that while the first two methode simplifying assumptions to
reduce the computations, this approach tends fo tkeedetails. Hence, it is usually
unaffordable for CFD modeling unless it is usedttaly the behavior of the diffuser.
For this study the momentum method was used sinveas reported to work well for
grille diffusers® .Air was modeled to entrain vertically. Airflowtess and the diffuser
size were adopted from the experiments (Table &&)ply air contaminant level was
zero since it was 100% outdoor air and the temperatas set to 15.8 °C. Joubert et al.
199687 found that turbulent intensity at the boundarysdoet influence the calculations.
Lau et al®8, on the other hand measured turbulence intersity\virl supply diffusers.

Azad et al® reported 3% of turbulence intensity for conicallgdiffusers which was
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adopted for this study. Particles were reflectezkbato the space when reaching to the

supply diffusers.

Figure 3-14 Supply Diffuser in Corridor-1



Figure 3-15 Supply Diffuser in Corridors-2
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3.3.4.3 Exhaust Fans
Air was removed from the space and through the @stifan boundary condition by the
same mass flow rate measured in the experimenkdgBab). The backflow temperature
was set to the thermostat temperature (24°C) aritlea were presumed to escape from

the exhaust fans (removal).

3.3.4.4 Pressure Inlet
The ‘make-up’ air in the negative mode was desigoneshtrain from the section at the
end of the hallway, behind the nursing station.r&fae, it was defined as a pressure
inlet boundary condition whose flow information wesculated using the adjacent cells’
information. The pressure was set to zero at thisidary to allow the free movement of
air both inward and outward. Again, particles weresumed to escape from this

boundary.

Table 3-5 Boundary Conditions of General Patient Wed Corridors, Neutral vs. Negative Modes

. Flow rate (n¥/sec
BoNu;rg:ry Boundary Type (n?l)z(em) ( )
Negative Neutral

Fan 1 Exhaust Fan 0.2x0.2 0.098 0.098
Fan 2 Exhaust Fan 0.2x0.2 0.098 0.098
Fan 3 Exhaust Fan 0.2x0.2 0.098 0.098
Fan 4 Exhaust Fan 0.2x0.2 0.098 0.098
Fan 5 Exhaust Fan 0.2x0.2 0.098 0.098
Fan 6 Exhaust Fan 0.2x0.2 0.098 0.098
Diffuser 1~4 Supply Diffuser 0.3x0.3 0.030 0.059
Diffuser 5 Supply Diffuser 0.6 x 0.6 0.060 0.119
Diffuser 6~9 Supply Diffuser 0.3x0.3 0.030 0.059
Pressure Inlet Pressure Inlet 10.0 x2.8 -0.291 70.00
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3.3.5 Particle Tracking

Given the experimental outcomes, the maximum partiencentration was of the
order of 10 per liter, while air contains approximately?3particles per liter. This
suggested that the continuum condition was notfanghe particle phase; it is rather a
discrete phase. Thus, the Lagrangian-Eulerian ndetfas selected to model the particle
motion within the corridors (Eq.15). In additionttee drag force and gravity, the
Brownian force, Saffman’s lift force, virtual mafesce, pressure gradient force were also
considered. However, Zhao et @lshow that the last two forces’ effect is propartibto
the ratio of particle density to air density10°). The Runge-Kutta method used to
numerically solve Eq.15 with a maximum of 15,000nfer of steps per iteration.
Entrance doors were opaque, therefore particles vedeased linearly from the seams
around the doors. The Cunningham slip correctictofavas applied since the relative
velocity may not be zero at the surface of smatliglas. The Discrete Random Walk
(DRW) model with 500 number of tries was employedree stochastic tracking scheme
65,91 Hathway et al®? depict that using the DRW model will also imprdfie accuracy of
deposition in the model. Particle generation raas @also adopted from the experiments
(1.0g/min at 0.4L/s airflow rate). Particles weregumed to ‘trap’ when colliding with

solid surfaces (deposition). This assumption wdsrestvely used in the literature

52,55,65,67,92,93

3.4 Model Validation

Computational results for the negative and neuti@dies were validated using the

experimental outcomes. To make a meaningful corspayiboth data clusters were
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casted into a dimensionless, unique form usingtt®n of probability of transport. The
probability of transport was defined as the proligtnf a particle reaches a certain

distance from the release point. It takes the Yalhg mathematical form:

cd

p—X

O =y X

Pr(X)=1-+ 21

cd

px

o t—

Where the probability of transporti)Hs a function of distance from the release p0it
given the concentration distributiondi@hroughout the domainrRvas calculated for

both the experimental and computational resulteuttte negative and neutral modes for
all particle sizes (Figure 3-16). To ensure thatdtochastic motion of particles had no
impact on the validity of the model, each model wasfive times. Admittedly,

computational results were slightly different ediaine.

Next, a proper statistical model was needed touatalthe accuracy of CFD models.
Two different approaches were used to addresarttikasty of the test and CFD results.
The Pearson correlation coefficient (Figure 3-16vall as the paired t-test (Table 3-6)
was computed for all comparison cases. Althoughue of t-test entails normality of
data, some suggest that violating this rule wowlddetrimentally affect the outcom#&s
Since the data had to be tested point by pointp#ed t-test was selected. Pearson
correlation, on the other hand, tests if therestaéistically significant correlation

between the data sets. For all the statisticalyapalthe confidence interval was 95% and
the corresponding p-values were calculated. Ipthvalue was more than 5%, the null

hypothesis was accepted and it was rejected otberwi
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Figure 3-16 Computation validation with Experimentd Results



Table 3-6 Statistical Analysis of Model Validation
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Paired T-test

Data Linearization Results

exp. exp. exp. exp.
flow particl | p- slope | model| slope | intercept| model intercept
mode | e size| value| lower | slope | upper lower | intercept upper
limit limit limit limit
1 0.5um| 0.252 -8.069| -7.799 -5.37 1.49 2.038 6.923
Negatv ™ onm| 0.103 -6.686| -6.19 -4.378  1.642 3.93 7.21
© 3.0um| 0.02| -5.021| -8.425 -2.864 1.928 2.741 8.785
0.5um| 0.127 -10.06| -6.503 -5.177 -0.148 2.938 6.711
Neutral | 1.0um| 0.781 -5.018| -4.697 -1.519 -1.4 1.29 5.549
3.0um| 0.203 -1.107| -0.518 -0.023 4.813 11.155 17.656

To assure that non-normality of the data wouldainainge the analysis outcomes and to

prevent theB-type error (i.e. rejecting the null hypothesis Mehit is true), another

statistical method was also adopted. In this daseexperimental data was linearized by

taking the natural logarithm of the dependent \deiand a linear function was fitted to

it. The slope and intercept of the line was cakadavith 95% confidence level. Similar

process was undertaken to the CFD results. Sinyilafithe data clusters was accepted if

the CFD linear fit fell into the range of experini@results.

A similarity analysis was rendered for three péetgizes (0.pm, 1.Qum, and 3.am) and

two flow modes (negative and neutral) and the tesulggested that the CFD models

were able to satisfactorily anticipate the expentaecAlthough, for the negative mode

and 3.0um particle size, slope of the line didfabtinto the experimental range

suggesting that the model failed to simulate thiaadest. Otherwise, the results were
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satisfactory and the model was deemed to be vaticcan be used for modeling other

plausible scenarios.

3.5 Computational Scenarios

The primary aim of this study was to observe tleatfof flow direction and ventilation
rates on particle transmission within the geneatilemt ward corridors. Thus, a series of
new CFD models were developed to specifically askltbe research question for 1.0um
particle size. The notion of directional flow wasf raised and studied both
experimentally and computationally. Next, the moalat reconstructed by rearranging
the outlet placements to determine if it mitigapedticle transmission within the space.
Finally, various ventilation rates were introdudedtudy particle transmission relative to

ventilation rate.

3.5.1 Ventilation Arrangement (Existing versus Modifieah@igurations)

The existing ventilation arrangement in the genpagilent ward (Figure 3-4) had one
exhaust fan close to the entrance door (Fan 1jwo@xhaust fans in the vicinity of the
nursing station (Fans 2 and 3). This arrangemerhed to have two major flaws. First,
placing an exhaust fan near the entrance door gmi&htiallycreate unfavorable
pressure difference with the elevator lobby. Sectimel other two exhaust fans down the
hallway are fairly close to each other, where depgnon the particle source, it could
cause lower removal efficiency. For those reasamsodified arrangement (Figure 3-17)
was proposed to improve the ventilation performafbe new arrangement was

perceived to create a pathway between inlets atidtewvith minimum perturbation.
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Figure 3-17 Modified Ventilation Arrangement in Gereral Patient Ward Corridors
3.5.2 Directional versus Non-Directional Flow
In general, flow direction can be determined by pvapameters: pressure relationship to
adjacent spaces, and arrangement of inlets/ouflbtss, the neutral mode, embodying
the non-directional case, was contrasted to thatheg(i.e. directional) mode. Both
experimental and computational data were avail@bt®mpare directional versus non-
directional flows for the existing ventilation angement. For the modified ventilation
arrangement and in the absence of experimentdise8€irD models were designed to
compare the negative versus the neutral mode. Mgati rates and boundary conditions

remained the same as before (Table 3-5) while ¢éinéilation arrangement was amended.

3.5.3 Ventilation Rates

CFD models were constructed for four different lation rates (Table 3-7). The
rationale for choosing these ventilation rates t@aavestigate the current (2 ACH) and
former (4 ACH) ASHRAE Standard 170 recommendati@rse value between the two

recommended rates and one value beyond them waseéted. Moreover, to assure
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the rigor of the methodology, particles were redebimiside and outside the corridor

space. The outside release took place in accordaitité¢he experimental setting.

Whereas, the inside release was located at 14m fmaraythe entrance door, underneath

the supply diffuser (Supply 2). This point was st#e since it was least affected by the

new placement of exhaust fans. In fact, Supplyr2nsains intact when changes are in

place from the existing to modified arrangements flelease point was in the middle of

the hallways and 0.8m above the floor (Figure 3-Eifjure 3-18 shows overall flow of

the methodology as well as the interchange andco@ection between the experimental

and computational methods.

Table 3-7 Boundary Conditions for New CFD Models foVarious Ventilation Rates

Boundary Size Flow rates (r¥s) at boundaries

Name (mx m) 2.0 ACH 3.0 ACH 4.0 ACH 5.0 ACH
Fan1l(Fan8)| 0.2x0.2 0.051 0.098 0.145 0.126
Fan2 (Fan7)| 0.2x0.2 0.051 0.098 0.145 0.126
Fan 3 0.2x0.2 0.051 0.098 0.145 0.126
Fan 4 0.2x0.2 0.051 0.098 0.145 0.126
Fan 5 0.2x0.2 0.051 0.098 0.145 0.126
Fan 6 0.2x0.2 0.051 0.098 0.145 0.126
Supply 1~4 0.3x0.3 0.038 0.059 0.094 0.083
Supply 5 0.6 x 0.6 0.076 0.119 0.189 0.165
Supply 6&9 0.3x0.3 0.038 0.059 0.094 0.083
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CHAPTER 4: QUASI-EXPERIMENTAL RESULTS

4.1 Flow Direction

Particle concentrations for all size groups inceglasignificantly when the aerosol
injection was started (Figure 4-2). Particle contiagions then began to decrease with
respect to time and distance from the aerosolselpaint. Differences, however, were

observed with respect to particle size and airfidignment (Table 4-1 and Figure 4-3).

Start Injection A2 A7 A8
AL (3.3m) (7.1m) (10.1m)
10,000

(22.3m) (25.4m)  Stop Injection

1,000 /\

100

(particles/L)

10 &
\/\/\ /
1 —t A4
6\@ ~°€D ¥ {S\of,b 6"% o“éb & ’b\o;b &3% Aos‘i?;) 0% q‘?éb p?(‘ib @f‘? e‘bib
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Time
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Figure 4-1 Aerosol Concentrations Relative to Partile Size (0.am-3.0um), Time and Distance Under

Neutral Ventilation Model for ‘A" Series Sampling Locations (1.2m)
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Figure 4-2 Aerosol Concentrations Relative to Partile Size (0.5um-3.0um), Time and Distance Under

Negative Ventilation Mode for ‘A’ Series Sampling Locations(1.2m).

Table 4-1 Average Change in Particle ConcentratioRelative to Distance from Release

Neutral Mode Negative Mode
Particle | Sample| Sample | Sample | Sample | Sample | Sample | Sample
Size Height | Series A | Series B| Series C| Series A| Series B| Series C
0.5um 0.6m -6.9% -4.3% - -8.2% -7.6% -
1.2m -6.1% -4.9% 2.4% -7.7% -7.89 -6.8%
1.8m -5.8% -3.0% - -7.7% -7.8% -
1.0um 0.6m -15.6% -14.1 - -10.49 -10.1% -
1.2m -22.0% -25.5 -25.6 -9.2% -10.2% -9.7%
1.8m -22.3% -25.5 - -9.1% -10.1% -
3.0um 0.6m -24.5% -23.3 - -11.99 -11.6% -
1.2m -19.3% -24.2 -38.1% -9.5% -10.4% -9.7%
1.8m -24.4% -24.0 - -9.4% -10.3% -
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Figure 4-3 Aerosol Concentration Relative to Partile Size, Distance and Ventilation Mode
After peaking, concentrations of 0.5um particleslided, on average, 5.6% every 3.0m
(R?= 0.57) under the neutral airflow mode yet remaialedve background levels to
distances of 22.3-25.4m. Under the negative airfloode, concentrations of 0.5um
particles declined, on average, 7.8% every 3.0+ (®R96) yet remained above
background levels to distances exceeding 31.5nsiffoficant differences were
observed with respect to sampling series or hdayl2.5um particles. Concentrations of
0.5um particles under the neutral airflow mode, &osv, were approximately twice the
concentration of 0.5um particles observed undenéwative airflow mode for each
sampling series and height. In contrast, conceatrsif 1.0um and 3.0um particles
declined, on average, 21.8% and 24.2% every 3.6m ()91 and 0.92, respectively)
under the neutral airflow mode, and remained albaoi&ground levels to distances of
only 10.1-13.2m. Under the negative airflow modmaentrations of 1.0um and 3.0um

particles declined, on average, 10.2% and 10.5%ye/6m (R= 0.98 and 0.97,
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respectively) and remained above background ldeealsstances of 28.4-31.5m.
Concentrations of 1.0um and 3.0um particles wesatgr for ‘A’ series sampling
locations when compared to 'B' series samplingtioes for all sampling heights and
airflow alignments, suggesting the possible infleeenf patient room ventilation,
particularly in the negative mode. No significaiffetences were observed with respect
to height for 1.0um and 3.0um particles. Conceiomatof 1.0pum and 3.0um particles
under the neutral airflow mode, however, were agrage, 50% less than concentrations
of 1.0um and 3.0um particles observed under thativegairflow mode for each

sampling series and height.

4.2 Particle Size

Data suggest that aerosols in the particle sizgerah 0.5um exhibit somewhat different
aerodynamic behaviors when compared to 1.0um d&ph8particles subject to the same
environmental conditions. Specifically, changeaénosol concentrations among 0.5um
particles appeared significantly less influencedisffow alignment. By comparison,
changes in concentrations among 1.0um and 3.0pticlpamwere three-to-four times
higher in the neutral airflow mode when comparedhanges among 0.5um particles,
indicating a greater potential for deposition @moval). Under the negative airflow
alignment, however, decay rates among 1.0um and8articles were reduced by half,
indicating a greater potential for suspension aadsport. In fact, under the negative
airflow mode, concentrations of 1.0um and 3.0untigdas remained above background
levels roughly twice the distance, on average, thaticles under the neutral airflow

mode.



4.3 Probability of Transport

The probability of contamination, or, the chancat th particle could travel from the
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aerosol release point to a given distance in thie oc@ridor, was calculated (Eq. 21) for

each particle size and ventilation mode (Table.4-2)

Table 4-2 Probability of Contamination.

Neutral Mode

Negative Mode

Distance | 0.5um 1.0pum 3.0um 0.5um 1.0pm 3.0ym
3.3m 74.9% 56.1% 47.8% 76.79 73.0% 65.1%
7.1m 50.9% 25.2% 18.4% 55.09 49.1% 38.7%%0
10.1m 35.4% 11.1% 7.5% 41.39 34.8% 25.0%%0
13.2m 22.5% 3.2% 2.1% 29.7% 23.4% 15.3%
16.2m 12.9% - - 20.8% 15.1% 9.1%
19.3m 5.8% - - 13.6% 8.8% 4.8%
22.3m 1.7% - - 8.3% 4.5% 2.3%
25.4m - - - 4.4% 1.8% 0.8%
28.4m - - - 1.9% 0.4% -
31.5m - - - 0.4% - -

For example, the average concentration of 1.0pticfes in the main corridor at a

distance of 7.1m from the aerosol release point4yB89 p/L under the neutral

ventilation mode as determined by averaging 30 tesaf sample data from six sample

points (sample locations A2 and B2 at 0.6m, 1.2chlBBm sample heights each).

Similarly, the average concentration of 1.0pum phas was calculated over a total

distance of 31.5m at ~3.0m intervals from the a@rodease point. An exponential

function §(x) = ae”) was then derived to estimate the average corat@ntrof 1.0um

particles at any distance between the aerosolselpaint ‘0’ and sample location ‘10’

(31.5m). The area below the distribution functigﬁ(flo(ae‘ﬁxdx) and above the
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background concentration was then calculated teesept the total concentration of

synthetic (e.g. artificially generated) 1.0um aet@sesent in the main corridor. The
ratio of the area under the distribution functio dm ([02 ae~P*dx), for example, was

determined to be approximately 74.8% of the tatehainder the distribution function
curve, meaning that 25.2% of 1.0um patrticles rert@pass through sample location
AB2. As a result, the probability of contaminatiam, the chance that a 1.0um patrticle
could travel from the aerosol release point tostéagice of 7.1m (23.3ft) in the main

corridor was calculated to be 25.2% under the akuéntilation mode.

As shown (Table 4-2), the probability of contamioatfor all size groups decreases with
respect to distance from the aerosol release phiatrate of decline, however, increases
with respect to particle size and ventilation maddarger particles under neutral (non-
directional) airflow were observed to have highaes of deposition when compared to
smaller particles under negative (directional)lawf(Table 4-1). The greatest probability
of contamination exists among 0.5um particles ith lm@utral and negative ventilation
modes. The ventilation mode, however, appears\e s@nificantly less influence on
the movement of 0.5um particles when compared 1.@pai3.0pm particles.
Specifically, the probability of contamination byplm particles at a distance of 13.2m
from the aerosol release point increases only 30% heutral to negative ventilation
mode. By comparison, the probability of contamioatpy 1.0pum and 3.0um particles
increases more than seven-times in the negativdatean mode. As a result, the
probability of contamination among 1.0um and 3.Qparticles becomes comparable to

that of 0.5um particles in the negative ventilatoode.
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CHAPTER 5: COMPUTATIONAL MODELING RESULTS

In this section first a brief discussion will beepented as to the flaws of the existing
ventilation arrangement and how the modified areamgnt can improve the design.

Next, the results on directional flow will be prased in conjunction with ASHRAE
Standard 170 recommendations. Finally, particlesjpart phenomena relative to
ventilation rate will be studied. It should be rbtbat computational results were
generated only fot.0um particle size, since a transition takes placeantigle behavior

at about this siz&. In addition, even though each particle’s trajects time-dependent,
the overall particle concentrations can be safetyimed to be steady-state since the main

carrier field (air) is in steady-state condition.

5.1 Preliminary Findings

By solely looking at the mechanical drawings one/ siaspect that the arrangement of
diffusers/fans is not tactfully designed. In fgagcing an exhaust fan close to the
entrance door couldotentiallyprovide a conducive environment for pathogens geeéd
outside the corridor. Especially knowing that thevator lobby area is a populated place
with various types of occupants, one could becormeeraoncerned about impeding
particles from migrating into the ward corridordaritimately patient rooms. Moreover,
the existing design could significantly reduce dilation/ removal efficacy of the

ventilation system. These issues must be takerarttount before particle motion
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analysis and modeling within the corridors is comoeal. Therefore, supply air

streamlines were drawn for the existing ventilagorangement (Figure 5-1).
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Figure 5-1 Velocity Vectors and Streamlines of thdir Entrained by Supply 2, Existing

Al
\
(Xl

Arrangement. Nursing Station is on the Right Side
By definition, streamlines are a family of curvlattare instantaneously tangent to the
velocity vector and show the direction of the flwStreamlines of air entrained by
Supply 2 are really cluttered in the existing agament. Once air is entrained, there is no
conspicuous pathway it can follow. The modifiechagement could potentially
rationalize the air motion (Figure 5-2). The arramgnt could create air curtains that

contain the entrained air within a certain rang®igebeing discharged.

Figure 5-2 Streamlines of the Air Entrained by Suply 2, Modified Arrangement. Nursing Station is
on the Right Side

Figure 5-3 Vortices Created by Introducing New Exhast Fans. Nursing Station is on the Right Side
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Mass is not transferred between streamlines. TFigsye 5-3 clearly illustrates that the
total length of the hallway could be compartmertadiinto three blocks where each
block starts with a supply diffuser. The idea &qihg one exhaust fan between two
supply diffusers then is substantiated by knowlreg & particle released within one block

can hardly migrate to another before being removed.

5.2 Flow Direction

5.2.1 Concentrations

Similar to the experimental results, particle conications decreased with distance under
both ventilation alignments (Figure 5-4 Figure 56D models however, provided the
capability of performing a micro analysis of paeibehavior. For the existing
arrangement, the average particle concentratiossv@84gr/mand 0.009gr/rhunder

the negative and neutral modes respectively (Tadlesuggesting that the directional
flow (i.e. negative mode) enhanced particle susperia the domain. Also, particles
were able to travel further under the negative m@ebm) compared to the neutral

mode (19.3m). These findings were consistent viiéhexperimental observations.

Similar trends were observed when the ventilativaregement was modified (Table 5-1,
Figure 5-5). In fact, despite a better performangeroposing the modified arrangement,
particle concentrations were considerably highetenithe negative mode (0.034gf)m
compared to the neutral mode (0.009g)/rifhe new arrangement did not seem to
effectively reduce the distance traveled by paticinder the negative mode (31.5m). to

flow direction created by negative pressurizatiod eisplaced exhaust fans.
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Figure 5-4 Average Particle Concentrations Relativéo Distance,Existing Ventilation Arrangement
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Table 5-1 Particle Concentrations Relative to Distace; Negative vs. Neutral Modes, Existing vs.

Modified Arrangements, ReleaseéOutside (x=0m)

. Existing Arrangement Modified Arrangemernt
. . Distance i i

Sampling Location (m) Negative | Neutral | Negative | Neutral

Mode Mode Mode Mode
Sample Location 1 3.3 0.080 0.049 0.075 0.056
Sample Location 2 7.1 0.088 0.022 0.070 0.00[7
Sample Location 3 10.1 0.044 0.012 0.036 0.013
Sample Location 4 13.2 0.030 0.004 0.031 0.001
Sample Location 5 16.2 0.024 0.001 0.011 0.000
Sample Location 6 19.3 0.017 0.001 0.057] 0.000
Sample Location 7 22.3 0.018 0.001 0.011 0.000
Sample Location 8 25.4 0.017 0.000 0.007] 0.000
Sample Location 9 28.4 0.016 0.000 0.006 0.000
Sample Location 10 31.5 0.004 0.000 0.002 0.000
Average Concentrations 0.034 0.009 0.031 0.008
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However, no particles were observed past 13.2m fremelease point under the neutral
mode when the new arrangement was applied. It dradsb be noted that particle
concentrations exhibited a local peak around theexhaust fan locations. The fan
around which concentrations peaked and amplitudieeopeak changed relative to
ventilation alignment. Under the neutral mode, ipkas accumulated near the closer fan
(~10.0m) where the peak concentration was 1.85stiarger than the previous sample
point. Under the negative mode, particles were @tormigrate farther to the vicinity of
Fan 8 (~19.5m). The peak concentration was morettifsled compared to the previous
sampling point. The results revealed a propensitypéarticles to move further and with
higher concentrations under the negative modellAded to in the experimental results,

this behavior can be ascribed

Al1,B1 A2,B2 A3,B3 A4,B4 A5B5 A6B6 A7,B7 A8B8 A9,B9 Al0,B10
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Figure 5-5 Average Particle Concentrations Relativéo Distance,Modified Ventilation Arrangement

ReleaseQutside (x=0m)
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Moreover, particles were released inside the cortid examine if a change in the release
point could lead to different results. Thereforartigles were released under the supply
diffuser (supply 2) and 14m away from the entraghwer. As the entry airstream pushed
particles to the sides, a local minimum was obskmehe vicinity of supply 2. This
trend was observed for all ventilation arrangemants alignments. The local maximum
however, was dependent on the placement of theuskFens. For the existing condition,
concentrations peaked near the exhaust fans (3r@&nylunder the negative mode,
suggesting a strong directional flow towards th#ets. Concentrations were much lower

and peaked closer to the release point (14m) uheereutral mode (Figure 5-6).

A1B1  A2B2 A3B3 Release ASBS A6,B6 A7,87 A8B8 A9,B9 A10,B10
(3.3m)  (7.1m) (10.1m) Point (16.2m) (19.3m) (22.3m) (25.4m) (28.4m) (31.5m)
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Figure 5-6 Average Particle Concentrations Relativéo Distance, Existing Ventilation Arrangement

and Release Inside (x=14m)
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The average particle concentrations declined nesrdyorder of magnitude relative to
ventilation alignment for both arrangements (Tdb). For the existing (modified)
arrangement, the average concentration was 0.08%(#/023gr/m3) and 0.004grAm
(0.001gr/m3) under the negative and neutral magspectively. In Summary, a similar

trend was observed for all cases with differenatite and intensity.

The local maximum concentrations shifted towarasrtéw location of exhaust fans (Fan
7 and 8) by modifying the arrangement (Figure SJf)der the negative mode, the
maximum concentrations (0.075g#mvere approximately twenty times larger than that

of the neutral mode (0.004grfn

Table 5-2 Particle Concentrations Relative to Distace; Negative vs. Neutral Modes, Existing vs.

Modified Arrangements, Releasd nside (x=0m)

i Existing Arrangement Modified Arrangement
Sampling Location Distance : :
(m) Negative Neutral Negative Neutral
Mode Mode Mode Mode
Sample Location 1 3.3 0.080 0.000 0.031 0.000
Sample Location 2 7.1 0.048 0.000 0.036 0.001
Sample Location 3 10.1 0.034 0.011 0.075 0.004
Sample Location 4 13.2 0.017 0.008 0.020 0.002
Sample Location 5 16.2 0.024 0.003 0.011 0.004
Sample Location 6 19.3 0.030 0.016 0.057 0.004
Sample Location 7 22.3 0.038 0.005 0.011 0.001
Sample Location 8 254 0.047 0.004 0.007 0.000
Sample Location 9 28.4 0.016 0.001 0.006 0.000
Sample Location 10 31.5 0.004 0.000 0.002 0.000
Average Concentrations 0.031 0.004 0.023 0.001
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Figure 5-7 Average Aerosol Concentrations Relativin Distance, Modified Ventilation Arrangement

and Release Inside (x=14m)
The Results suggested that the best design stristéigg neutral mode with modified
ventilation arrangement. Again, modifications brbugbout a series of vortices from
each supply diffuser to the closest exhaust fahis Way, particles are nearly contained
within a block consisting of a supply fan and isreunding exhaust fans. When particles
were released inside, modifications in the ventifatrrangement caused a 24% and 69%
decline in particle concentrations under the negatind neutral modes respectively.
Modifications also seemed effective when partielese released outside. Particle
concentrations were reduced by 16.3% and 15.5%ruhdaegative and neutral modes
respectively. The improvements were less signitieeren particles were released
outside mainly because the idea of compartmentadizaf the corridor was designed to
contain particles generated by an internal sodroas, an outside source is less affected

by the change scenario in the ventilation arrangeniarticles were able to move farther
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away from the release point with higher concergregtiunder the negative mode when
released inside. In conclusion, regardless ofelease point, particle concentrations
were highest under the negative mode and for trstimy ventilation arrangement
(Table 5-3). Reducing particle concentrations iseseary for a decent design but not

sufficient. Thus, particle distributions were atdadied for all cases.

Table 5-3 Average Particle Concentrations Relativeo Ventilation Alignment; Negative versus

Neutral
. Release | Negative Neutral Change
Ventilation Arrangemen Point (gr/n?) ) (%)
Existing Arrangement Outside 0.034 0.009 -73.5%
g Arrang Inside 0.031 0.004 87.1%
. Outside 0.031 0.008 -74.2%
Modified Arrangement = e 0.023 0.001 95.7%

5.2.2 Distributions

For each case, the statistical distribution ofipkag is of interest. In fact, apart from the
average particle concentrations, how particleslesteibuted is also important. Thus,
statistical analyses on the vertical and latedah@the hallway) particle distributions,
maximum residence time, and total distance travieyeplarticles were performed for all
cases. The maximum residence time is the duratioh particle is suspended within the
space before its final fate. Moreover, the distgrex¢icles can travel during suspension

(between zero and maximum residence time) is e as the distance traveled by

particles.
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5.2.2.1 Case 1: Existing Arrangement, Release Outsid@m)

Under the negative mode, particles migrated tontiveing station (32m) through the
main and opposite hallways when released outside @ 5-8). A histogram was used to
depict the vertical distribution of particles iRt increments (Figure 5-9). The upward
directional flow caused by ceiling exhaust fansw@ohted in higher particle heights.
More than one-third of all particles were obserwatthin the breathing zone (0.8m to
1.8m) and the average particle height was 1.65nsiwilsithe mode height of a women in

the United State¥. The results were consistent with the experiméfinteings.

-1.280e-008
[kg m"-3]

2,500 7.500

Figure 5-8 Particle Distribution, Negative Mode, Cae 1
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Figure 5-9 Vertical Distribution of Particles under Negative Mode, Case 1
Particles were dispersed within the corridors almbgquitously under the negative
mode. Particle average distance from the sourcebvisdsn 6=7.41). The standard
deviation is higher for flawed distributions sinteepresents a higher probability of
particles to travel farther from the source. Highmran values also exhibit how much
particles are prone to distance away from the souispersion ratio or the range in
which 90% of particles existed divided by the léngt the hallway (37.0m) was also
calculated. The dispersion ratio is a number betvzeeo and unity where a smaller ratio
shows better containment. This ratio was 0.54 uttdenegative mode, for existing

condition when particles were released outsideufigié-10).
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More than one-third (34%) of particles were remofredh the space by the ventilation

system. Half of the particles were removed by Rah&reas Fans 2 and 3 were

responsible for 35% of the removal (Table 5-4).

Table 5-4 Removal By Ventilation System Relative t&xhaust Fan PlacementNegative Mode, Case 1

Exhaust Fan

Fanl

Fan2

Fan!

Fan

4

Fa

N5

Fan6

Rate of Remova

50%

15%

20%

1%

1%

14%
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Particles were suspended within the space for mOtes on averages£12.9) before
they were eliminated from the domain (Figure 5-Bl130, the average distance traveled

by a particle was 22.0n6£23.6) (Figure 5-12).
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Figure 5-11 Particle Maximum Residence Distribution Negative Mode, Case 1
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Under the neutral mode however, both particle cotmagons and distribution were
mitigated (Figure 5-13). Particles were able tonaiig to the opposite hallway, but the

migration was limited to the vicinity of the exhadesn.
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Figure 5-13 Particle Distribution, Neutral Mode, Case 1
Discharging air the ceiling level inevitably causetendency for particles to rise. This
trend was observed for all cases under both véptilalignments. Under the neutral
mode however, the particle average height (1.43as) lmwer compared to the negative
mode. The vertical distribution’s standard deviat{e=0.92) was also lower than the

negative mode (Figure 5-14).
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Figure 5-14 Vertical Distribution of Particles unde Neutral Mode, Case 1
Moreover, only slightly more than a quarter of et (27%) existed within the
breathing zone range. The convex appearance digtrédoution suggested that particles
are more likely to either gravitationally settlelsr removed by the exhaust fans. Also,
particles average distance from the source (x=0a%) #v65m ¢=5.63) under the neutral
mode. Compared to the negative mode, this numbleccesl by 16% meaning that
particles were prone to more displacement undendigative mode. The dispersion ratio
was 0.35 under the neutral mode which reflects% Bbprovement (Figure 5-15). As
depicted in Figure 5-15, particles were mostly ob=e in the range of zero to 8m from
the source. However, a full containment was natiraéd in this case suggesting that a

small fraction of particles could migrate eventie thursing station area (Figure 5-13).
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Figure 5-15 Lateral Distribution of Particles under Neutral Mode, Case 1
Particles, on average, remained within the systam3.0 minutes¢=4.90) which is half

the corresponding time under the negative modeu(Eig-16).
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Figure 5-16 Particle Maximum Residence Distribution Neutral Mode, Case 1
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The average distance traveled by particles was3ii (8=16.5) under the neutral mode.

The distance traveled halved compared to the negatode. Although, 2% of particles

could travel more than 70m which was twice theatise between the entrance door and

the nursing station area. Again, this was a signaimplete containment.

Approximately 30% of particles were removed by\vkatilation system from which

90% were removed by Fan 1 suggesting a more rel@®itainment under the neutral

mode (Table 5-5). The removal from the oppositéel was one-third of the negative

ventilation alignment.

Table 5-5 Removal By Ventilation System Relative t&xhaust Fan PlacementNeutral Mode, Case 1

Exhaust Fan

Fanl

Fan2

Fan!

Fan

4

Fa

N5

F3

Rate of Remova

90%

5%

0%

0%

0%

5%

n6
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As a results, analyses on case 1 revealed thaetlteal mode performed better in terms

of particle distributions within the corridors (Tiatb-6).

Table 5-6 Distribution Parameters Relative to Ventation Alignment, Case 1

Ventilation | Average| Breathing Zone| Distance | Dispersion| Max. | Distance
Alignment | Height | Concentration | form Source] Ratio Time | Traveled
Units [m] [%] [m] [ [min] | [m]
Negative 1.65 34.7 5.55 0.54 7.0 22.0
Neutral 1.43 27.47 4.65 0.35 3.0 11.3%
Change -13% -21% -16% -35% -57% -48%

5.2.2.2 Case 2: Modified Arrangement, Release Out&d®m)
In the previous subsection, distribution parameterse appraised relative to ventilation
alignment. Similar analyses for the modified areemgnt were needed to assure that the
results were independent of ventilation arrangemiémis, for Case 2, particles were
released at the entrance door while Fan 1 and ket displaced as described in the

computational method section (Figure 3-17).

Under the negative mode and similar to observationthe existing condition, particles
existed all along the main hallway. In the oppobaélway however, particles mostly

congregated around Fan 6 (Figure 5-18).
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Figure 5-18 Particle Distribution, Negative Mode, @se 2
Particle height was nearly uniformly distributedrfr zero to 2.2m and profoundly

increased thereafter (Figure 5-19).
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Figure 5-19 Vertical Distribution of Particles unde Negative Mode, Case 2
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Particle average height was slightly under 2m {h.85=0.75) which again conceded the
fact that the general vertical direction of pagiochovement was upward. This motion
contradicted with the gravitational settling of fiees, and hence, placed 28% of

particles in the breathing zone.

Average lateral distance from the source was 66&6.95) under the negative mode
(Figure 5-20). Concentrations decreased relativhsiance from the source and more
than 90% of particles were within 18m from the seuGiven a relatively large
dispersion ratio (0.48), containment was not falihieved under the negative mode
(Figure 5-18) suggesting that particles were drddge/ards the end of the hallway by
means of the exhaust fans. Although the exhaustiane uniformly placed in the
modified arrangement, the effect of flow directi@mained prominent due to negative

pressurization.
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Figure 5-20 Lateral Distribution of Particles under Negative Mode, Case 2
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On average, particles were suspended for 5.3 narfet&.1) within the corridors where

nearly two-third of them were decayed within thstffive minutes (Figure 5-21).
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Figure 5-21 Particle Maximum Residence Distribution Negative Mode, Case 2
The average distance traveled by particles wasi®819.1) under the negative mode,
showing that particles tended to remain suspendedala balance between upward flow
and gravity (Figure 5-22). In fact, few particleavieled more than 100m which is
equivalent to three time the length of each hallvRayticles primarily followed the
vortices created by the modified arrangement. Tthesmodified arrangement oriented
the motion of air entrained through a supply diéiuowards an exhaust fan which was

replaced to its proximity.
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Similar to the existing arrangement, nearly onedtbif particles were removed by the

ventilation system. The removal rate was increngndeclined as fans distanced from

the source (Table 5-7). Although the overall renhoate of the main hallway exhaust

fans (Fans 7, 8, and 3 in the modified arrangemeas)similar to that of the existing

arrangement, particles were removed closer todhece, and consequently, faster. This

observation described the difference between tigtieg and modified modes in terms of

the average residence time and distance traveletedwer, it reinforced the

improvements due to modifications in the outleaagement.

Table 5-7 Removal By Ventilation System Relative t&xhaust Fan PlacementNegative Mode, Case 2

Exhaust Fan

Fan7

Fan8

Fan!

Fan

4

Fa

N5

Fan6

Rate of Remova

37%

27%

21%

2%

0%

13%
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For case 2 and under the neutral mode, a clearecdinment was observed. Particles
solely existed within 14m from the entrance anddpgosite hallway was clear

(Figure 5-23).
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Figure 5-23 Particle Distribution, Neutral Mode, Case 2
Average height of particles were 1.586%0.83) where 25.6% of particles were within
the breathing zone range (Figure 5-24) under théralemode. Vertical distribution
seemed to remain intact when the ventilation aearent was modified. Intuitively, a
change in the location of exhaust fans should het the vertical distribution of particles
since it is delineated by the resultant of forceting on particles. These forces are

regardless of the placement of a fan, yet deperatinits flowrate.
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Figure 5-24 Vertical Distribution of Particles unde Neutral Mode, Case 2
The lateral distribution was seemingly desirabldarthe neutral mode. The mean lateral
distance from the source was reduced to 26+2.8) suggesting that the modified
arrangement allied to the neutral alignment coeldegate relatively favorable conditions

(Figure 5-25).
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Figure 5-25 Lateral Distribution of Particles under Neutral Mode, Case 2
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Under the neutral mode, the dispersion ratio wag @here a full containment was
achieved mainly because air motion form Supply@ Ban7 created a negative velocity
field in the x-direction in that region (9m-14m)okéover, the average residence time of
particles was 2 minutes£3.4) indicating that particles were decayed fastezn

compared to the neutral mode under the existirangament (Figure 5-26).
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Figure 5-26 Particle Maximum Residence Distribution Neutral Mode, Case 2
As stated earlier, modifications enhanced the rehmechanism of particles by placing
exhaust fans uniformly throughout the corridor. Ewerage distance traveled by
particles was 9.1n6€9.3) under the neutral mode (Figure 5-27). Congpé&vehe
negative mode, particles tended to move aroundeshdédso, compared to the neutral
mode in case one, the average distance travelpdrtigles reduced by 20% upon

implementing the modifications.
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Figure 5-27 Particle Distance Traveled Distribution Neutral Model, Case 2
The removal rate was 28% under the neutral modehwiaas slightly lower than that
under the negative mode. The reason lied in thes michigher tendency for upward
motion under the negative mode. As expected thopaytticles were entirely removed by

Fan7 or deposited onto surfaces as another plausdstiny.

Table 5-8 Removal By Ventilation System Relative texhaust Fan Placement;

Neutral Mode, Case 2

Exhaust Fan Fan7 Fan8 Fan3 Fan4 Fan5 Fan6
Rate of Removal 1009 0% 0% 0% 0% 0%

A conclusion to analyses on Case 2 is presentédhie 5-9. Similar to Case 1, all of the
distribution parameters improved under the nem@de suggesting that the neutral
mode was the more rational design strategy regegdlethe placement of domain

boundaries.
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Ventilation | Average| Breathing Zone| Distance | Dispersion| Max. | Distance
Alignment | Height | Concentration | form Source] Ratio Time | Traveled
Units [m] [%] [m] [-] [min] [m]
Negative 1.97 28.2 6.7 0.48 5.3 19.3
Neutral 1.58 25.6 2.6 0.16 2.0 9.10
Change -20% -9% -61% -67% -62% -539

To refrain any bias in data analysis, distributiorese tested against the release point.

Thus far, Cases 1 and 2 investigated particlesageesind distributions when released

outside the hallway. In order to find the promindasign strategy, cases where release

took place inside was also studied. The releas# p@s 14m away from the entrance.

The results were analyzed using similar procedar€ases 1 and 2, however, nuances in

terms of release point were accounted. For instdoce release inside case, particles

normally distribute both ways (i.e. toward the antte and nursing station). Therefore,

unlike releasing outside, the distribution evolaesund the point of release. As a result,

other parameters such as skewness and kurtosisibexanterest. Generally, a

symmetric distribution has skewness close to zethigsmore desirable. Moreover,

higher kurtosis implies that particles are congregiaear the source (Figure 5-28).
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Kurtosis {a) > Kurtosis {b} > Kurtosis {c)}

////‘ “ Skewness > 0 a

Skewness <0

Figure 5-28 Skewness and Kurtosis in Distribution§’

With that in mind, two new cases with an interr@alrge of particles were defined and

analyzed.

5.2.2.3 Case 3: Existing Arrangement, Release Ingxdd4m)
For Case 3 and under the negative mode, partideerrations were considerably high
in both the main and opposite hallways (Figure h-B®wever, placing the exhaust fans

near each other impeded particle migration to tirsing area.
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Particles tend to settle down more easily wherasald inside (Figure 5-30). The average
height of particles were 1.35m50.89) depicting the equilibrium between gravitgan
the drag force. Also, 31.5% of particles existethimithe breathing zone range. The
lateral dispersion, on the other hand, was posjtiskewed (g=2.48) because of the non-

uniform placement of exhaust fans under the exgsdimangement (Figure 5-31).
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Figure 5-31 Lateral Distribution of Particles under Negative Mode, Case 2
Under the negative mode, the average distancetfieraource (x=14m) was +1.76m
with 9.33 standard deviation. Dispersion ratio W&2 given the fact that 90% of
particles were sought on both sides of the relpasdé. For example in this case, 90%
particles existed in a range starting from 3m tm2&th a center at x=14m. Kurtosis was
1.81 under the negative mode. It should be notadkilrtosis is threg€3) for a normal
distribution (mesokurtic), thus whe=1.81, the distribution was considered ‘flat’ asd i

called platykurtic.
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Figure 5-32 Particle Maximum Residence Distribution Negative Mode, Case 3

Particle residence time was, on average, 31.5 esngt29.4) where only 18% of

particles were decayed within the first five miraite
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Figure 5-33 Particle Distance Traveled Distribution Negative Model, Case 3
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The mean distance traveled by particles was @&#89.4) under the negative mode
(Figure 5-33). As can be seen, particles eitheetel no more than 10.0m or stayed

suspended and traveled more than 60m within theespa

Approximately 40% of particles were removed throtigh ventilation system compared
to other mechanisms under the negative mode. Hrememoved particles slightly less

than 90% were removed by Fanl and Fan2 (Table 5-10)

Table 5-10 Removal By Ventilation System RelativeotExhaust Fan Placement;

Negative Mode, Case 3

Exhaust Fan Fanl Fan2 Fan3 Fan4 Fan5 Fan6
Rate of Remova 0% 43% 43% 1% 1% 13%
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Figure 5-34 Particle Distribution, Neutral Mode, Case 3



93
Under the neutral mode, the opposite hallway wearcnd particles were distributed
within the main hallway with appreciably lower centrations (Figure 5-34). Particles
tended to remain closer to the floor level wheeedkhierage height was 1.256%(.85)

and 29.8% of all particles were within the breaghmone (Figure 5-35).
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Figure 5-35 Vertical Distribution of Particles unde Neutral Mode, Case 3
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94
The weighted average lateral distribution of pétavere 15.2mo=5.52) which drifted
away 1.2m from the source (x=14.0m) (Figure 5-38k lateral distribution was slightly
skewed to the left (g=0.6) and kurtosis was 2.99euthe neutral mode. The dispersion
ratio under the neutral mode was 0.56 which waS%2ower than the corresponding

value under the negative mode.

70%
60%
50%
40%

30%

% of Total Particles

20%

10% l
0% ..-_—__

OS50 O VO M AN H © © L O O & O
NP 2P A A N S SRS oM ~ S I SN
TG IS TS S

Residence Time (min)

Figure 5-37 Particle Maximum Residence Distribution Neutral Mode, Case 3
The average time particles remained within the speas 6 minutessE€8.1) under the
neutral mode which was nearly one-fifth of the esponding time under the negative
mode (Figure 5-37). Particles traveled, on avera@iel8m 6=24.1) before they either

settled or egress through the ventilation systegu(g 5-38).
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Figure 5-38 Particle Distance Traveled Distributiory Neutral Model, Case 3
19% of the total removed particles escaped froni emile the rest escaped from Fans 2
and 3 under the neutral mode. Unlike the negatiedenexhaust fans in the opposite

hallway did not contribute to the removal procégab{e 5-11).

Table 5-11 Removal By Ventilation System RelativeotExhaust Fan Placement;

Neutral Mode, Case 3

Exhaust Fan Fanl Fan2 Fan3 Fan4 Fan5 Fan6
Rate of Remova 19% 56% 25% 0% 0% 0%

Comparison between ventilation alignment and distion parameters in Case 3
revealed that the neutral mode exhibited morebigiperformance in terms of particle

distribution (Table 5-12).



Table 5-12 Distribution Parameters Relative to Veritation Alignment, Case 3
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Ventilation | Average | Breathing Lateral Distribution Max. | Distance
Alignment | Height Zone Parameters Time | Traveled
Units [m] [%0] DS1| o g B DR2 | [min] [m]
Negative 1.35 31.5% 1.76 933 248 81 062 315 7 6
Neutral 1.26 29.8% 127 552 061 297 0p7 56 3
Change -1% -6% -28%-41% | -75% | -64%| -8% | -82% -54%

1 DS = Distance from Source

2 DR = Dispersion ratio

5.2.2.4 Case 4: Modified Arrangement, Release Ingidel4m)

10.000 (m)

Figure 5-39 Particle Distribution, Negative Mode, @se 4

A

Final case, was defined as a case in which pastwtre released inside and the
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ventilation arrangement was amended. In Case 4iader the negative mode, particle
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concentrations were relatively high but containetthiw the range of the main hallway

(Figure 5-39).

The average height of particles was 1.38s10(81) with a tendency towards settling.
30.5% of particles existed within the breathingeand particles outside this range were
likely to settle out. More than 40% of particlesresdelow the breathing zone range

(height< 0.8m).
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Figure 5-40 Vertical Distribution of Particles unde Negative Mode, Case 4
Similar to Case 3, the lateral distribution wasifposly skewed (g=+0.76) however the

skewness was considerably smaller than that ofxfsting arrangement (Figure 5-41).

Under the negative mode, the mean value of thealadéstribution was 15.80m creating
1.80m distance from the source (x=14.0m). Standawiation was 2.96 which was more
than one-third of the corresponding value undesettisting arrangement. Kurtosis was

2.20 meaning that the distribution was platykuffiic3).
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Figure 5-41 Lateral Distribution of Particles under Negative Mode, Case 4
The dispersion ratio was 0.32 under the negativeéenchich was nearly half of the
dispersion ratio under the existing arrangemens€Cx. Moreover, modifications were
proven to culminate in a design that was less ptonmfavorable particle dissemination.
In fact, comparing Case 3 and Case 4 under theimegaode revealed that changing the

ventilation arrangement could, to a good exterigcaiparticle distributions.

The average residence time of particles were 9utes 6=9.8) where slightly less than

half of the particles were either decayed or dépdsn the first five minutes.
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Figure 5-42 Particle Maximum Residence Distribution Negative Mode, Case 4
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Figure 5-43 Particle Distance Traveled Distribution Negative Model, Case 4
The average distance traveled by particles was1i8617.3), however, nearly 40% of

particles did not travel more than 15m (Figure $-43
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More than a quarter (27%) of particles were remdwethe ventilation system of which
83% and 16% were removed by the displaced exhanst(Fans 7 and 8 respectively).

Other exhaust fans did not really contribute torgraoval process (Table 5-13).

Table 5-13 Removal By Ventilation System RelativeotExhaust Fan Placement;

Negative Mode, Case 4

Exhaust Fan Fan7 Fan8 Fan3 Fan4 Fan5 Fan6
Rate of Remova 16% 83% 0% 0% 0% 1%

Under the neutral mode however, particle concentiatdecreased, and similar to Case
2, an absolute containment was also achieved. Aalate containment is the situation in

which 100% of particles existed in the limited pafrthe hallway.
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Figure 5-44 Particle Distribution, Neutral Mode, Case 4
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The average height of particles was 1.18s10(85) under the neutral mode and 34% of
particles were within the breathing zone (Figu45%-
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Figure 5-45 Vertical Distribution of Particles unde Neutral Mode, Case 4
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Figure 5-46 Lateral Distribution of Particles under Neutral Mode, Case 4
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On average, particles were distributed away froenstburce only by 1.17m (Figure 5-46).
The standard deviation of lateral distribution \#a& and it was positively skewed
(g=1.1). Also, under the neutral mode, kurtosis &&swhich was the only case with a
leptokurtic distribution. In fact, in this case amader the neutral mode, more than 60%
of particles existed in a 4m range from the soufterefore, the dispersion ratio was

0.29 which was the lowest value among all the selaeaside cases.

More than 90% of particles remained within the donfar less than five minutes
(Figure 5-47) and particles traveled 25.6m on ayeke=10.15) while nearly half of

them transported for less than 10m before decay(€ig-48).
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Figure 5-47 Particle Maximum Residence Distribution Neutral Mode, Case 4
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Figure 5-48 Particle Distance Traveled Distribution Neutral Mode, Case 4
The removal rate was 28% under the neutral modehalaas slightly higher than that of

the negative mode. From this portion, 15% and 8%@ewemoved by Fan7, and 8

respectively (Table 5-14).

Table 5-14 Removal By Ventilation System RelativeotExhaust Fan Placement;

Neutral Mode, Case 4

Exhaust Fan Fan7 Fan8 Fan3 Fan4 Fan5 Fan6
Rate of Remova 15% 85% 0% 0% 0% 0%

The results from the comparison between the negatid neutral modes were presented
in Table 5-15. Skewness in addition to breathingezconcentration were the only

parameters with a better performance in the negatiode compared to the neutral mode.



Table 5-15 Distribution Parameters Relative to Veritation Alignment, Case 4
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Ventilation | Average | Breathing Lateral Distribution Max. | Distance
Alignment | Height Zone Parameters Time | Traveled
Units [m] [%0] DS1| o g B DR2 | [min] [m]
Negative 1.38 30.5% 1.80 296 0.76 2 0.32 g 3
Neutral 1.19 34.0% 117 279 1.10 3. 0.9 2. 25|
Change -15% 11% -45%-6% | 45% | -45%| -9%| -78% @ -19%

1 DS = Distance from Source

2 DR = Dispersion ratio

In summary, both particle concentrations and distrons dramatically improved under
the neutral mode suggesting that any directioa fivithin corridors of a healthcare
setting should be avoided. As alluded to in theoohtiction section, ASHRAE standard
170-2013 has no requirements in terms of pres®laganship with adjacent spaces. The
results suggested that although no particularicgighip with adjacent spaces is required,

corridors must be balanced in terms of the amofimtake and exhaust air.

Furthermore, advertent modifications in the vetiblaarrangement could greatly
mitigate the issue of particle transmission in ictlmms. In other words, corridors should
be designed to deliver a non-directional flow. T¢tas be achieved by avoiding negative
pressurization and designing a symmetric patterthi ventilation arrangement. The
latter could, to some extent, control the unfaviEautcomes of an unbalanced

ventilation system.



105
5.3 Ventilation Rate
Results from the previous section suggested thanadirectional air distribution serves
best in terms of particle removal and containm&herefore, theaneutral mode was
studied under various ventilation rates. As statdtie method section (Table 3-7), four
(4) ACH levels were selected to represent the pressand current ASHRAE
requirements (4ACH and 2ACH respectively), in addito one data point between and
above these requirements. As per previous secisoussion, CFD models were
developed for two ventilation arrangements (exgstia modified) and two release points
(inside vs. outside). Moreover, particle conceitret and distributions were analyzed

separately to ensure rigorous and thorough outcomes

5.3.1 Concentrations

Concentrations of particles declined with distafioen the release point. This trend was
observed for all ventilation rates and arrangemesnsler the existing arrangement,
concentration trends seemed independent of thdatemt rate (Figure 5-49). Relatively
high concentrations were observed at the first @@chthen, on the average,
concentrations decreased by 80%. For 2ACH howgesgticle concentrations were
sustained up to the nursing station area. Chamge iventilation rate brought about
nearly 2.5% reduction in the average particle cotregons (Table 5-16). This was
obviously not commensurate with the amount of@iré conditioned for ventilation
rates. To demonstrate this issue, cost of vergilah US dollars were calculated for each

case. The annual cost for conditioning 1 cfm ofaxais $6 according to Memarzadéh
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Figure 5-49 Particle Concentrations versus ACH, Exting Arrangement, Release Outside (x=0m)

Table 5-16 Particle Concentrations (gr/m) versus Ventilation Rate;Existing Arrangement, Release
Outside (x=0m)

. .| Distance Ventilation Rates
Sampling Location
(M) ["20ACH | 3.0ACH| 4.0ACH | 5.0ACH
Sample Location 1 3.3 0.0638 0.0620 0.0543 0.0533
Sample Location 2 7.1 0.0211 0.0252 0.0221 0.0184
Sample Location 3 10.1 0.0085 0.0063 0.0124 0.0097
Sample Location 4 13.2 0.0064 0.0019 0.0040 0.00p4
Sample Location 5 16.2 0.0037 0.0006 0.0018 0.00p7
Sample Location 6 19.3 0.0022 0.0006 0.001D 0.0003
Sample Location 7 22.3 0.0030 0.0003 0.000y 0.0007
Sample Location 8 25.4 0.0032 0.0002 0.000B
Sample Location 9 28.4 0.0006 0.0001 0.0004
Sampli(l)_ocatlon 315 0.0006
Average Concentrations 0.0113 0.0097 0.0096 0.0087
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Considering the fact that introducing more energydecrease concentrations, one can

claim that the optimal case would take place wihenproduct of the ventilation cost and

average concentrations is minimum (Table 5-17).

Table 5-17 Ventilation Costs Relative to Average Gmentrations; Existing Arrangement, Release

Outside (x=0m)

Ventilation Rate (ACH) 2.0ACH 3.0ACH 4.0ACH 5.0ACH

Cost of Ventilation ($) $719 $1,078 $1,438 $1,797
Average Concentrations (grfin| 0.0113 0.0097 0.0096 0.0087
Cost x Concentration $8.12 $10.48 $13.87 $15.74

As can be seen, when the release point was plagsille and for the existing
arrangement, introducing more energy did not reauysroportionally lower
concentrations. Thus, the 2ACH case was the waittbieall cases. A similar trend was
observed for the modified arrangement. Particlecentrations decreased by distance
from the source. The decline however, was morequmoeed for the modified
arrangement suggesting that interventions wereesséal in particle removal and
containment (Figure 5-50). Furthermore, particeesled to accumulate around the new
exhaust fan (Fan7) and thus created a local maxiaroomd it. In fact, the increase in
concentrations around the new fan was the maironeafseffective containment. Near-
the-source concentrations were more sensitiveritilagon rate. This can be attributed
to eliminating the exhaust fan close to the enegif@nl) and thus higher flowrates did
not cause an unfavorable suction at the door, winithrn, could elevate the near-the-

source concentration by introducing more energy.



108

0.08

0.06

0.04

Concentration (g/m?)

0.02

0.00

——2.0 ACH

10 15 20
Distance (m)
=-=30ACH ——4.0ACH

25

30

5.0 ACH

35

Figure 5-50 Particle Concentrations versus ACHModified Arrangement, ReleaseOutside (x=0m)

Table 5-18 Particle Concentrations (gr/m) versus Ventilation Rate;Modified Arrangement, Release
Outside (x=0m)

. ) Distance Ventilation Rates

Sampling Location

(M) "20ACH | 3.0ACH| 4.0ACH | 5.0ACH
Sample Location 1 3.3 0.0662 0.0604 0.0562 0.0427
Sample Location 2 7.1 0.0156 0.0128 0.0069 0.0065
Sample Location 3 10.1 0.0240 0.0046 0.0128 0.0008
Sample Location 4 13.2 0.0037 0.0025 0.0006
Sample Location 5 16.2 0.0018 0.0011
Sample Location 6 19.3 0.0001
Sample Location 7 22.3
Sample Location 8 25.4
Sample Location 9 28.4

Samplti(l)_ocatlon 315
Average Concentrations 0.0111 0.0081 0.0076 0.0050
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Cost analysis showed that higher ventilation ratee not proportionally effective to

remove particles from the space (Table 5-19)

Table 5-19 Ventilation Costs Relative to Average Gmentrations; Modified Arrangement, Release
Outside (x=0m)

Ventilation Rate (ACH) 2.0ACH 3.0ACH 4.0ACH 5.0ACH
Cost of Ventilation ($) $719 $1,078 $1,438 $1,797
Average Concentrations (grfin| 0.0111 0.0082 0.0077| 0.0050
Cost x Concentration $8.01 $8.81 $11.01 $8.98
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Figure 5-51 Particle Average Concentration Relativéo ACH, Released Outside (x=0m)

As a general trend when the release point wasd®ytde average concentration

disproportionately decreased by introducing morergy This trend was almost linear
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and more pronounced for the modified configuratimeaning that the ventilation system

was more efficient when the arrangement of griese adjusted (Figure 5-51).

Particle concentrations dramatically increased whemnrelease point was placed inside.
Since patrticles could move both directions wheaastd inside, the distributions peaked
near the release point and then concentrationgased relative to distance

(Figure 5-52).
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Figure 5-52 Particle Concentrations versus ACHEXisting Arrangement, Releasd nside (x=14m)
As can be seen, 2ACH did not provide sufficientfi@te to drag the particles towards
the nursing station area and the Brownian motiopaoficles was the dominant transport

mechanism. On the other hand, there existed a dexmtentration peak by the location
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of exhaust fans 2 and 3~&5m) for higher ventilation rates (e.g. SACH andCGH).
Since the release occurred right underneath thelysdgfuser (Supply?2), particles were

forced to the sides swiftly and moved toward tharest exhaust fans.

Table 5-20 Particle Concentrations (gr/m) versus Ventilation Rate;Existing Arrangement, Release
I nside (x=14m)

_ _ Distance Ventilation Rates
Sampling Location
(M " 20ACH | 3.0ACH| 4.0ACH | 5.0ACH
Sample Location 1 3.3 0.028 0.056 0.061
Sample Location 2 7.1 2.273 0.148 0.003 0.034
Sample Location 3 10.1 3.057 0.754 0.037 0.058
Sample Location 4 13.2 3.215 2.067 1.116 1.073
Release Point 14.0 1.797 1.485 0.770 1.184
Sample Location 5 16.2 2.502 2.021 0.329 0.871
Sample Location 6 19.3 0.380 0.523 1.610 0.102
Sample Location 7 22.3 0.394 0.392 0.525 0.151
Sample Location 8 254 0.153 1.490 0.415 0.092
Sample Location 9 28.4 0.038 0.549 0.126 0.087
Sample Location 10 31.5 0.633
Average Concentrations 1.258 0.862 0.448 0.343

Particle concentrations decreased when higher &t@srwere introduced (Table 5-20).
However, unlike the release outside cases, thd ts&s no longer linear and the average
concentration changed exponentially relative tatilegion rate. This fact was also
observed when calculating the cost-concentratioretaiion (Table 5-21). Cost of

ventilation was commensurate with the decreasemeentration level.
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Table 5-21 Ventilation Costs Relative to Average Gmentrations; Existing Arrangement, Release

Inside (x=14m)

Ventilation Rate (ACH) 2.0ACH 3.0ACH 4.0ACH 5.0ACH

Cost of Ventilation ($) $719 $1,078 $1,438 $1,797
Average Concentrations (grfin 1.26 0.86 0.45 0.34
Cost x Concentration $904 $930 $644 $617

Concentrations of particles declined considerallydarranging the ventilation entries. It

seemed that the modified arrangement could enitaeaemoval process when particles

were released inside (Figure 5-53). This obseraatansolidated the influence of a

proper ventilation arrangement for an internal aamihant source. Although in smaller

amplitude, particle concentrations peaked at theredbouts of new exhaust fans

(x=11m and x=19m).
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Figure 5-53 Particle Concentrations versus ACHModified Arrangement, Releasd nside (x=14m)
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Again, since lower ACH produced lower velocitieartcles were less affected by the
drag force caused due to difference in air-partiellecities. This in turn, resulted in a
type of containment in which the concentration levas high. By introducing higher
flowrates, particles were dispersed widely and &&eétter chance of reaching to the

exhaust fans and eventually be removed from theagdoTable 5-22).

Table 5-22 Particle Concentrations (gr/m) versus Ventilation Rate;Modified Arrangement, Release
I nside (x=14m)

_ _ Distance Ventilation Rates
Sampling Location
(M) | 2.0ACH | 3.0ACH | 4.0ACH | 5.0ACH
Sample Location 1 3.3 0.030
Sample Location 2 7.1 0.045
Sample Location 3 10.1 0.656 0.314 0.056 0.048
Sample Location 4 13.2 2.741 1.121 0.407, 0.233
Release Point 14.0 1.550 1.431 0.221 0.279
Sample Location 5 16.2 1.552 0.749 0.35]] 0.429
Sample Location 6 19.3 1.836 0.217 0.368 0.153
Sample Location 7 22.3 0.100 0.072 0.047
Sample Location 8 254 0.113 0.037 0.114
Sample Location 9 28.4 0.043
Sample Location 10 31.5
Average Concentrations 0.765 0.372 0.138 0.119

Compared to the corresponding average concentsaftiorthe existing arrangement,
particle concentrations nearly halved. The redactvas more pronounced for higher
ventilation rates (e.g. 65% reduction under 4ACH)wever, the cost-concentration
analysis revealed that adding more flowrate didmeaiessarily result in a proportional
concentration decrease (Table 5-23). Thereforesam@ration-wise, the modified

arrangement and 4ACH were the optimum ventilatioatasgy for an internal source.
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Table 5-23 Ventilation Costs Relative to Average Gmentrations; Modified Arrangement, Release

Inside (x=14m)

Ventilation Rate (ACH) 2.0ACH 3.0ACH 4.0ACH 5.0ACH
Cost of Ventilation ($) $719 $1,078 $1,438 $1,797
Average Concentrations (grfin 0.76 0.37 0.14 0.12
Cost x Concentration $550 $401 $198 $213
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Figure 5-54 Particle Average Concentration Relativéo ACH, Released I nside (x=14m)

Figure 5-54 demonstrates an exponential trend legtwlee particle average concentration
and ventilation rate. The trend is more pronourfoethe modified arrangement meaning
that an advertent modification in ventilation agament could potentially elevate the
removal capacity of the ventilation system, holding flow rate constant. Moreover, the

exponential trends reached to a similar conceptratiagnitude when predicting the
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OACH (e.g. no ventilation). Essentially when thetdation rate approaches zero, the
placement of air entries and exists should notenafihus, particle average

concentrations must be similar for both cases.

5.3.2 Distributions

In this section the distribution of particles vk scrutinized relative to ventilation rate.
Results from the previous section revealed thaasehg particles inside and underneath
the supply diffuser (x=14m) may lead to a differeost-effectiveventilation rate. Thus,
a similar analyses are conducted to examine tleetadf ventilation rate on particle
distributions. For that purpose, four cases wefmee based on the ventilation

arrangement (existing vs. modified) and releasatgoutside vs. inside).

5.3.2.1 Case 1: Existing Arrangement, Release Outsidém)
Particle distribution parameters were studied netathe ventilation rate. Particle average
height increase for higher ventilation rates coasidy the upward movement of particle

because of the ceiling level exhaust fans (Tal?d )5-

Table 5-24 Distribution Parameters Relative to Verntation Rates, Case 1

Ventilation| Average| Breathing Zone| Distance | Dispersion
Rate Height | Concentration | form Source Ratio
Units [m] [%] [m] [-]

2ACH 1.08 18.5 5.50 0.39
3ACH 1.22 19.3 3.99 0.27
4ACH 1.43 27.5 4.65 0.35
5ACH 1.68 26.1 4.38 0.36
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Admittedly, the average height was an indicativeaicentration levels within the
breathing zone. The average height of particlesdetsrmined by the balance between
gravitational settling and the drag force. Sinavgy was constant, higher ventilation
rates caused a higher rate of presence withinrémliing zone. Although by increasing
the flowrates over a certain level (4ACH), the realgrocess became effective in such a
way that the breathing zone concentration decredsgeddistance from the source (x=0)
represented how containment was achieved. Agaierl@entilation rates (e.g. 2ACH)
could not effectively bring about the removal pexand particles were transformed
mostly due to diffusion. While, particles were oied toward the exhaust fans at higher
ventilation rates. Particularly for the existingaargement, particles were more prone to
migrate to the nursing station area (Figure 5-S&jilar trend was observed for the

dispersion ratio parameter.

Distance from Source (m)
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Ventilation Rate (ACH)

Figure 5-55 Distance from Source Relative to Venttion Rate,Case 1
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Potential improvements in this section come withdktributed cost of ventilation. Thus,
all the distribution parameters were analyzed aw®gig the extra cost of ventilation for
higher rates. Breathing zone concentration, digperatio, and the distance from the
source divided by the length of the hallway usethadistribution parameters. The
product of the ventilation cost and each distribmugparameter were computed and added

to find the overall cost (Table 5-25).

Table 5-25 Ventilation Costs Relative to Distributbon Parameters,Case 1

Ventilation | Ventilation | Breathing Zonel Distance | Dispersion| Total
Rate Cost Concentration | form Source Ratio Cost
Units [$] [%] [-] [-] [$]

2ACH $719 0.185 0.14865 0.39 $520
3ACH $1,078 0.193 0.10784 0.27 $616
4ACH $1,438 0.275 0.12568 0.35 $1079
5ACH $1,797 0.261 0.11838 0.36 $1328

Data suggested that the increase in flowratesali@md in a better distribution of
particles. In fact, despite the use of more engugyticles were scattered within the
hallway and remained suspended in a flow vortexieéwdefinitely. Thus, when particles
were released outside and for the existing arrargé(Case 1), 3ACH exhibited the best

performance while 2ACH is the worthies of all cal®sing the extra cost of ventilation.



5.3.2.2 Case 2: Modified Arrangement, Release Out&d®m)
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The patrticle average height were observed to hawreased with ventilation rate. As

alluded to earlier and in Casel, this can be asdrib the ceiling height exhaust fans

(Table 5-26).

Table 5-26 Distribution Parameters Relative to Veritation Rates, Case 2

Ventilation| Average| Breathing Zone| Distance | Dispersion
Rate Height | Concentration | form Source Ratio
Units [m] [%] [m] [-]
2ACH 1.31 22.3 3.12 0.24
3ACH 1.28 21.7 2.56 0.19
4ACH 1.58 25.6 2.6 0.16
5ACH 1.79 23.8 2.08 0.15

Other distribution parameters such as breathing zoncentrations, and lateral

distribution parameters demonstrated a behaviatasito that observed in Casel.

However, modifications seemed to have enhancetktheval process. In particular, the

distance from the source parameter was somehowdaden higher ventilation rates due

to more efficacious ventilation (Figure 5-56). Thesults suggested that proper

ventilation arrangement could better justify thetaaf higher ventilation rates in

corridors.
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Figure 5-56 Distance from Source Relative to Vengtion Rate, Case 2

Table 5-27 Ventilation Costs Relative to Distributbn Parameters,Case 2

Ventilation | Ventilation | Breathing Zone  Distance | Dispersion| Total
Rate Cost Concentration | form Source Ratio Cost
Units [$] [%] [-] [-] [$]

2ACH $719 0.223 0.084 0.24 $393
3ACH $1,078 0.217 0.069 0.19 $513
4ACH $1,438 0.256 0.070 0.16 $699
5ACH $1,797 0.238 0.056 0.15 $798

2ACH was still deemed the most cost-effective Jatitin rate. However, the ventilation
cost for 3ACH in Case 2 was lower than that for 2Ail8 Case 1 revealing the positive

impact of modifications in the ventilation arrangam
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5.3.2.3 Case 3: Existing Arrangement, Release In§xdd4m)
For 2ACH ventilation rate, particles were found&9m away from the floow€ 0.78)
(Figure 5-57). Concentrations of particles withie breathing zone was 25.7%

suggesting that particles tended to either settleoobe removed.
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Figure 5-57 Vertical Distribution of Particles undea 2ACH, Case 3
Next, the lateral distribution parameters were igiidParticles were scattered to the sides
of the release point in a nearly symmetric manfiee mean distance from the source
was 1.18md= 4.87) (Figure 5-58). Containment was not fullhiaged given the
relatively moderate dispersion ratio (0.48).Thiswaerhaps, because of the improper
ventilation arrangement and the lack of ventilatiate. The lateral distribution was
almost symmetric (g=0.06) under 2ACH and relatiatyall kurtosis§=0.56) revealed a

mild lateral distribution.
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Figure 5-58 Lateral Distribution of Particles under 2ACH, Case 3
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Figure 5-59 Particle Maximum Residence Time Distribtion, 2ACH, Case 3
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Figure 5-60 Particle Distance Traveled Distribution 2ACH, Case 3
Particle maximum residence time had a mean of tnbtes 6= 13.7) (Figure 5-59) and
the average distance traveled by particles was2(9 14.8) (Figure 5-60). Only 25%
of particles were removed through the ventilatigstsm under 2ACH ventilation rate.

This was mainly because of insufficient flowratéegh@ exhaust fans.

Particle heights were more uniformly distributedlen3ACH (Figure 5-61). In fact, the
ventilation rate was not sufficient to drag thetjoées up towards the exhaust fans. Thus,
the breathing zone concentration (32.7%) slighttyéased. Particles moved farther from
the source under 3ACH (1.90% 5.80) and the lateral distribution was skeweth&

right (g=0.57) where exhaust fans 2 and 3 prodackdrly large suction. Kurtosis was

increased compared to 2ACH, but the distributios gtdl platykurtic (Figure 5-62).
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Figure 5-61 Vertical Distribution of Particles undea 3ACH, Case 3
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Figure 5-62 Lateral Distribution of Particles under 3ACH, Case 3
Particles remained, on average, 7.8 minutesl(.5) within the space before their final

destiny (i.e. deposition, removal) which was lonigan that under 2ACH (Figure 5-63).

In addition, particles could travel 28.6w=(21.0) under 3ACH (Figure 5-64).
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Figure 5-63 Particle Maximum Residence Time Distribtion, 3ACH, Case3
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Figure 5-64 Particle Distance Traveled Distribution 3ACH, Case 3
The ventilation system removed 29% of particleglgdaalf of which were removed by
the exhaust fan at close to the entrance (Fanlgwhie rest were removed by Fans 2 and

3.
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The average height of particles slightly decreagsah an increase in ventilation rate.
Thus for 4ACH the average height was 1.26m (.84) reflecting an improvement in the
removal process by the ventilation system (Figu6bp The breathing zone

concentration was 29.5% which was slightly smahen that for 3ACH.
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Figure 5-65 Vertical Distribution of Particles undea 4ACH, Case 3
The lateral distribution of particles was somehawilar to that of 3ACH. However, the
distance from source was 1.250%(5.52) and the distribution was skewed to thetrigh
because of the existing arrangement (g=0.6). Thtogis was 0.91 and the dispersion
ratio was 0.56 and particles were more prone togategowards the nursing station area
(Figure 5-66). The average residence time (FigeB&)5and distance traveled

(Figure 5-68) of particles were 5.7 minutes 8.1) and 31.3moE 24.1), respectively.
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Figure 5-66 Lateral Distribution of Particles under4ACH, Case 3
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Figure 5-67 Particle Maximum Residence Time Distribtion, 4ACH, Case 3
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Figure 5-68 Particle Distance Traveled Distribution 4ACH, Case 3
Distributions for 5SACH resembled that of 4ACH. é#esned that the trends in
distributions became analogous for higher ventitatates. A similar phenomenon was
found in terms of particle concentrations wherecemtrations became indifferent to the
flowrates upon introducing higher rates. Table 55B8ws the removal rate and each
fan’s contribution to the overall removal proceskative to ventilation rate. The removal
rate increased with ventilation rate, though dipprtionately. It should also be noted that

particle were drawn to exhaust fans 2 and 3 wherilthvrates increased.

Table 5-28 Removal By Ventilation System RelativeotVentilation Rate; Case 3

Ventilation| Removal| 1 | ka0 | Fan3|  Fand  Fans  Fanb
Rate Rate
2ACH 25% | 4206 | 17% |  42% 0% 0% 0%
3ACH 20% | 50% | 34% | 16% 0% 0% 0%
4ACH 20% | 19% | 56% |  25% 0% 0% 0%
5ACH 32% | 19% | 52% | 29% 0% 0% 0%
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Table 5-29 summarizes the results of Case 3 pertpin the distribution parameters.

Despite the concentration trends, higher ventitatates resulted in cluttered

distributions. This is mainly because of the tuenale effect in higher flowrates. Results

also depicted that under higher ventilation rates.average particle velocity increased,

which in turn, increased the risk of infection samssion.

Table 5-29 Distribution Parameters Relative to Veritation Rate, Case 3

Ventilation | Average | Breathing Lateral Distribution Max. | Distance

Alignment | Height Zone Parameters Time | Traveled
Units [m] [%] DS | © g B DR? | [min] [m]
2ACH 1.09 25.7% 118 48Y 006 056 048 55 20
3ACH 1.31 32.7% 190 586 05f 082 0.54 7.8 28
4ACH 1.26 29.8% 1.25 552 0.6 091 0.%6 57 31,
5ACH 1.25 29.3% 064 522 076 128 051 30 26

1 DS = Distance from Source

2 DR = Dispersion ratio

5.3.2.4 Case 4: Modified Arrangement, Release Ingidel4m)

For this case the ventilation arrangement was restlds described in the method

section. This case was essentially designed to iexeatine effect of ventilation

arrangement on the optimum ventilation rate. Whewas entrained on a 2ACH rate the

average height of particles was 1.29m. Comparé&hge 3, more particles were

observed at the ceiling height suggesting thateheval process was more effective

(Figure 5-69). Accordingly, 23.2% of particles wevihin the breathing zone range.

AN W O ©
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Figure 5-70 Lateral Distribution of Particles under 2ACH, Case 4
The lateral distribution of particles was slighplgsitively skewed (g=0.5) with a
relatively high kurtosisf=1.75) indicating an acceptable distribution coregato the

existing arrangement. On the other hand, partaféed away 1.28ma= 2.81) from the
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source which brought about a dispersion ratio 21 @Figure 5-70). Considerably
improved containment was achieved in comparisoh thié existing configuration,
where the corresponding value of dispersion raas .48, suggesting that a proper
ventilation arrangement weighted more than verditetate in this case. Particle

maximum residence time had an average of 5.3 narete9.4) (Figure 5-71) and the

average distance traveled by particles was 22¢2114.3) (Figure 5-72).
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Figure 5-71 Particle Maximum Residence Time Distrilation, 2ACH, Case 4
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Figure 5-72 Particle Distance Traveled Distribution 2ACH, Case 4
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47% of particles were removed through the modifientilation system under 2ACH
ventilation rate. This was nearly twice the cormagting value under the existing
arrangement. Indeed, the maximum lateral distaht@essource from the closest exhaust
fans was reduced from 13m to 5m by the new arraegerilence, particles were
removed more effectively under the modified arranget. As a result, more the three-
guarters of particles were removed by Fan 7 whiak mepositioned in the modified

arrangement.

Increasing ventilation rate to 3ACH did not resnlan increase in the average height of
particles. In fact, the average height for 3ACH Wels/m 6= 0.91) and only 10% of
particles were observed to be within the ceilinggherange (Figure 5-73). Moreover,

28.4% of particles were within the breathing zone.
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Figure 5-73 Vertical Distribution of Particles undea 3ACH, Case 4
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The average distance from the source was 1.28m2.62) for 3ACH which was nearly
identical to that for 2ACH. The lateral distributizvas skewed to the right (g=0.78) and

almost mesokurticfe2.83) (Figure 5-74). Dispersion ratio was 0.21ermIACH.
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Figure 5-74 Lateral Distribution of Particles under 3ACH, Case 4
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Figure 5-75 Particle Maximum Residence Time Distrition, 3ACH, Case4
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Figure 5-76 Particle Distance Traveled Distribution 3ACH, Case 4
The mean time particles suspended in the spacd Wasinutes¢= 5.16) which was
over 40% improvement compared to the existing @earent. AlImost 80% of particles
were either removed or settled after only 10 misi{iegure 5-75). Particles, on average,
traveled 23.2md= 13.3) before their final destiny. Compared to&€asmore than 20%
improvement was attained. However, particles ted/elightly longer by increasing the

flowrates.

50% of particles were removed by the ventilatiostesn. This number was larger than
that for 2ACH, though sparingly. Fan 7 played anpireent role in the removal process

by acting on 94% of the patrticles.
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Flowrates, when increased to 4ACH, resulted in eemaiform vertical distribution. In
fact, higher velocities and turbulence rate hindehe particle settling process such that
34.8% of particles existed within the breathingeoange (Figure 5-77).
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Figure 5-77 Vertical Distribution of Particles unde 4ACH, Case 4
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Figure 5-78 Lateral Distribution of Particles under4ACH, Case 4
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The lateral distribution of particles were leptdiai(3=3.18) suggesting that particles
tended to remain near the release point. Howekemaositive skewness (g=1.1) showed
a propensity towards the nursing station area (Eigti78). The dispersion ratio was 0.34
which was by far the largest value compared torotbatilation rates. Relatively higher
dispersion ratio could be attributed to higheaiocities that aggravated the

containment and help particles scatter furtherfaster.
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Figure 5-79 Particle Maximum Residence Time Distriltion, 4ACH, Case 4
The maximum residence time of all particles wasinitl5 minutes after releasing
(Figure 5-79). Given the lower removal rate, it t@nconcluded that deposition was the
dominant destiny. The average distance traveledasn ¢= 10.15) and none of the

particles reached to their final destiny beforeetig at least 10.0m (Figure 5-80).
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Figure 5-80 Particle Distance Traveled Distribution 5ACH, Case 4
The vertical distribution seemed to aggravate witroducing more ventilation rate. For
5ACH, at least 5% of particles existed within alidht ranges resulting in 35.3%

dispersion ratio (Figure 5-81).
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Figure 5-81 Vertical Distribution of Particles unde 5ACH, Case 4
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The lateral distribution was also positively skewgd 0.75); however, the kurtosis
(B=2.20) was smaller compared to 4ACH mainly becgastcles were able to migrate
further from the source (Figure 5-82). Consequethiy dispersion ratio was 0.27 which
was comparable to that of 4ACH. Nevertheless, thgetlsion ratio halved compared to

the existing arrangement meaning that the modifinatwere decent and effective.

40%
35%
30%
25%
20%
15%

% of Total Particles

10%
5%
0%

Lateral Distance (m)

Figure 5-82 Lateral Distribution of Particles under 5ACH, Case 4
Ninety nine percent of particles had a maximumdesce time less than five minutes
(Figure 5-83) and the average distance travelgobycles was 24.0no€ 10.09)
(Figure 5-84). Data suggested that even thougmteémum residence time substantially
decreased with the flowrates, the average distaaceled term remained approximately
the same, and therefore, particles’ average vglouiteased with ventilation rate. As
alluded to earlier, higher particle velocitieay potentiallyead to a higher risk of

infection transmission.
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Figure 5-83 Particle Maximum Residence Time Distrition, 5ACH, Case 4
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Figure 5-84 Particle Distance Traveled Distribution 5ACH, Case 4
Table 5-30 shows the removal process relative mdiledon rate. Increasing the
ventilation rate did not necessarily enhance theoral process mainly because particles

with higher velocities were prone to be depositenlareasily. In all ventilation rates,
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particles were removed by Fans 7, 8, and 3 whiale waughly 10.0m apart. Admittedly,
by entraining more air, particles migrated furtaed eventually removed by the farther
exhaust fans (i.e. Fans 7 and 3). Thus, the remrat@for Fans 7 and 3 increased for
higher ventilation rates (i.e. 4ACH and 5ACH) whaesenost of the particles were

removed by Fan 8 under lower rates (i.e. 2ACH ahGH).

Table 5-30 Removal By Ventilation System RelativeotVentilation Rate; Case 4

Ver;;ulatlon Removal Fan7 Fan8 Fan3 Fan4 Fanb FarJG
ate Rate
2ACH 47% 1% 78% 21% 0% 0% 0%
3ACH 50% 0% 94% 6% 0% 0% 0%
4ACH 35% 8% 54% 38% 0% 0% 0%
5ACH 39% 24% 42% 34% 0% 0% 0%

Table 5-31 summarizes the results of Case 4 pertpin the distribution parameters.
Similar to Case 3 and despite the concentratiordfiehigher ventilation rates resulted in
cluttered distributions. Therefore, as far as tis&rithution is concerned, an increase in

the ventilation rate was neither beneficial norgroent with the extra ventilation cost.

In addition, comparing Cases 3 and 4 revealed ameus capacity lied in the root of
ventilation arrangement. Not only were the conadidns comparable to those of a
higher ventilation rate in the existing arrangemeéent the distributions were also

appreciably rectified by the proper arrangement.



Table 5-31 Distribution Parameters Relative to Veritation Rate, Case 4
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Ventilation | Average | Breathing Lateral Distribution Max. | Distance
Alignment | Height Zone Parameters Time | Traveled
Units [m] [%0] DS1| o g B DR2 | [min] [m]
2ACH 1.29 23.2% 128 281 051 1.75 0.21 5.3 22
3ACH 1.17 28.5% 128 262 0783 282 0.21 4.1 23
4ACH 1.19 34.0% 1.19 279 110 3.18 0.29 2.0 25
5ACH 1.34 35.3% 064 296 0.7b 220 0.27 1.0 24

1 DS = Distance from Source

2 DR = Dispersion ratio

w O -
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CHAPTER 6: CONCLUSIONS

6.1 Summary and Conclusions

This work is largely designed to address the isgw@rborne infection control in hospital
corridors. Specifically, questions are asked alloeipressure relationship, ventilation
arrangement, and ventilation rates from which tre¢ &nd last parameters are regulated
by current codes. Moreover, nuances on the effgoanicle size have been

contemplated.

Experimental data suggested that under the nexgrailation mode, 0.5um particles
remained above background concentrations to andistaf 22.3-25.4m (73.2-83.3ft) in
the main corridor of a general patient ward. Intcast, particles 1.0-3.0um remained
above background concentrations roughly half tieadce (13.2m, 43.3ft) from the
release point and had decay rates three-to-fowstimgher than 0.5um particles under
the neutral mode. Under the negative ventilatiodenarticles 1.0-3.0pum remained
above background concentrations more than twiceigtance (28.4-31.5m, 93.2-
103.3ft) and had deposition rates one-half that @f3.0um particles under the neutral
mode. Particles 0.5um remained above backgrounckodrations to a distance of 31.5m
(103.3ft) under the negative mode, but had demositites nearly the same as 0.5um
particles under the neutral mode. Results alscatdithat airflow may have a greater
effect on the movement of respiratory aerogdl®um (bacteria and fungi) than aerosols
<1.0um (viral droplet nuclei). With comparativesk regard to airflow, <1.0pm
particles may readily diffuse into the air and graowore difficult to contain and remove

from the healthcare environment. PartictdsOpum may be more effectively contained
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and removed by airflow, but may also be more rgatigpersed by malfunctioning or

improperly designed ventilation systems.

CFD results, by and large, conceded the experirhéntings. Particle concentrations
and distribution exacerbates upon introducing dioeal flow (i.e. negative mode). Four
cases, defined based on the release point andatemtiarrangement, unanimously
corroborate the superiority of a neutral mode isdii@l corridors. ASHRAE Standard
170-2013 however, does not require a certain pressiationship with adjacent spaces.
The reason could be sought in the fact that carsidoe somehow a common space
whose pressure relationship is dictated by theimidjg specialty areas, such as an
airborne infectious isolation room. Results of thisrk, however, illustrate that corridors
must be balanced in terms of inlet/outlet flowratasother words, the amount of air in

and out of a corridor must be equal.

Furthermore, flow direction is not solely dependemfpressurization, but to an extent, it
depends on the inlet/outlet arrangement. Accorglirthe results of this study showed
that an attentive, premeditated ventilation arramget may substantially perform better
in containment and removal of airborne particlggeically, results reveal that a proper
arrangement under the negative mode can have an&l@grformance to that of a poor
design under the neutral mode. It is also worthydte that particular space functions
such as isolation rooms, protective environmemtd,even morgues are required specific
grille placements in ASHRAE 170-2013. This studyazhtes a ventilation arrangement

for corridors where an exhaust grille is placeduaein every two supply diffuser.
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Minimum ventilation rates are required in patieotr@ors by current codes. Both
concentrations and distributions of airborne pleti@re affected by the flowrates at
boundaries. Obviously, concentrations of a contantitlecrease when more air is
entrained into the space. This however, comesavifice. Therefore, this study attempts
to find if the decrease in concentration level artlv the extra ventilation cost. Results
suggested that theost effectiverentilation rates depends on the source position.
released outside, 2ACH is the optimum rate; whe&€H seems to be optimum for an
internal source. In both cases, the modified aearents return better results to the
extent that the average concentration of partieieter 2ACH and modified arrangement

was comparable to that of 4ACH under the existimgragement.

The results pertaining to the distribution of paes are clear-cut. Lower ventilation rates
produce less perturbations and cause better comtain By increasing flowrates, and
consequently air velocity, particles tend to maasthfer and fasteEfror! Reference
source not found). The modified arrangement certainly facilitates temoval process
through ventilation system and mitigates partieitributions. Again, the idea of
compartmentalization of the corridor can be seaharesults of the modified
arrangement (Figure 6-2). Thus, 2ACH demonstratext@ caused more desirable

distributions with less risk of airborne infectioansmission.



144

o 000 10300 () o so0 10000 )

Figure 6-2 Particle Concentration and Distributionversus ventilation rate;Modified Arrangement
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6.2 Future Work and Limitations

Arising from this work, several lines of researtiogld be followed in the future, which

either will improve this work or lead to new findjgs, and they are discussed below:

The majority of findings especially those pertagto ventilation rate emanate
from the CFD modeling. Although developing computerdels is an excellent
and affordable approach for such research, an iexeetal counterpart could
consolidate the findings. Thus, providing a comémlenvironment where the
ventilation rate is adjustable can greatly addh#existing knowledge on this
area.

As stated in the method section, infiltration aré@leation was neglected for this
work due to computational intricacies and uncetiasn Therefore, a real size
experimental facility to examine the effect of itvition and exfiltration of
airborne particle transport would be of real ins&r&his can be also
complemented by computer models.

Supply inlets were assumed to entrain air vertycdlhis assumption was made
due to the type of diffusers used in the actuaphak(Figure 3-14). However, a
more common design approach is the horizontalibligton in which better air
distribution is achieved. Results of this work nieyaffected by changing the
direction air enters through supply diffusers, #mngs, it can be a relevant issue to

be experimentally and computationally studied.
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One limitation of this work was the absence of arpformation as to heat
sources available within corridors of the actuagital. This could be an
indicative of buoyancy force and its consequenceaiomaotion.
There are several source of uncertainty in hospdaidors of which moving
objects are of vigorous importance. In fact, pamegmay be released from a
moving object whose direction and velocity influertbe transport mechanism of
particles. Studying the influence of moving objemtsthe optimum ventilation
rate, pressurization strategy and other standael-f@mrameters can be a good
addition to this research.
Since not enough sample recorders were availaltleeiexperimental procedure,
particle concentrations were collected relativérte and distance. In fact,
changes in particle concentrations are not readihbutable to spatial or
temporal variables. However, since air motion ithm steady-state condition, one
could safely assume that after ‘sufficiently lotighe particle concentrations
reach to the steady-state condition where no nmoaiege is observed in particle
concentrations relative to time. Nevertheless,ithen experimental limitation of
the current work and may potentially be a deceestjan for future research.
Finally, other modifications to ventilation arramgent may be considered for
future research. Wall-mounted exhaust fans, odifiglacement ventilation
system are good examples. Therefore, similar meibgg can be adopted to

study the effect new modifications on particles] aerhaps, an arrangement may
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be discovered that best serves hospital corridbeswthermal comfort and indoor

air quality are both of concern.
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