CASE STUDY OF AIR DISTRIBUTION OF THE HOSPITAL
OPERATING ROOM IN MALAYSIA

DING LAI CHET

THESIS SUBMITTED IN FULFILMENT
OF THE REQUIREMENTS FOR
THE DEGREE OF MASTER OENGINEERING SCIENCE

FACULTY OF ENGINEERING
UNIVERSITY OF MALAYA
KUALA LUMPUR

2012



DECLARATION BY THE CANDIDATE

UNIVERSITI MALAYA
ORIGINAL LITERARY WORK DECLARATION

Name of Candidate: DNG LAI CHET (I.C/Passport No: 860809335711)

Registration/Matric No: KGA100004

Name of Degree: MASTER OF ENGINEERING SCIENCE

Title of Project Paper/ Research Report/ Dissert
Case study of air distribution of the hospital operating room in
Malaysia

Field of Study: HEATING, VENTILATING AND AIR CONDITIONING (HVAC)

| do solemnly and sincerely declare that:

(1) 1'am the sole author/writer of this Work;

(2) This Work is original,

(3) Any use of any work in which copyright exists was done by way of fair dealing and for
permitted purposes and any excerpt or extract from, or reference to or reproduction of
any copyright work has been disclosed expressly and sufficiently and the title of the
Work and its authorship have been acknowledged in this Work;

(4) 1do not have any actual knowledge nor do | ought reasonably to know that the making
of this work constitutes an infringement of any copyright work;

(5) I hereby assign all and every rights in the copyright to this Work to the University of
Mal aya (AUMO6), who henceforth shall be owner
any reproduction or use in any form or by any means whatsoever is prohibited without
the written consent of UM having been first had and obtained;

(6) 1 am fully aware that if in the course of making this Work | have infringed any copyright
whether intentionally or otherwise, | may be subject to legal action or any other action
as may be determined by UM.

Candidateds Signature Date:

Subscribed and solemnly declared before,

Witnessds Signature Date:
Name:

Designation:



This work dedicated to

beloved familyand friends



Abstract

In a hot and humid country, Malaysia shows the highest percentage of surgical
site infection in comparison with other healthcare associated infeclibesdesign of
operating rooms isignificantly different from orsite surveys on numbers of operating
rooms (ORs) in Malaysial'o date, investigation on air distribution in OR is limited in
developing countryComputer Fluid Dynamics (CFDyas used in this research for
further study in purpose tanalyzethe air flow features in ORs. In current study, two
ORs, namely Sarawak General Hospital Heart Centres@hd Universityof Malaya
Medical Centre O711 with different design featuresere studied. In the first case
study, therewere fieldwork measurement and simulation study at Sarawak General
Hospital Hear Centre, which includes the study of comparison of the potential of
reducing air flow rate. Then, the case studyscontinued with fieldwork measurement
and simulation study at Universityf Malaya Medica Centre (UMMC). OTF11 of
UMMC designed with up td4 air inlets and 3 air outlets. The airflow featui@ such
design will beanalyzed Since an OR needs to fulfill the requirement of a Class 7 clean
room according tdSO 146441, hence the design of the array of inletsre studied
through a comparison of 1 x 4 and 2 x 2 inlet arlawas found that, 1 x 4 inlet array
performs better than 2 x 2 inlet arrayin the last part of this workhe study on the
effect of maldistribution of air veloc#s wa also included by usy a 2D CFD

simulation.



Abstrak

Dalam keadaan iklim yang panas dan lembap, jumlah kes jangkiag
berpunca dri dewan bedah telah menunjukkan peratusan yang paling tinggi di antara
keskes jangkitan yang berlaku dalapusat pemulihan kesihatam Blalaysia. Hasil
daripada kajian lapangauwlidapati terdapat perbezaan yang ketara dalam reka bentuk
dewan bedah dari tempat ke tempat di Malaysia. Sehingga kini, siasatan ke atas
pengagihan udara di dalam dewan bedah adalah terhad dalam negara yanggeemba
seperti Malaysia. Dalam kajian ini, dinamik bendalir berkomputer (CFD) telah
digunakan bagi memudahkan analisis terhadap airipengaliran udara dalam dewan
bedah. Dalam kajian ini, dua buah dewan bedah, yakni Dewan Bedah Kelima dari Pusat
JantungHospital Umum Sarawak serta Dewan Bedah Kesebelas dari Pusat Perubatan
Universiti Malaya (PPUM). Dalam kesajian yang pertamapengukuran dan kerja
lapangan telah gilankansebelum simulasi ke atas aliran udara dalam Dewan Bedah
Kelima dilakukan. Menmisi simulasi yang dilakukan, potensi untuk mengurangkan
kadar aliran udara telah dikaji. Seterusnya, kajian ini disambung dengan analisa
pengalian udara terhadap Dewan Bedabskbelas PPUM yang mempunyai 14 salur
masuk udara dan 3 salur keluar udarasiHajian menunjukkan bahawa Dewan Bedah
Kesebelas tidak dapat berfungsi dangan baik disebabkan reka bentuk kedudukan salur
udara. Memandangkan dewan bedah harus memenuhi keperluannya dalam Kelas 7
menurut 1ISO 14464, maka ia perlu direka untuk memenkhteria tahap kebersihan
yang tinggi. Dua jenis pemakaian salir masuk udara telah dibandingkan ke atas
keberkesanannya dalam ertian pengaliran udara dalam sebuah bilik bersih Kelas 7. Pada
masa yang sama, kesan daripada pembahagian halaju udara mastikakasgkata
pada salur masuk udara juga dibincangkan dalam penghujung kajian ini dengan bantuan

simulasi dinamik bendalir berkomputer secafaimensi
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1.0Introduction

1.1  Background

Hospitals are places which call for a particularly careful protection in HVAC systems,
including hygiene, air route and airborne transmissions. Studies have shown that
patients in a controlled &monment recover faster than those in an uncontrolled
environment. Patients with different illnesses require different indoor conditions
(ASHRAE, 2003). Modern antiseptic surgery was instituted in the 1860s, and since
then surgical methods have improvedormously. Everyone involved, not just the
surgeon and the surgical team but also the providers of equipment and facilities
including HVAC engineers, have worked assiduously to improve surgical outcomes.
Nevertheless, infections that occur during surderye not been eliminated, and these
so-called surgical site infections (SSI) still exact a huge human and economitncost.
ASEAN countries, studies on surgical site infectid®SIjare limited. Conflicting with

the success of feedback systems to reduce SSis in hospitals in the USA and Europe, a
study done in Thailand showed no such reduction in SSls. However, some limitations
might be attributed to this study, as discussed by th®oa(Kasatpibal et al., 2006)
According to the WHO Mission Report, SSIs were the highest Healthcare Associated
Infections (HAIs) in Malaysian hospitals in 2007. In this survey, the majority of 108
cases of 432 total HAI cases resulted from SSis, adgirtg @5% of the total HAIs in

Malaysia(McLaws, 2007.

Airborne pathogens are those pathogens produced in the respiratory system and
released with the exhaled air as a metbbgropagation(Bolashikoy 2009) Wells
(1934) explained in his research thatoglets sized 5um or less can remain airborne

indefinitely. One point worth noting is that the spreading of the influenza virus is
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negatively proportional to the surrounding temperature. The dispersal is more effective
at 5°C, compared to 20°C or 30°C. d¢ool and temperate climates, airborne is the
predominant route of influenza infection, while in a tropical and warm environment, the
direct contact route is significafitowen et al, 2007).In 1970, Scoo(1970) pointed

out; there are two main route oféaction,direct contact witta contaminated source and
airbane microorganismsMeanwhile, personnel exposure to harmful gases should be
avoided in the operating room (OR). As studied by Piziali et(1#76) the main
chemical substances found in the indoor air ofs@iRe anesthetics gases (nitrous
protoxide and halogenated agents,well adisinfection and sterilizing substancés.

is clearly seen that a proper and correct air distribution is essentialtsnbsequently

dictates the functionality of ventilation in OR.

In 2003, ASHRAE contributed a significant advance in OR air distribution
design by publishing HVAC Design Manual for Hospitals and Clinics. This manual
includes the results of extensive CEBalysis of alternative OR air distribution designs
conducted by Memarzadeh and Manning (2003). These researchers definitely and
reasonably conclude that vertically downward laminar flow aB3@FPM with low
returns or a combination of low and high returs the best OR air distribution design.
This CFD analysis is clearly state of the art, and the results and conclusions are
reasonableThe confidence in the results is restricted by lack of direct experimental
verification and by its necessary dependemteeveral simulation parameters that lack
experimental confirmatiorthough vertically downward laminar flow with combination
of low and high return is recommended, however, it still could lead to different air
distribution outcomgsince the design ardyout of inlets and outlets are different from

place to place.



1.2  Scope of work

In this study,the OR air distribution in two government hospitals in Malaysia will be
investigated. Current work includes the-gsite measurement of OR air inlet boundary
condtions as well as air velocity inside the OB®th ORs under study are designed to
have vertically downward laminar floithe ORs were modeled and the airflow inside
OR is predicted by using commercial CFD software, ANSYS Fluent. The results from
the numeical prediction were further analyzed in terms of temperature air velocity

distribution, airflow profile, and contaminants transport.

1.3  Objectives of the study
The overall objectivef this studyis to confirm and if necessary enhance the modeling
of hospital OR airdistribution that supportthe recommendations in the ASHRAE

Design Manual and the upcoming ASHRAE standale objectives are:

x To perform fiddwork measurement of airflow at Sarawaler@ral Hospal

Heart Centre and University Malaya Medical Centre.

x  To carry out CFD investigation of airflow at the hospital.

x To carry out parametric investigations (e.g. various inlet velocity and condition)

based on CFD.



This overall obgctive will be achieved by accomplishing the following itemized

technical objectives.

i) Field measurements to establish the boundary conditions and transport

parameters needed for reatistxperiments and CFD modeling

il) Quantitative assessment andifigation of the CFD simulations by comparison

with the experimental results, possibly after@mtement of the CFD simulatians

1.4  Significance of the study

The project has three key scientigignificances

i. It provides a case study basedtbeactualORs design exists in Malaysia and
providesinsight of airflowinside OR, in a local scenario (especiallyNalaysia
conditiong

ii. With the absence of a full scale OR magk this work provides an alternative
approach for studying the air distributionasf OR via orsite visit.

ii. It recommendimprovements thatambe implemented for improvingurrent

condition in ORs undestudied and suggestions féine OR design

1.5 Limitations of the study
i. The scope of the current study is focused for one type of ventilen OR,
which is laminar typelt does noinvestigate the possibility of other types of
ventilation such as displacement ventilation, horizontal laminar ventilation, and
turbulent ventilation.
ii. The lack of a full scale laboratory with a megk OR haveestricted thescope

of comparison (verification) between predicted and actual air distribution for an

OR.



iii. There is a limitation in the validation the modeling of contaminants due to the

fact thatthere is no measurematdta taken durinthe on-site measurement.



2.0 Literature Review

2.1 Design ofthe operating room

The history of the OR began after operations were initially being carried out on hospital
war ds, in patientsd®d homes, a rodms deasigndtedc t o r
for surgical operations were built in the™8entury as there developed a need for
teaching purposegd&ssexLopresti 1999) In 1961,Smylie and Dudley1961)made an
important change in the operating room design, which involved theasigpaof clean

and dirty traffic flow in order to achieve asepsis rather than antiseptics. Later; Essex
Lopresti and Hubert examined the working economy and ability to prevent cross
infection in the conventional OR. They noted some deficiencies in tlsérgxdesign

and proposed a centralized sink room and sterilizing unit to serve all(EX¥Rex

Loprestiand Hubert, 1962)

Balaras et al(2007) pointed out some common problem in OR design being the
limited space availability and the small dimensionshef room, improper functions in
the room space, as well as availability of rooms for storing medical supplies, sterile
equipment and instruments. Ventilation systems in ORs were aimed at diluting the
bacteria generated inside the OR, preventing dirty raimfentering the OR from
adjacent areas, removing contaminantsabpyoper airflow and providing a comfortable

environment for occupan{®ao, 2004,

2.1.1Standard governing the air cleanliness
Any renovations carried out on existing ORs are time consuming and costly. Besides,
renovations and construction in hospitals can increase the risk of nosocomial infections

(Carter and Barr, 1997, Krasinki et,al985. The standard which had the most angj
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impact on the design and operation of cleanrooms, serving as the basis of the present
International Organization of Standardization (ISO) standard, 1SO148499, was

the Federal Standard (FS) 20&hyte, 2010) According to the ISO Classification Air
Cleanliness(ISO, 1999) there are nine levels of airborne particulate cleanliness as
represented iMable 2.1. These class levels are differentiated by specified maximum

allowable number of particles per cubic meter of air. An OR should be at least ISO

146441 Class 7 or Class 8.

Table 2.1: ISO 126441:Air cleanliness classes and lim{tSO,1999)

Limits in measured particle size per (equal to, greater than, stated size)

ISO Class| 0.1um 0.2um 0.3um 0.5um 1.0pum 5.0pum

1 10 2 - - - -

2 100 24 10 4 - -

3 1000 237 102 35 8 -

4 10000 2370 1020 352 83 -

5 100000 23700 10200 3520 832 29

6 1000000 | 237000 | 102000 35200 8320 293

7 - - - 352000 83200 2930

8 - - - 3520000 | 832000 29300

9 - -- - 35200000| 8320000 | 293000
The classification above is baksen thefollowing equation(ISO, 1999)
# p Tt 8 ° Q)
where

# = maximum allowable particle concentration, in (particlés/m

. = IS0 classificationnumber, from 1 to 9,

$= particle size ini .




Dharan et al. recommended the measurement of the presence of air particles to
be treated as a routine procedure with the aid of a cleanroom technology standard
(Dharan and Pittet, 2002 However, it is difficultto follow the requirement standard
since it is hard to control the airborne bacteria colonies around the surgical site, unless
the actions to minimize the airborne particles' concentration in the OR are taken
immediately by the medical communities. Theref temperature, humidity, air
velocity, air change rate, pressure, HVAC system, filter and air distribution pattern are
the most important factors that need to be addressed in order to design optimal

operating rooms ani avoid SSI cases (that may occuring surgical procedures).

2.1.2 Operating room design consideration

There areseveralconsiderations to be taken into account when designing an operating
room as described ifiable2.2. Of course, the operation room must be aseptic and have
an excellentontrol of temperature and humidity to maintain the indoor air state. In turn,
the air velocity in the room should be kept at a relatively low speed in order to prevent
the recirculation of microbe@\ational Research Council,976) Table 2.3 contains
recommendations for temperature, relative humidity, air change rate and ventilation

system for a general OR.



Table 2.2: OR design considerations.

General design

Indoor

OR design consideratios

Conditiors

Temperature

Humidity

Ventilation

Air velocity & air change rate

Pressure

HVAC Systems & Air
Ventilation Systems

1 Air distribution and ventilation systesn

1 Supplyair and returnair diffusess
1 Filter

Distribution ang

Table 2.3: Recommended indoor conditions for operating room.

Temperature| Relative | Air Change Rate Ventilation Source/Reference
°C) Humidity | (ACH)
(%)
20-24 30-60 Minimum 20 ACH | Positive 2008 ASHRAE
with  minimum 4| pressurization | (ASHRAE,2008)
ACH of outdoor| (at least 2.5
air. Pa).
20-23 30-60 Minimum 15 ACH,| Positive American
with at least 3 ACH pressurization.| Institute of
of outdoor air. Architects
(AIA,2006)
1821 50-60 1525 ACH Positive Ministry of
pressurization.| Health, Malaysig
(MOH,2010)




2.1.3 Temperature
The temperature control of the operating room should be in an acceptable condition in
accordance to the standard referred. Despite the range of temperature control, there
should be a uniform air temperature distribution in the operating rétowever,
subject to the type of operation, the setting temperature will vary. For cardiac surgery,
for example, room temperature of 47should be maintainedASHRAE, 2003)
Operatingroom temperature should be maintained between &id 24 to prevent
intra-operative hypothermia. Patient and surgeon or staff will have different perceptions
of the room air temperature in the OR, which will form two distinct groups with regard

to the acceptability of the thermal condition.

For a patient, there are signifiddinear correlations between patient esophageal
temperatures and OR temperatures at the gap betiveérst anduntil the third hour
after anesthesia inductigWorris, 1971b) Apart fromthis,anOR6 s t e mpaabeat u r e

classified byits effect onthep at i e n tatu@, as showp i@able2.4.

Table24:.Cl assi fied of OR by t he(@orriseglDAllyct on

Classification| Description Room temperatureg

1 Patients beaoe hypothermic Y ¢ps3
70% of the patients remained normotherm

2 : ) (pP3CTS3
whilst 30% becoméaypothermic

3 All patients remained normothermic CT3 Qs

For eldely patients, under typical ambient OR temperature3(2833
inadvertent hypothermia often occuhgringgeneral anesthesia. Franstudyinvolving
both younger and eldgr patierts receivng general anesthesia for ortleaiic surgery,
an ambient OR temperature around326vas foundto prevent core hypothermia,

regardlessof the age ofthe patient (El Gamal ¢ al., 2000).However, when simple
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warming measures are applied, an OR temperature ®f I been determined as
effective in maintaining normothermia during liver transplantation in pediatric patients
(Huang et al. 2005) Often, a system that delivers heated air through an inflatable
blanket is used in order to prevent hypothermia in the patient. The disadvantages of this
system are that, besides the air emitted altering the flow field, it also increases the
bacteria in theperating field(Tumia and Ashcroft, 20025ince the room temperature

will affectt he pati entds body temperatur e, it
for more than half an hour to receive an accurate core temperature mor(itbonhey-

Forder, 1986,Putzu ¢ al., 2007) From the assessment of thermal comédpersonnel

in the OR during surgical operations, the room air temperatures required for desired

thermal comfort (assuimg a uniform thermal environment) are descrilbedable 2.5.

Table 2.5: Thermal comfort assessment for occupants in(KA&a et al, 2001)

Classification| Clothing and Activity level Temperature range,

Clothing level (clo) of 0.4D.78 03 CT 3
Nurses

Activity level (met) of 1.4

Clothing level (cl9 of 0.42 03 CT 3
Anesthetists

Activity level (met) of 1.4

Clothing level (clo) of 0.86 pY3 pws
Surgeon

Activity level (met) of 1.6
Patient gléllg covered with clo 1.1, met CB3 Cds3

Surgical light produces radiant asymmetry fromy 6 X 3 over the operating
table and 1® p ¢ =t a height of 1.1m over the floor le(®lora et al., 2001)Thus,
surgeons will feel thermal discomfort no matter what temperaturois.child, the
setting temperature should keep at higher range. Higher indopetatare will result
in favourable growth of bacteria and enforce the bacteria mitigation to and from the

patient.
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2.1.4 Humidity

Controlling air humidity is important as it is directly related to thermal comfort. Low
humidity can generate problems relatedtatis electricity in medical equipment and on
surfaces. Since volatile anesthetics are flammable, to avoid any hazard from
electrostatic discharge, the RH in the OR should be kept abovdR&%iman, 2001)

Thus, in countries with four seasons, humidiiima is needed during winter to increase
humidity levels to ensure there is no possibility for transferring bacteria to the OR.
Meanwhile, for hospitals located in the tropics, this problem becomes unimportant, and
instead, dehumidification of outdoor a& a major concern. High humidity levels will
cause thermal discomfofFanger, 197Q)and promote the growth and transfer of
bacteria that can conveniently become airborne in water molecules. Another problem
caused by high humidity in the OR is the corsdgion of air. The ability of a system to
easily keep the RH below 60% depends on the system design. If the system is designed
to control the temperature at between 24nd 23 , it will have problems keeping RH
below 60% at 13 (Harriman,2001) In the tr@ics, as the air is hot and humid all year
round, the humidity control of RH becomes difficult. If the supply air is cooled down
much lower, there will be wastage since the chiller efficiency drops and reheat energy
increases. The use of preoling equiprment is favorable since it provides efficient

humidity control while conserving ener@gyau, 2008, Li et al.2005)

In RH between 4®0%,at 223 with 15 minutes of exposure, influenza A leas
low ability to survive.This suggestghat thevirus will survive longerl in higher or
lower humidity (Brundrett,1990) This was supported by a previous research carried out
by Songer(1967 at 233 for viruses However, in 1943, Loosli et al. studied the

influence of humidity on survival of the infmza A virus in air, in temperature ranges
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of 27-293 . They found that at high RH (880%), one hour after release of the virus, it
becomes noinfective (Loosli, 1943) This suggests that different temperatures affect
the viability of the virus besides RMiruses whichpossessigher lipidscontent tend to
survive longer at lower relative humidity, while viruses with less or no lipid content are
more viable in higher relative humidifAssar and Block2001) Thus, different types

of virus will have diffeent survivability for a given range of RHdowever, airborne
particles can survive in various humidity levels. For examplepathogenic bacteria
have shown to be more lethal in a m#hge of humidity conditions (460%) (Hatch

and Wolochow, 1969)

Particularly in hot and humid country, in order to meet the stipulated
requirement for RH control in an OR, an economical method by incorporating heat
recovery device such as heat pipe heat exchanger, desiccant wheel will be a feasible

mean in treating thmoist air in a hot and humid climate.

2.1.5 Air velocity and air change rate

Since an OR must be at least in the ISO 14642lass 7 or Class 8, the average room
velocity setting should be at least from 0.02 to 0.0) and the air change rates at
differentrooms with a height of 2.5 m, 3 m, 6 m and 9 m are listdébie2.6.

Table 2.6: Vertical airflow velocities andCH versus cleatmom classes
(ASHRAE, 2003b)

Class ISO Average ACH
209 Room _ _ _
Velocity, | 7O 2.§_m 3 m Ceiling | 6 m Ceiling | 9 mCeiling
Ceiling
2 0.43-0.51 | 638-750 | 5107 500 2557 300 170- 200
3 0.36-0.43 | 525-838 | 42071 510 210- 244 140- 170
4 0.30-0.36 | 4501 525 | 36071 420 1807 210 1207 140
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5 0.23-0.28 338-413 | 270-330 135- 165 90-110
6 0.13-0.18 166- 263 | 15071 210 75-105 50-70
7 0.04-0.09 60-120 5071 100 24-48 15-30
8 0.02-0.04 3071 45 25-35 127 16 81 12
9 0.010-0.015 | 15-23 12-18 6-9 4-6

The air change rate can be calculated from the equation pRBMRAE, 2003):

L #( — — 2)

whereL, W, H are the length (m), width (m), and height (m) of the room, respectively.
And,

O  room air velocity] 7O

I # ( air changes per hour

ASHRAE (2003 recommends a minimum of 25 ACH with a minimum of 5 ACH of
outdoor air per hour, while ASHRAHK2008) suggests aninimum of 20 ACH with a
minimum of 4 ACH of outdoor aifTable 2.3) Higher values of air change per hour
should be used to maintain temperature and humidity conditions based on the cooling

load of the spacASHRAE, 2003a)

The number of ACH and filter efficiency will both influence the time required

for airborne contaminant removal, as described byré¢hegion below(Sehulster and

Chinn, 2003)
6 —agn (3)
where— p

ACH-= Air change per hour
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t=time required t@chieve removal efficiency in minutes

The time needed for removing particles is shorteraf dir change per hour is higher
The time needed for removing particles is halvetthéfACH is doubled. For example,
by increasing the ACH from 10 to 20, the mmum time for particles removas
reducel from 28 to 14 minutes with 99% efficienck. parametric studypy Chen et al
(1992) showed thatt is desirable to apply higher flow rate, larger inlet area, and a
uniform velocity of supply air to achieve bett@r quality and air comfortHowever,

this does not necessarily indicate that the percentage of particles that strikes the surface
of concern decrease continualMemarzadeh and Manning003) From this study, the
ACH becomes amportant parameter aké ceiling height is reducetl.was found that

as Archimedes numberAr increases, the contamination level will be reduced at the

operating tabléMemarzadeh and Jiang, 2004)

This suggestthat Ar should be taken into account in the designapimtess in
the OR.Archimedes number addresses buoyancy and inertial force,— ——,

where L represent the room characteristic length,is difference of maximum
temperature and mean room temperatureSaddnotes supply air velocitylso, Cand
[ are gravity and thermal expansion coefficient, respectivggtural convection is

considered dominating whénO p 1

At higher ACH (30ACH), thenatural convection effect diminishes. It causes the
indicator of natural convectioh, Qo reduce considebdy, hence resulting in higher
percentage of particle hitting surgical site. As the ceiling height is reduced to the lower
limit of 2.74 m (9 ft)i 3.66 m (12 ft) for typical OR height, the supply aflow should

be keptlow at 20 ACH (Memarzadeh and dgg 2004).
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2.1.6 Pressure

In the OR, air is only allowed to flow from highly sterile to less sterile glat®erder to

fulfil the hygienicrequirements. Any pressure differential across the room will cause
infiltration through leakage areas. The OR should bmtaiaed at positive pressure to
prevent contaminated air entering, with a minimum pressurization of 2.5 Pa, provided
the room is tightly sealed. Opening a door will immediately cause the pressurized effect
to annul(ASHRAE, 2003a)Owing to the special ephasis on the pressure differential

for the OR, specific pressure control can lohiaved by introducing zone pressurization

like flow tracking and differential space pressurizatidensen et al., 2005For a
typical case of an OR, which has a leakagea of 0.046 f) by supplying an excess air

of 212 n¥/h compared to exhaust air, positive pressurization of 2.5 Pa can be achieved
(Streifel,2000) A sliding entry door is prefableover a swing door. If a swing door is
used, it should be opig into the OR. Regular maintenance of the filtration system is
needed to ensure the pressure difference as designed. In line with this, Leunm et al
their review,identified effective Indoor Air Quality (IAQ) monitoring methods as well

as mitigation measuresiigable fora hospital environmenfLeung and Char006) A

study on contamination diffusion to the OR when the door was open was performed by
Dong et al. Again, as suggested, opening a door will cause the loss of positive
pressurization. The pressurefdience is significant when the temperature difference is
high. In order to improve the prevention of contaminant intrusion, it is useful to lower
the corridor temperature bys5compared to the OR, or to keep a lemperature

difference incorporated witmcreasing positive pressure and airfl@®ung at al., 2009)

When Hong Kong was affected by the Severe Acute Reparatory Syndrome
(SARS) crisis during 2003, it introduced the need to convert the OR and the ward to

negative pressure in order to isolate pgatient and prevent the spreading of viruses,
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since SARS was confirmed as an airborne infection case. For changing the OR to a
negative pressure design, much stronger low level exhaust systems had to be installed
on the side walls. The exhaust air pasf@ugh a prdilter and High Efficiency
Particulate Air (HEPA) filter before being discharged by the exhaust fan. Besides this,
all doors leading to these negative pressure rooms were made airtight and interlocking.
Automatic sliding doors were also bualt the opposite side of the anteroom. Chow et al.
found that the physical environment and the dispersion pattern of bacteria in a negative
pressure OR was as good as the original positive pressure design after the comparison
of both ORs on temperature,r@@ntration distribution of bacteria and velocity vector

that have been simulated through the computational fluid dynamic$Gbolv et al.,

2006)

While temperature and RH control serve as a corfothe occupants in an QR
pressure differential serves a protection shield that protect the OR from the intrusion of
infectious particlesACH, pressure differential checkingnd microbiology sampling
are important for commissioning a hospital. The details on the commissidnibaiho
conventionallyventilated and ultraclean ventilated ®Rere summarized and discussed

by Hoffman et al(1993) , as well agowittand Morris (2004).

2.2 HVAC systems & air distribution and ventilation systems

2.2.1Air distribution and ventilation systems

The ventilation system in the OR may help to reduce the risk of airborne cross infection
or may increase the transmission of disease depending on the airflow pattern.
Ventilation with clean air is one of the easiest andetwn approaches to elindte
pathogens and reduce the risk infection in the OR, where air flows from a demanding

zone to a less demanding zoNentilation, air distribution and room pressurization are
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the main features of the airflow system in the operating room. Dilution maietsten

being used as an indication for HVAC supply air distribution effectiveness, which leads
to better dilution by higher ACH. A dilution effect is achieved by the use of ventilation,
which enables the reduction of airborne contaminditts.air qually evaluation in OR

is assessely performing airsampling for counting microbiological contents in terms

of colony forming wits (CFU/i ) or particle countingOne point to note is, albeit
bacteria are always assumed to be transported by particles exist in OR, however, the test
for particle count could not take the place of microbiological sampling for a routine
evaluation. It is supported by the finding of Laindet al. (2005), since the methods for

both tests do not correlate with each other.

The relative significance and optimum design characteristics of the OR air
distribution might vary as medical treatment and other factors vary over time for
particular ypes of surgerylf postoperative infections can be ignored, the conventional
operating room HVAC distribution with proper design may satisfy the indoor conditions.
However, if postoperative infection is a vital issue, then it requires both the medical and
engineering personnel 6s efforts to deter
and benefits of the HVAC air distribution systébewis, 1993) Controlling the central
region, where the operating lights and surgical staff contribute large heaesois the
main focus in designing an OR ventilation system. Conventionally, controlling the
number and the movements of the personnel in the room is important in limiting the
quantity of contaminants released into the(8icott, 1970, Ayliffe, 199). Moreover,
the existence of medical equipment and staff will strongly influence the contaminant
distribution(Woloszynet al., 2004) There are various types of air distribution systems
aimed atreducing bacteria, viruses and dust concentrations to teshtbid level

satisfyinghealth guidelines of patients and staff. It is hard to state which type of air
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distribution system is most suitable for the OR, since every researcher has their own
opinion. Although those airflow patterns are separated into difféypes in the next

discussion, they are still connected with each other.

Since the 1960s, two different methods have been used to ventilate the air in the
OR, namely turbulent ventilation and displacement ventilatiodwell and Blowers,

1962)The diferences of both methods disted in Table2.7.

Table 2.7: The differences between turbulent ventilation and displacement ventilation

( Lidwell and Blowers,196XlambraeusandLaurell, 1980.

Turbulent Ventilation

Displacement Ventilation

Supply air

Also known as convention;
wall supply. The air is supplie|
through a high level ceilin
grille to produce a turbuleng
air throughout the roonwith a
velocity of 0.21 ¥Oat the centre
of the room.

The air is supplied through seve
diffusers installed over the ceilin
which is able to create a loy
turbulence by displacing the ¢
downward over whole room.
Exhaust air was discharged by t
exhaust via lowevel ports locateq
around room periphery. hEe
turbulence velocity at centre of t
room was around 0.0570

Advantages

Bacteria releasechear to the
operating table werequickly
scattered away. Vigorous &
movement able to provide
good thermal comfort t
occupants though at hig
temperature ahhumidity level.

Microbes were cleared mo
rapidly compared with turbuleng
ventilation, where it was able 1{
sweep away the microbes liberat
around floor and room periphe
away from operating zone. TH
system able to maintain low roo
temperature.

Disadvantage;s

There was possibility of th
microbes liberated around tf
floor or room periphery
transport into operatg zone.

Microbes released near the wou
are slowly dispersed due to low §
velocity  at room center
Significant movement by surgic
staff will tend to create turbuler
air movement and destroy pist
effect.
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In an OR with turbulent airflow, the level of microbial contamination will vary
greatly, depending on the type of surgery perfor@asnuer 198. The momentum of
supply air for displacement ventilation is usually small. Buoyancy is the dominant force
for creating the air movement. In a no plume region, displacement ventilation becomes
inefficient. Upward displacement and downward displacement arengthods derived
from displacement ventilation. The former is widely used, since it is able to produce
better IAQ for the occupants. If the contaminant is widespread inside the OR,
undoubtedly a downward displacement will be better than turbulence tientila
However, if the contamination sources are localized, turbulence will be superior
(Blowers and Crew, 1960)n 1970, Scot{1970)noted that both turbulent ventilation
and displacement were not able to oppose the convective air moveraatedby the
heat transfer fronthe human bodes and operating lang(Scott, 1970)In a moderate
low level stratified room, the maximum centreline velocity of the thermal plume is 0.2
I 7§ which corresponds to the plume flow rate of3DL/s. The plume flow rate Wil
further increase to 780 L/s in a uniform environment (plume maximum centreline
velocity of 0.3 7Q (Craven and Settles, 2008)ater, laminar airflow systems were
suggestedA comparative research on different combination of ventilation in OR was
investigated by Memarzadeh and Manning (2002). Conventional turbulent ventilation,
different layout of laminar ventilation system and upward displacement ventilation were
evaluated by the effectiveness of particle removal via ventilation incorporated with
themal plume consideration. Conventional ventilation is found to have a poor
effectiveness compare with other laminar configurations, due to the generation of large
recirculation in the roomGenerally, the rule of thumb is that the main airflow pattern
shout directly flow, without any obstruction to the operating zone, with low air

velocity to avoid turbulent flow and provide thermal comfort for occupants.
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2.2.2 Laminar airflow (LAF)

Laminar airflow (LAF) in operating rooms is best known as unidirectional airflow
since true laminar airflow does not exist for a variety of reasons. This is a method that
prevails the ventilation method using turbulent flgRfost, 1981 A LAF system
requires the transpodf a uniform huge volme of clean air, discharged froemtire
ceiling. However, this design will be costly. For the purpose of cost saving, Babb et al.
(2005) studied the possibility fothe use ofa large room containing several units
ventilated by LAF and a scrub area by assessing the risk of airborne spretattion
among the roomsAnother alternative is reducing the area of laminar flow to a critical
zone around the operating room table. This method, however, will produce entrainment
inside the room. LAF destroys convention currents due to heat or reavesnd
entrains the particles away from the operating zone. LAF is defined as airflow of
parallel flow lines with minimum eddies by no obstruction, and usually achieved with
an air velocity of 0.4% 7Q which can be either directed vertically from thelingi or
horizontally from the wall, with or without fixed or movable walls around the operating
table. Whenever there is any obstacle in the flow field of laminar flow, the laminar flow
pattern will distort in a small area around the obstacle. Again, thdug defined as
such, in real life it is deemed naxistent, since the existence of obstructions interferes
with the airflow. In a three dimensional space, LAF could be achieved by two means:

vertical flow (from ceiling to floor) and horizontal flowr@m wall to wall).

Vertical laminar flow

In general, outlets fosupply air should be located on the ceiling witew exhaust
outlets close tothe floor at the room periphery. This arrangement will provide a
downward laminar movement of clean air throutite operating table to the

contaminated floor areaeforeflowing into anexhaust. Convection currerdue to heat
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or movement will be eliminatedand the reentrainmat of particles to the operating
area willbe stoppedChow and Yang, 2004)f the ventlation (dilution) effect is higher,

it will reduce the concentration of airborne contaminants. Low velocity laminar flow
tends to minimize the spread of bacteria, virusesaaagsthetigases by providing a
relatively uniform and large clean airflow. Gaminated air or particles are exhausted

as soon as they are released without migration to other areas. Small particles are more
readily removed than larger particles, since the buoyancy force dominates the
gravitational force on smaller particles, hendeéng them easily. Whereas for large
particles, the gravitational force dominates the buoyancy force, causing large particles
to be suspended on the surfdééoods et al., 1986During surgery, movements often
take place. These movements will influenbe flow field. Yet, in flow simulation
studes, movements are always disregarded dutnéar complexity. For surgery which
requires an ultra-cleanenvironment (such asrthopedic), the transport of bone cement
from outside ofthe LAF field to the clean zone will introduce &eriousrisk of
contaminant transporBrohus et al., 2006)Traditionally, in order to prevent the
contaminated peripheral air to be deflected into the ultraclean zone, walls were built to
enclose the ultraclean zone. Thesawéver, will be an obstacle for the surgical team.
Since walls or panels restrict the movement of staff, an exponential flow of clean air
was introduced. This is an overhead canopy, where the air flows centrally downwards,
then radially outwards, with rato grilles mounted at a low level near to the floor. This
method was claimed to achieve zero cfrhfdorworth, 1985) However, it was
challenged by the elimination of side walls. The prevention of peripheral air
entrainment is achieved by using a ceilinghayher airflow, and lower flow in the
peripheral zone, without compromising bacteriological satétyberg et al., 1996)

This configuration will create an air curtain surrounding the primary clean zone around

the operating table. Since it is costly agidruptive to renovate existing ventilation
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facilities, a mobile exponential LAF screen can be used to compliment and improve

current existing conventional turbulent OR ventilat{briberg, 2002)

In many cases, the area in a vertical LAF room is toallsta store all the
equipment for a major surgery. An additional table, such as a horizontal LAF instrument
table, is placed side by side with the existing main LAF unit. The smoke test confirmed
that this additional table is efficient and can be safagduas an extension for an
existing unit(Nilson, 2010) Considerations on the numbers of operating lamps and the
numbers of persons in the room are important during the laminar airflow system

installation, as they influence the thermal plume and coatiad. |

Horizontal laminar flow

Recent studies on horizontal laminar airflow patterns were carried out by Liu let al.

the design, the supply air and return air were installed on the same lateral wall. The heat
generated by the surgical lamp and the tlampiume had no significant effect on the
airflow pattern and the air was kept in a unidirectional flow. The relative position of the
particle source and the layout of the OR will influence the particles' concentration
around the patient, for both typeslaiF (Liu et al., 2009, Chow and Yang, 2003n
unfavourable position of the medical lamp might create a high airborne bacteria
concentration region. Some precautions have to be taken when using a horizontal LAF
system. The position and movement of thegmal staff, which depends on the type of
surgery, will affect the rate of infectighidwell and Towers, 196%alvati et al., 1982)

A study on the effect of walking on wake and contaminant transport found that two
different wake regions are formed behind the body, one being the unsteady bluff body
wake behind the torso via recirculation and the other the unsteady vortex behind the leg

by the air jet formed between the legs. This will produce a downwash behind the body,
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and the contamination is found to be highly dependent on the source |dEatgmand

Paterson, 2005)

For a horizontal LAF, the air right after the discharge into the room is the
cleanest. When it flows across the room, it becomes contaminated in a horizontal plane.
If the wound is located downstream of the contaminant source, most probably infection
will occur. Hence, a horizontal LAF may either result in a beneficial or damaging effect.
A comparative study between horizontal airflow and the use of ultra violet (UV) light
was carried out over a period of nineteen years. Ritter et al. found that the Wge of
lighting (without horizontal LAF) is better than using a horizontal LAF (without UV
lighting), since the infection rate of the latter was 3.1 times that of the former. They
suggest the use of UV light as an effective means, compared with horizontal LAF

(Ritter et al., 2007)

However, vertical laminar airflow systems are superior to the horizontal airflow
systems because clean air is directed over the operating table. Horaduad is 11
times more efficient, and vertical airflow is-8® times moe efficient compared to a
plenum ventilated ORWhyte et al., 1973)A study on flow and temperature fields
around the human body examined both horizontal and vertical (Muwwakami et al
1997),determining that in horizontal airflow, the introducedraoves downward to the
area below chest level. In a vertical airflow, the flow separation occurs at the head and

shoulders, where reverse flow was observed.

The majorproblemfor LAF is the cost benefitdipsett, 2008) The use of LAF
should be consided on a case by case basis, depending on the type of surgery

performed. Although there are many studies supporting the advantages of the use of
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LAF, one should bear in mind that during the data collection, exclusion of patient
specific antibiotic prophylag, deviations on specific room conditions as well as the
performance of ventilation equipment will certainly bias the outcome of the analysis.
Usually, measurements of the numbers of bactamaying particles in an OR
environment are being used to stutiye infection rate, by assuming a correlation
between contamination levels near the wound and the rate of postoperative infections.
As commented by Dharaand Pittet (2002)during the examination of epidemics or the
validation of changes in an OR onlgnvironmental bacteria sampling should be

performed

Ultra clean ventilation

As a variation from LAF system, ultraclean ventilation is desigradhigh risk
operations such asrthopaedicimplant surgery,where a high level of clean air is
necessary. According to the UK Health Technical Memorandum (HTM), HTM 2025,
the down flow of a LAF system should cover an area of at least 2.8 x%2.6us
providing an excellent shelter, though there are complex interngpmd amended
requirements for different surgeries. The ultraclean ventilation air (UGfbined

with HEPA filter is illustrated in th&igure 2.1
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Figure 2.1: Typical ultreclean ventilation (UCYarrangement in operating room
(National HealtiServices Estate, 1994)

Exhaust Grilla

2mgap

Stabilizer

Whenever a partial wall is used, a minimum air velocity is 0.3®at 2m from
the floor (National Health Services Estate, 199%he flow outsidette UCV zone is
fundamentallyturbulent, which depends on the layout of exhaust vents, cabinets,
medical equipments or heat sourtéhyte et al made the following suggestions on
bacteriological standards in UCV operating roqivhyte et al., 1983)
I Concentation of bacteria in supply atransmittedfrom the final filters
should not exceed 0.5 cfufm
ii. Within 0.3 m of the wound they should ngteater thanlO cfu/n? on
average; and

ii. In thewholeworking area at the table height should eteed20 cfu/n?.

From the numerical study, at high air velocity (O[3®) at the supply diffuser, the
buoyant forces caused by the heat source (e.g. medical lamps and medical equipment)
are not obvious. When the air velocity is lowered, the thermal plume of thess piec
equipment becomes observable. At high air velocity, the heat source and outlet location
have a negligible influence on the distribution of the particle concentration in the room,

hence the bacterial concentration in the vicinity of the wound is rk@mtnal (Chow
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and Yang, 2005, Chen et al., 199Phe purpose of the curtain is to enhance the laminar
flow. However, a lengthy curtain (e.g.1 meter) will promote the thermal plume, and
limit the entrainment of warm air. The researcher found, there istepretation could

be made on the curtain will either reduce the pollution due to knotty relation betwee
heatsourceand &irt length (AFWaked, 2010, Memazadeh,2010, AtWaked,2010.

The use of a forcedonvection heater is common during the surgipedcedure
nowadays to prevent hypothermia of patient. Additional heat source beneath the curtain
will certainly evoke the concern on the
source in the ORThe use of the convection heater will create a smatement on the
number of CFU in the UCV, but the increment of the CFU has low possibility giving a
clinical impact (Tumia and Ashcroft, 2002). On thiner handin a transient study on

the benefit of the curtain, even at low supply air velocity (07), the existence of the
curtain will foster the contaminant decay on surgical @tte et al., 2011)lt is clearly

seen that, there exists pro and con on the installation of curtain. As long as the curtain
length is properly catered on heaturceand ORdesign, the installation of the curtain

will benefit on reducing contamination.

From the literature survey, the investigations on the airflow in an OR in recent
years (particularly year 2000 onwards) have focused on the laminar type of OR design.
Hencee, LAF design habeconea commonly accepted OR design nowadays. However,
their overall design might vary from place to plac&nce thermal plume is a
phenomenon appears in OR that will harm the LAF, thus most of the study has included
the consideration ro the existence of thermal plume and some method to reduce its
effect in OR. Meanwhile, the cost for treating the fresh air is higher compare with other

ventilation design. When the operating cost becomes acoasideration ithe design
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of an OR,which particularly happens in developing country (Kelkar et al., 2004), a

conventionatype of OR ventilation can be an alternative option.

2.2.3 Upward displacement ventilation

Upward displacement ventilation (convection ventilation) provides cool clean air at the
floor level. It blows the contaminated air to the ceilimg meansof convection heat
transfer. The advantage of upward displacement ventilation is the provisiorrrofthe
comfort to personnelFrom the aspect of thermal comfort, the air temperature in the
vicinity of the floor and the vertical temperature gradient in the occupied zone are
significant and should be taken into account at the design stage. The vertical ai
temperature gradient should be less tharif®2 (Yuan et al., 1998)The air distribution

for displacement ventilation is dependent on the flow rate of the thermal plume, wall
layers due to buoyancy, and supply air. For example, a standing person i a 15.
m>displacement ventilation room with supply air at22air velocity of 0.14 ¥Oand

3.7 ACH will produce a thermal plume with maximum rising stream of D.2Bover

the headMurakami, 2000)Hence, the airflow distribution is dependent on the flow
rate of the thermal plume, supply air and buoyancy of the wall |aljee. contaminant
concentration in the occupied zone becomes low when the ptuatde toreachthe
upper zongMurakami, 2000. However, upward displacement ventilation relinquishes
the fundion of reducing the number of bactedarrying particles in the OR. In order to
prevent the recirculation of contaminated air into the occupied zone, the total rate of
supply air near the floor must be equal to the sum of the flow rates, due to the
convective currents from the vertical surface, the plumes and the outdoor air
requirement of the occupanf&wbi, 2003).For an OR, the recommended outdoor air

requirement is 15 L/s per persGhNSI/ASHRAE, 2003).
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In comparisorto standard positive pressure ventilation systéupply airfrom the
ceiling and evacuated at the floorthe airflow pattern of upward displacement
ventilation is insufficient to transport larger particles up to the ceiling for evacuation.
Upward displacenent ventilation is more efficient in removirggmall dust particle
sized 0.16 to <10unMNormally, the size range of bactegarrying particles is between
4 - 28 um, with a mean of 1Z2um (Dharan and Pittet, 2002) Moreover, upward
displacement ventilatio is not recommended for normal surgery, since clean air
discharged by the diffusers near the floor level is not able to be delivered to the wound
area, as it hindered by the table and surgical team. Howeigepossible to be used in
open laser surgerfFriberg et al., 1996)The dependency of upwards displacement on
the existence of thermal plume, and limitations on transporting larger particles

constrainedhe useof upwarddisplacement ventilation in OR design.

2.3 Supply air and return air diffuser

Outdoor air i ntakes must be | ocated
other buildingbs emission outlets, by t a
geometry, adjacent buildings or other obstructi&SHRAE, 2003a) In a general OR,
the supply air outlet should be placed on the ceiling, while the fewustltlets must
be placed aeast two locations near the floor to provide proper downward flow of clean
air through the critical zone, and eventually to the contaminated floor area for
exhaustion. The ideal layout of the air exhaust outlets is one at every corner of the OR,
one near the floor and one near the ceiling to contribute unéarmcirculation inside
the OR.A combination of exhaust locations level will perform better thanetgesn
low or high level locations. It is pertinent to recap the poimitineed by Memarzadeh

and Jiand2004),when sizing the laminar flow array, designer has to ensure the array is
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being sized to cover main heat dissipating object such as surgicahtehperating

lights as well as the operating table.

A laminar flow diffuser has been chosen in the OR to provide unidirectional or
laminar discharge perpendicular to the mounting surface, so it can develop a uniform
velocity profile over the full spacéligh induction ceiling or sidewall diffuser should be
avoided. With at least two agxhaust outlets near the floor, the first position of exhaust
must be at least 75mm above the flgAGHRAE, 2003) to remove theanaesthetic
gases, because these gamesheavier than the alnaesthetiogases must be cleared
because they can cause health problems, discomfort to the medical staff and also create
a fire hazard in the OR. The second air flow should be positioned near the ceiling in
order to efficiently Bminate bacteria and other microorganisms and chemical substance
that may become airborne during surgery. An air diffuser must have a good
performance over a wide range of discharge velocities, since air distribution patterns are
as important as the ACHAn ACH of 20-30 is recommended for a ceiling height from
9-12 ft (2.743.66 m). Noraspirating diffusers with a face velocity of 0:038i 70O
peri are recommended for maintaining the laminar flow and reducing strong drafts in
the OR(Memarzadeh and Jig, 2004) In a LAF system, particles are forced to the
exhausts by the air flow. The diffuser array should cover the main heat dissipating

objects(Memarzadeh and Manning, 2003).

For an OR with conventional ventilation, the best ventilation can be achkay
placing the supply grilles nearer to the vertical centreline of the wall, while the air is
exhausted through low sidewall grilles on the opposite wall. The location of the exhaust

grilles is negligible in affecting the overall ventilation performaftdée & al., 2009).
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2.4 Filters
In an OR, all central ventilation or air conditioning systems should be equipped with at
least 2 filter beds. For ORs serving as orthopedic, bone marrow transplant or organ
transplant surgeries, the filter efficiency should have a Minimum Efficiency Regort
Value (MERYV) of 8 and 17, respectively. The first should be located prior to the air
conditioning equipment, while the second should be placed downstream from the
supply fan. For general procedures in the OR, filters with a MERV of 14 can be used
downgream from the supply fa(ASHRAE, 2003a Kowalski, 2009. If there is any
recirculation of air, it will require greater demands on the filtration system. Proper
maintenance of the filters is crucial to reducing the microbial growth in the indowr
air and in the AHU system. Sometimes, filters themselves can become a source of
bacterial growth and thus contribute to the high level of pathogens in the occupied space,
since during the periods of high humidity (>80% RH), a proliferation of bacteria on the
air filter will be released into the filtered air later on. Therefore, controlling the relative
humidity of the air filters to 80% is important to avoid microbial proliferafidoritz et
al., 2001) Filter efficacy should never be degraded by poor ingtatiaAny gap exiting
postinstallation will allow unfiltered air to bypass the filter. Consequently, sheet metal
blank-off panels are required to be attached and sealed to the frame permanently
(Ninomura et al 2006) Besides, if the pathogens are geted inside the room, filters
are not efficient in protecting the occupants. The main filter group includes filters for
removing solid and liquid particles, filters for removing gases and vapors and, lastly,
filters for removing bacteria (e.g. ultraviol@t germicidal lamps).

HEPA orultra-low particulate aifULPA) filters provide the greatest efficiency.
A HEPA filteris more thar®9.97%efficient in removing particlesf 0.3umsize,while
aULPA filter is at leas©9.999% efficienhin removing particlesf 0.12um size. HEPA

filters are only necessarto be used inthe OR, while other roomssuch asthe
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washroom and anesthesia preparation rodonnot require being treated with HEPA

(Sherrer, 2003)

Ultraviolet Germicidal Irradiation (UVGI) is emitted at a wavelength of 253.7
nm by low pressure mercury vapour arc lamps, which damage DNA/RNA of pathogens
and suppress the reproduction of pathod8agashikovy 2009) Room ventilation ates,

UV irradiane levels, aiflow patterrs, bacteria sepsis, RH, as well as photoreactivation
will all influence the efficacy othe UVGI. Increasing the ventilation rate will also
increase the overall removal of airborne contaminants, but itredlicethe relative
effectiveness of the UVGI system, becauthe averagdime that the bacteriaare
exposed to the UV radiation is redudgtl et al. 2003) Photoreactivatiomill annul

the effectivenessf UVGI, since once thenicroorganisms are exposed to visibight
theyhave a chance teecover from the UV inactivatio(Pecciaand Hernandez2001).

On the other hand, the effect of RH on the efficacy of UVGI is unclear, since different
researchers reported different results on this suffi@lty and Kaufman 1972, Peccia

et al., 2001 RentschleandNagy, 1942)
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2.5 ORs in Malaysia

Malaysia, which situated in vicinity with equator possess a tropical rainforest
climate. I n authoro6s survey i nadpiedlAler ent
design. Havever,the actual configuratiofor the inletsand exhaustmay vary(Figure
2.2). Theinlet could be an array centered above operating tafll, array surrounds
the operating table, or monofilament precision woven polyesters that cover the

operating zone. Fro the measurements, most of thes@re sized within 20 ACH.

Figure 2.2 Different inlet design of ORs.

There is a common problem found during the surgery, due to massive equipment
in OR, the exhaustare often blockeddue b insufficient floor area. As shown in the
Figure2.3, surgical staff tends to move the trash or massive equipment to the corner of
the OR which is also vicinity to exhawdtiring the surgeryThis scenario is commonly
happens in OR. The blockage of #haust will definitely obstruct the flow. It appears
that, human factor contributed to improper airflow in OR. Hence, it is pertinent for
surgical staff to be aware of the consequences on putting any major items that will

obstruct the outflow.
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Figure 2.3 Exhaust blockageommon prc;blm found during igjical cess.

2.6 Concluding summary for literature survey

In the beginning of this chaptanain design considerations (temperature, humidity, air
velocity, ACH and pressure)ad been discussed.he development of OR ventilation
design hd undergone a shift of trend from turbulence, displacement ventilation to
laminar airflow system, which is higher in operating cost. However, it does not reflect
conventional designs of OR are obsolete since convaitidesign still has its
advantage in terms of cost benefiteating the highly humid fresh air will certainly
demand for high energy consumption. In order to meet the stipulated requirement for
RH control in an OR, an economical method by incorpordieey recovery devickr

reducing energy consumption and better RH comredcommended.

There are numbers of aspect that influence the air path inside OR, starting from
the inlet to until the air being discharged at exhamst hence numerous studiesve
been conducted on the design parameters of OR. From {ieeaurvey in numbers of
ORs located at Malaysia, most of the ORs designs are not fully comply with the
recommended design criteria. As example, some of W&e designed such the way
that herewereonly two exhausts located at the same plane of sidewall, which void the

symmetry of the exhaust design.
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In designing an OR, there are number of issues need to be considered, such as
type of surgeries performed, normal duration of surgeries which determine both comfort
and patientds need. The system designed
high and low indoor temperature setting. Usually, after years of operation, the layout
inside OR will change. Conformity on the performance of air distribution, checking of
ACH and pressure differential as well as microbiology sampling should be carried out,

to ensure the sustainability of OR.

Computational fluid dynamics aids researchers to studyofitemization of
OR G s dleng with mxperimental investigatioAt the same time, it is advisable to
take into account the Archimedes number when designing B8R using the same
approach, during the design stage, the designer should evaluate different design
schemes which the design of air arewdriedt , a
The use of computational method should be performed in #m@aso as close as actual

situation where the OR Wibperate after commissioning.

Last but not least, from the literature survey, the investigation on ventilation and
distribution of air in OR is limited in developing countri@gbat often operate with
nonstandard OR). Therefaré is favorable for a researcherdonduct a case study, in

orderprovide a sufficient overview on the Q#oridwidethroughcase study
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3.0 Methodology

3.10verview

Workflow of the study is smmarized in sequence #lows:

Permission to gain into aess to hospital operating room
Permission is required in ord@rd¢onduct orsite clinical observationand

measuremerit hospitaloperation room (as attachedAppendix A.

Field measurement in hospital operation room

Measurements have been carried out at various location asdeodlinical
activities have been recorded.

ConductCFD modeling via suitable solver taa@amine the room airflow pattern
Quantitative assessment and verification of the CFD simulations
Assessand verify CFD simlations by comparison with the measuremesult
possibly after enhancement of the CFD simulations.

Analysis on the current design and comparison with design with modifisation
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3.2.1 Governing equations and general form ofjoverning equations

In CFD analysis of room airflow, transport equations are developed based on the
corservation of mass, momentunthermal energy and sometimes along with
concentration of species within the enclosure. It requires a balance amondadtdhe

which are influencing these variables.

Conservation of mass

— — M6 — M — W T (4)

In turbulence flow, fluctuation of air velocity occurs. Henseymmation of time
averagecomponent and fluctuating componeare used in lieuhe velocity of each

componentwhich are described iaquations (4.)t(4.3).

5 0 O (4.1)
6 O O= 4.2)
7 X X ae (4-3)

Substituting(4.1-4.3) into (4), yields

— - — M — ™ T (5)

The direct implication of the mass conservation in CFD is the contioliitgw, which
gives an idea the increase velocity in anycomponentwill cause the reduction in
velocity in adjacentcomponent since the mass flow into angontrol volume must

conserve.
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Conservation of momentufBatchelor, 1970)

For@A E O A AWBrEoiméntum)

— M — M5 —M6 —MT7 @ — —f(— —{—
—t= —t—= — —
(6.1)

— M —MN66 — M6 —MT  — —(— —{—
—t— —t—= = —
(6.2)

ForUA E O A A\-mdmientum)

— W  — N7 — N7 — M7 o e
—t— —t—= — — aC (6.3)
where for equationg(1) to (6.3),

0 =static pressure

* =fluid dynamic viscosity

""Q,”"Q,” "Q =body forces ircfuhi direction, respectively.

Conservation of thermal energy

— M — M4 — M4 — W4E — -— — —— — —— (T)

Where- = diffusion coefficient i(e. diffusivity)
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AndA t# M is the Prandtl number or Schmidt for the fluid.

Similar with velocity fluctuation, ¥ taking into account the thermal fluctuation,
4 4 4 s which take into account tirreveraged component and fluctuating

component, the equation becomes:

—m — M4 — M4 — w4 - - - = = —

— M4 — M4 — w43 (8)
The equatior{8) above hasdditioral termswhich consist turbulent heat fluxes, a&hd
being a source term which allocate the rate of thermal energy production.

Concentratiomof species equation

~ M — A — MK —mA — — — — — _

~

— MA — MA — mA 3 ©)

Time-averaged concentratiohand the deviation from the averaged valueare
incorporated in the transport equation $pecies concentratiorEquations (7), (8), (9)

have a general form as follows.

The General Transport Equation

- — M — MO — D — = = = = =

3 (10)

which 1 describes the dependent variable awdis the source termTable 3.1

summarize thelependent variables and sources tefon equation (10).
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3.2.2 Boundary conditions

Wall

From the ossite visit,the OR is surrounded by the corridtihatthe outemvall surfaces
adjacent to OR areeither directly exposedto heat source such as sunlight nor

experiencing heat gain or heat logsdthus assumed to be adiabatic.

In treating the near wall conditip there are several approasithat could

be adopted. They are, namely, wall function, low Reynolds turbulence model as well as

two-layer zonal model. In dealing with natural convection, wall function deemed
inappropriate due to its suitability for focteonvection flow. On the other hand, the
use of low Reynolds turbulence model in complicated geometry is unmatutebak,
requiresthe need of fine grid discretization in the vicinity of the wall to solve viscos
effect. Hence, the adoption of the lashd@ate, twealayer zonal model is considered.
The zones in the domain are distinguished by the local Reynolds nuFfhigeregion

with'Y'Q %Q ¢ 1 1WhCl are distance to nearest wall, turbulent kinetic energy and

kinematic viscosityjstreated av i scosity affected region
(Wolfshtein 1969) At the regionwhere’Y'Q ¢ m,mithe computational domain is

treated as fully turbulent region. Further detéolsthis method are available Fluert

user6s guide (ANSYS, 2009a).

Room air inlets

Room air inletsare usually the dominant sources of momentum that attributed for air
distribution. Velocity component§5f6h7 , supply outlet temperaturet hkinetic

energy E and dissipation ratex are need to be specified. By knowing the velocity
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components and the turbulence intensity of supply air, the turbulende kinergy can

be calculated as,
E - O O X -) 5 ) 6 ) 7 ée.. (11)

where) — , wanddadenotes turbulence intensity of particular velocity component,
subscripti denotes supply air. For isotropic ca€, O x , equation above can

8
further reduce. Dissipation rate of supply air could be calculated by—. ( is the

enclosure height ange i s a w8omaBot raasttof the cases for airflow in a

room, the turbulent intensity are usually less than 10%.

Exhaust outlets

The longitudinal exit velocity is calculated from mass balance equé&tion,5 —

with nonexistent of traversevelocity component However, for the room with
in/exfiltration, this equation is not exa@ubscripfQrepresent exhaust whilstandm

represent the opening and air density of both supply and exhaust outlets.

3.2.3 Fieldwork measurement

The air conditioning systetmad beeret operatedor 48 hours prior taghe visit
Such conditionwas assumedcdequatefor the OR todischarge remaining heat, and
reacled an isothermal conditioduring the measuremerBesides, ltere are minimum
requiremerd for the equipment that will be used for the measurement of velocity and
temperature, atabulated in Appendix GDuring the measurement, the dimension of
OR andequipmentwere identifiedand recordedAccording toANSI/ASHRAE (200,
method of testing the performance of air outlets and air irdetifference belovp 3

between tested air and average room temperature could be considered as an isothermal
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case. Meanwhilea temperature difference of more thg®3 is considered as ne
isothermal air, thus for neisothermal air, the data measured only valid for that
particular temperature differencéverage room temperature in this context is the
average of at least four measurements in the spatially distributed in the room to within
T T Io (1 ft) of incrementn a steady state condition.

Air Inlets

Before passing through HEPA, the HEPA casing is designed in such a way that it able
to distribute the air evenly into each section of HERAring the measurement, air
velocity at each itet had beermeasured in at least two differeot the inlet. The
readings were averaged to represent the air velocity for particular inigplySair
velocity had beemmeasurd by a velocitymatrix 2.5 cm (1 inch) belowthe grille. Main

air velocity component in this case is oriented verticdiywnward
Exhaust

The air flow at each exhausad beemeasured by using flow hood (Alnorbalometey
since the method of msaring the air velocity, by fing the anemometer sensor
perpendiculato flow directioncause inaccuracsincethe exact flowdirection near the
exhaust is not knowrmhe measurement at the exhauetd beerperformedin order to
comprehend theroportion of air flowthrougheach exhausBy using a flow hood for
air flow rae measuremenwill introduce flow resistance due to the existence of the

hood. It could be corrected by knowing the pressure difference across the device in the

absence and presence of the hdod, 1  YBIYD .1 denotes the actual flow rate,
while subscript‘Qdenotes the presence of the hodghckpressure compensated
measurements providghe mostaccurateflow measurement results, by taking two
consecutivdlow measurements at a diffuser or grille, the first vilie back pressure

flap operedand continued with the flap closed.
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Air space in room

Room conditionhad beemeasuredt five different height from the floorO(1 meter,
0.6 meter, 1.1 metef,.7 and 2.3 metgrand it will be used in the verification ofie
CFD model by the measurement profile (Fong et al. 20083 velocity measurements

hadtaken into the consideration on which velocity component is moreidant.

As the room air motion is determined by air velocity measurement
(ANSI/ASHRAE, 2006b), the speed and direction of the air velocity at any point
fluctuate with time An omnidirectional anemometer should be used for measuring the
air speed. However, due #@vailability of equipmentfor on-site measuremeng hot
wire meter, whech is directionally sensitivehad beerused during the measurement.
The use of this equipment demanfbr knowledge of primary flow direction. During
the fieldwork measurement, ther aielocity had beermeasured in three orthogonal
directiors. Then the maximum elocity recorded among three orthogomiiections
shall be used as theepresentation ofmean air speedThe measuremerttas to be
conducted under steady state condition dfierreference temperature is witlpirs of
the design temperature. At each measurement point, the air speed and air temperature
shall be recorded for minimum 3 minutes witie sampling interval of every-2

seconds, for determining the mean value.

3.2.4 Equipment used infieldwork measurement

As noted by Sun and Zhang (2007), which summarized modern methods for airflow
measurement, direct air distribution measuremesmh provide some quantitative
information on local air velocity and flow field patterfable 3.2 illustrates the list of

equipment used duringe measurement.
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Table 3.2 List of equipment

Equipment

Description

Airflow, differential
pressuremeasurement

Alnor EBT721 balometer

The detachable mulpurpose digital manometer is used
measure the air flow rate when it is being attached
measuring hood. When the hood is detached, it ab
measure the average air velocity with 16 grids. The s
pressure measurement can be done when the ¢
manometer is connected with statibé.

Operating range

Differential pressure: +3735 Pa

Velocity: 0.125 to 12.5 m/s using velocity matrix

Volume: 42 to 4250 fith using capture hood

Accuracy

Differential pressure: £2% of reading for both static and differentia
Velocity: +3% of reading £0.0#h/s >0.25 m/s

Volume: +3% of reading +12 #h >85 ni/h

Resolution

Differential pressure: 0.001 Pa (both static and differential)
Velocity: 0.01 m/s

Volume: 1 nih

Calibration Yearly calibration

Indoor air condition
measurement

(i) TSI VelociCalc @ velocity
meter

Hot wire anemometer is an instrument for turbulent fluid flg
However, main disadvantage of
flow accounted to cosine law which only sense the normal to
axis.

Operating range

Temperature:17.893.3

Velocity: 0-30 m/s

Accuracy

Temperature: T® 3

Velocity: 3% of reading or 18t p m/s, whichever is greater
Resolution

Calibration Yearly calibratin

(i) Alnor thermo anemometer
model440-A

It measures the temperature, humidity as well as th
velocity,

Operating range
Temperaturel0 to 6@

RH: 0 to 90%

Velocity: 0 to 30 m/s
Accuracy

Temperature: 7@ 3

RH: ob 2 (

Velocity: 3% of reading or 18t p m/s, whichever is greater
Resolution

Temperaturer® 3

RH:1® b 2 (

Velocity:001 m/s

Calibration Yearly calibration
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Particulate count

measurement .
Operating range
Temperaturé to 353

Sampling flow rate: 2.8 I/s with 5% acccuracy

Calibration

Yearly calibration

Calibrated at &.nfemandl® m5e m, 1
Comply with JIS

TSI hanheld particle countg
8220

3.3 CFD modeling

3.3.1Modeling approaches

i. Planning Stage

The aimfor current studys to capture an insight on the air distribution inside the OR.
Consequently, the flow pattern and the overall picture of possible air flow have to be
estimated. The simulations done will illustrate a steady state conditions where OR is

operate long enotgand reachingquilibrium.

ii. Dimensional and structural representation of OR in CAD

Grid and computational cost will certainly increase when the architectural aspect in OR
is represented with detail. Throughout this study, thedeilrbe representeds walls

and thecabines in the OR argepresente@ds square boxesvhich the surfaces deemed
as walls.Since OR is positively pressurized, definitely exfiltration will occur. Hence, it
is a good practice to check the flow volumesapply and exhaust air, in order to have
an insight on to Wwat extent the exfiltration iS.he apparatus in ORad beemmodeled

in thesimplest dimension. Human modedd beenepresented in simplest forrdefails

of dimensionss available in ApendixE).

iii. Simulation

It is advisable teommencehe simulation by using basic CFD coéeom the literature,

most of the problesifor room airflow study can be solved well by using Reynolds
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averaged NavieBtokes (RANSE Rtwo equations models. Both standaife R

model and renormalization group (RNE) rmodelcould be used in predicting the
airflows characteristics in OR (Zhang et al., 200¥)s always a wise choice to use
standardE R as the first solver to be used before using any othssilple solve

scheme being useth current studycommercialsoftware, ANSYS Fluent 12.0 is being
used to perform the simulation and det a

(200%).

3.3.2 Verification

There is no excelleragreement between measured data and computed Fasatft the
measurement data, since most of the indoor air velocity measurement is done by using
hotwire or hotsphere anemometer, heat generated and convected by the probes could
generate a false velogitOver and above, many turbulence models were developed
from some basic flows of high Reynolds number. Hence, the airflow characteristic in a
room with relatively lower Reynolds number could not be solved perfectly (Chen, 1997).
Confirmation on the predied result should be carried out to ensurediseretization

method, grid resolution is correct on performing the task.

There isa difference exists between verification and validatf&hAA, 1998).
Verification is a process to ensure the physical aheraatical model could represents
the conceptual description and the solutions of the model accurately. Whilst validation
determine to what extent the CFD model represents the real scenario accurately.
However, in indoor environmeat modeling (ASHRAE, 208), the validationshall
refine to the representation of physical realities, consist of one or a few flow and heat

transfer features of whole system.
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The comparison between the simulation angiténmeasurement should start by
comparing the airflow p#rn qualitatively. Upon the qualitative comparison, it should
follow by assessment dirst order parameter such as air velocity, temperature and
species concentrationdowever, comparison for species concentration is not available
in current studyThe comparison of second order parameter such as turbulence kinetic
energy, Reynolds stress@se unnecessary sincthey areincorporated with larger
uncertainties(ASHRAE, 2009) Despite of describing the results from comparison
qualitatively (such as excefle poor, fairly, etc), it should come alyg with
quantitative comparisgnand provide the judgment by referring to other literatures
available Moreover, if theresult obtained fronthe simulation have a lesser accuracy, it
could be considered acceptable as long as the predicted trends are consistent (Chen &

Srebric, 2002).

3.3.3 Accuracy

The accuracy of the CFD results which employed iterative solution depends on various

factors.Thus, concern has to be taken particularly in:

I Discretizationscheme
In current 3dimensional ORs dibw modeling, the computational domain
is discretizedby finite volume method usinginstructured mesh that is
suitable for complicated domains. On the esthhand, it provides

convenience to perform refinement with minimal difficulty.
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Figure 3.1 Finite volume method with unstructured mesh.

G

Computational grid

Ideally, CFD solution is supposed to be independent of the computational
grid. Errors resultedrom interpolation could be minimized by increasing
number of grid points. For nemiform grid, the dimension ratio of two
adjacent cells (expansion ratio) should be limited to 1.5 (Awbi, 2003).
Nonetheless, sensitivity analysis on the grid refinemenildhme performed

in order to have a optimization on the grid size and simulation result.
order to achieve grid convergence, the solution obtained should
asymptotically approach the exact solution as in transport equaksn.
propose by Wilcox (1993), doubling the grid number is the common way to
check the difference in CFD resulSince the exact solution is unknown,
Grid Convergence Index (GCI) is being used to estimate the error between
solution and unknown exact solutigRoache1994) The calculation of grid

convergencandex ' #i% explained as followgRoache, 1998):

In order to perform this calculatiorthe CFD solution on three distinct
number of mesh generated thre same model is needed. It starts witle

estimationof mesh sizeQ

E -B Y6 - (12)
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whereby , ¥6, 6 number of cells, volume of each cell and volume of
computational domain, respectivelyeite, if 1,2 3 denoted as the model
with fine, medium and coarser meglespectively. tl implies  E

E .Then

For a fix case study with same meshing domamhave6 6 6

Next, the grid refinemen0is the ratio of mesh size, meted by

O — andO  —. It will further simplify to O — p® and

O —  p®

The error, R £ /Aandr A Aeare used to estimate approximate
relative error, whereA — and A —— . The symbol £

represent a solutiorufiction (e.g. temerature at certain locatiorApparent

order, B, it has to be calculated bl where O p

D CH . The value ois obtained based on signum function, which

equal to-1 if — T1and equal to +1 H— 1t For nonconsistent value of

Qthe value oPneeds to be calculated via iterati@ventually' # gf each

refinement ratio is calculated by,

L #) (13a)

and' #) (13b)
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Overall procedure for # galculation is summarized in Table 3.3.

Table 3.3 Summary for Grid Convergence Index calculation.

Case

1

2

Calculation
process

Number of
cells

For determining

Grid convergence

Solution
function, &£

index

-

Z

Representative
mesh sizefE

Refinement
ratioO

Errorr

Approximate
relative
error,A

¢

Apparent
factor,B

, via iteration ifO

o]

Grid
convergence

%)

& &

o)

p

C#)

p& &

index," #)

iii. Nearwall boundary conditions

Convergence criteria

The ecommended approach to examine the convergence is by examining the
residuals. The solutions are considered converged wésdual of each

equation solved decreased tolesst three orders of magnitude 1t ) and

six orders of magnitude (1t ) for energy(Chen & Srebric, 2002).
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3.3.4 Considerations in modeling

When the mesh spacingrger than zero, there wibbe truncation error due to the
discretizationof governing eqation. Truncation error will account for the consistency
of the solution. During computation, rouoéf error (due to single/double precision
selection)will certainly occur since storage of significant number is limited in computer.
Hence, as long as thexror does not enlarged in the interval of solving process, the

solution method is deemed as stable.

Mesh size

In order to compare the differerscef CFD solutions, a large difference on grid size
(which is commonly halving the grid size) shouldbe compeed to keep the
discretizationerror minimal.Initially, course mesh is tested prior to fine mestce it

allows more tests run in order to examine the convergence behavior of the calculations.
The mesh element at inlet/outlet openings and heat souessnatler. The change of

cell size should keep below 120% and maximum skewness of the mess should be

carefully monitored by keeping it below 0.95.

Precision selection

In order to avoid overloading on the computational power, single precision is adopted in

the calculation.

Solution method

1 PressureVelocity coupling

For incompressible flow, density remains constant. Density and pressure become
separate entity that results in difficulty on solving NaxBéokes equations. The lack of
explicit equation for presure hence demand for derivation of equation from momentum

and continuity equation.SIMPLE (Semtimplicit Method for Pressurkinked
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Equations)and SIMPLEC (SIMPLEConsistent) are both adoptableVPcoupling
method. Both solve each of the velocity compdnand pressure separately, then
pressure and velocity correctiare performed to couple both presswsocity. In

current study, SIMPLBad beemsedfor P-V coupling.

1 Spatialdiscretizationfor gradient, momentum, energy, turbulent kinetic energy,

and turbulent dissipation rate

Least square cell basédd beerthosen for gradient since its accuracy is comparable to
GreenGauss node based and haviegs expensive computational caglore accurate

result could be achieved in a higher order scheméhleutomputation process will take

a longer time and less stable. However, for tetrahedral meshes, second order
discretizationis desired for more accurate result since the flow is not aligned with the

mesh.

1 Relaxation factor

Setting relaxation factor lessehan unity will reduce the speed of convergence.
However, it will decrease the possibility of divergence and increase the stability of the
calculation. Although overelaxaion will speed up convergendayt it will sacrifice the
stability of solution Hence,throughout the calculation process, the relaxation factors

were manipulateds to speed up the convergence.

Model Selection

For surgical operating room, Kameel et al. (2003) suggested the wwanofardQ -
model and RNGQ - model are superior in the prediction of flow characteristics in
near wall and steep gradient zorfest steady incompressible flow without body forces,

both ¢andardQ - andRNG'Q - modelare written as:
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£ model

4 00ABRATKDRABY— | — — — — —— MR (14)
$EOCOCOEDAIEIH+ # -t — — — — —— # m- (15
RNGE & model

4 00ACEEAT KD BB — t 3 — 1t — M R (16)
and3k ¢33

$EOOEDAIORI 1

N —

# -13 —1t — # m- 2 a7)

3.3.5 Modeling of human

In the CAD modeling, the human modeld beemrmodeled in a simplified bloekshape
(asavailablein AppendixE). When a simplified model is compared with standard or
realistic model, simplified model tends to underestimate the convection heat transfer by
humanbody (Zhang et al., 2009). In tmange of air velocity lower than 0.4Q the
underestimation is arourzD% based oZhang et al. (2009)A complicated geometry

and computational cost compromised each other. Furthermore, the airflow in- macro
environment is the main interest in this study, thus a simplified human imaddieen

modeled to represent human sdbj
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3.3.6 Modeling of humidity
The airhad beermodeled as a mixture of dry air and vapor without chemical reaction
among the speciesand behaw# as an ideal gas.The substanceos p |

determined as follows:

iv. Density: incompressibligleal gas
v. O :mixing law
vi. Thermal conductivity and viscosity: ideal gasxing law

vii. Mass diffusivity:¢® wp ™ & Fi atg¢ v 3latm.

In theboundary conditiorsetting the species (¥D) had beerspecified in terms of mass
fraction, which is equivalent to humidity ratio in psychrometric chidre masgraction
was determined by knowing the dry bulb temperature and RH of théasides, the
wall boundary generates zeddfusive flux for moistue. For this particular species, the

convergenceriteria isset topwp Tt .

3.3.7Modeling of gaseous contaminant

The gaseous contaminahtad beerassumed to b€0O,. The contaminantwas released
from the top surface of theurceat a mass fraction @fop ™ (200 ppm) The mass
diffusion coefficient,O ;, for air and the gaseous contaminant isl 16 7Q since the
room air temperature in the OR is at vicinitycofit 3 For other gas properties GO,

the gas properties at normal temperature and yme§s 1t 8p A O iwere used.

3.3.8 Modeling of particle tracking
Particle trackindhad beermperformed usinghe discreet phase modevhich the particle
is not interactionwith the continuous phase. The particlesre modeled in the diameter

of 121 torepresent the mean particle siféese inertparticles wee assumed to obey
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with spherical dragaw as mentioned by Morsi and Alexander (1972)Vhen the

particle hitsawall, it will reflect with a unity restitution coefficient.

3.4 Simulations overviev
For bothSGHHCOT-5& UMMC OT-11, current conditioawill be simulated in CFD
to serve as the baseline for comparison purptesee following chapters for results

and discussion will be arrangedtimefollowing manner:

Chapter 4Case study on Sarawak General Hospital Heart Centre (SGHHG) OT
Chapter 5Case study on Universityf Malaya Medical Centre (UMMC) OT1

Chapter 6 Thestudy on design variation in d&8s 7 clean room

3.5 Concluding summary

In previous chapter (Chapt@), one can observe the CFD has served as an important
tool for researchers to conduct the prediction on the airflow in an OR. Hamcentc
chapter has discussed the governing equations, boundangitions, orsite
measurementand a proper CFD modelig approaches that need be taken into
consideration in order to achieve the objective in current study, which the results of the
air distribution in the will be discussed in following chapters, as mentioned in Section

3.4.
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4.0 Casestudy on SGHHCOT-5

Sarawak General Hospital Heart Centre (SGHHC) was formerly named as Sarawak
International Medical Centre. The hospital was officiated on January 2011. There are
total of 6 ORs in SGHHC, with O% designed to serve for cardiovascular surgery. The
views and layout plan for Ob are pictured as follows (Figwed.1 to 4.3). Figure 4.4

displays the layout of OF5 in CAD. Besides, the news for SGHHC, AHU design for

OT-5 and the measured room dimension are attached in Appendix B, C and D.

Figure .1: View for OT 5 (Le: the condition during HEPA leaking test while picture
in the Right: the condition during the measurement).

OPERATING ROON § (CARDIAC)

aNeES. NUCT RS
LT (XX ;

:

i N

Figure 4.2 brawing layout for OT5 (Without supply and return air dggt
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Figure 4.4 Modeling for unoccupied SGHHC GF in CAD.
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4.1 Assumptions
There were several assumptions need to be made prior to the indoor airflow

measurement.

I The room hadreached steady state condition sirtbe airconditioning
system hadbeen operated for a continuous 48 hours prior to the

measurement.

ii. The air condition in the OR waonsidered as isothermal case sitloe

difference of the supply air and average room temperatasey 3 p 3.

iii. After averagng done by velocity matrix for 2 x 16 poinSigure 4.5)for a
singleroom air inlet the air volume flow rate could be calculatemked on

the air velocity and area of theom air inlet

Figure 4.5 Velocity matrix available irAInoEBT721 balometer.

V. The layout of OR during measunent was approximate to the layout
duringthe actual operation process, by referring to the information provided

after consulting th@ospitalmatron.
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There wereseveral assumptionsdhbeen made in indoor airflow simula.

i. Theairflow predictionin the simulation had steady state condition

ii. For human body modeling, human body wassumed thave a skin temperature
of 343 (body core temperature of 38.8 which is approximai to skin
temperature (33.3 ) reported byPrek(2005)

iii. The contaminant veaassumed carried by inert particle with a diameter g¢fi 12
The trajectory of the particle is affected by the drag force exerted by the air
resistance and the relative velocity will determine the motion of particle. In orde
to estimate the drag coefficient of a spherical simpatrticle, spherical drag law

was assumed arttie following equation (18) is used,

# — — E (18)
Thevalue of the coefficient and constant, E , E aredependent on the raeg
of Reynolds number, and they wegiwen in the appendix sectiai Morsi and
Alexander (1972).

iv. Normally, there are 5 staffairrounding the operating taldering the operation

process, as indicated in Figure 4.6.

Figure 4.6: Typical condition during operation (taken in UniversifyMalaya Medical
Centre)
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4.2 Measurement at SGHHC

The onsite measurement in G was conducted on 22 January 2011. The physical
layout and dimensions of the OR as well as the dimension of the equipment were
recorded, which will be used in the modeling process. At the same thenélet
boundary condion was measured, and some measurement points were chosen for the

purpose of comparison withe simulation outcome at the later stage.

Figure 4.7. The SGHHC OT5 actual dimension measurement.
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4.3 Physicalon-site measurement at SGHHC O15

The measureihlet air condition for the ORre tabulated in Table 4.1

Table 41: Measured air éhlet condition

Supply air
HEPA | Measurement DBT, Average velocity, flow rate,
No. 3 RH, % s Dimension m3/h
I

17.2 70.2 0.32
Il 17.2 70.1 0.39
1 I 17.2 70.4 0.28
[\ 17.3 69.9 0.34
Average 17.2 70.2 0.33
I 17.2 68.0 0.28
Il 17.3 69.1 0.31
2 Il 17.3 68.2 0.21
[\ 17.1 69.9 0.30
Average 17.2 68.8 0.28 1.455m x
0.855m
I 17.1 69.4 0.32 (each)
Il 17.1 68.6 0.35
3 Il 17.0 68.8 0.41
[\ 17.1 69.6 0.41
Average 17.1 69.1 0.37
I 17.0 69.3 0.38
Il 17.1 69.5 0.41
4 Il 17.1 69.0 0.32
[\ 16.9 69.5 0.50
Average 17.0 69.3 0.40 1791.40

Average air condition at Total
9 inlet 17.1 69.4 0.345 supply air 6180.32
flow rate
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From the orsite measuremen©OT-5 hadan air change per hour, ACH around 42.5,
corresponihg to the built area of @ I or volume oft @1 @ol p t@i
The ACH B not considering the actuair volume. Consequently, ithe actual case, it
results in slightly higher ACH thathe calculated valueNote that theACH of the

current design is 70% higher than required 25 ACH. The nominal time constant for the

rooms is equal tog — ¢ & O ATAA QAverage velocity discharged from the

inlet is 0.345 O Considering the minimum requirement & T®WY4 to minimize
influence of thermal buoyancy from occupaitie air velocity of 0.41 ¥Ois needed.
However, theoretically, the inlet should provideflow with minimal variation of air
velocity. Since the air duct for each inlet is branched prior to the entrance (refer to
Figure 4.3),and hence, maldistribution of equal fraction of air into each branch will
certainly occur resulted from differentownstream pressure as the duct bent.
Maldistribution of the equal fraction of air prior to the entrance to HEPA caused the
inlet air velocity variation among inlets, which is inevitable for such desite
average inlet air temperatunss lower than theecommendation made by MOH (2010).
The RH measured was 69.4 %, whichswagher than mmmended 60% RH, which
indeed wa a flaw in the system design. After the HEPA filter leaking test, the
particulate counts were conducted and from the measurement @&hlethe OR

satisfied the requirement for Class 7 clean room.

Table 4.2 Particulate count in the nayperating SGHHC O-b.

Particulate
. N " . . Average c_ount
Particle sizeh 1 | Reading 1 Reading 2 requirement
count for Class 7
clean room
> 0.3 423612 425520 424566 -
>0.5 18234 18352 18293 <352000
>1.0 5783 5745 5764 <83200
> 3.0 2502 2538 2520 -
>5.0 692 668 680 <2930
>10.0 136 120 128 5
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4.4 Simulation for SGHHC OT-5

The simulation wa performed by using ANSYS Workbench 12tGequips with design
modeler, meshing, Fluent, and CFD Regtich allow users to perform the simulation

in a single interface. Details of the software are available at ANSYS (20886).
building the physical model with SolidWork CAD, the model is impdihto ANSYS
Designmodeler, which the air space from the physical model is frozen, and the airspace
is filled as fluid domain. Then, the physical model is cut/subtracted from the entire
domain, leaving the fluid domain alon&ubsequentlythe fluid domain is meshed and

ready for the setting of CFD simulation in Fluent.

Boundary Conditions

The nomenclature for inlet and outlet as well as boundary conglitidhe simulations

as follows (Figure 4.8 and Table 4.3):

Exhaust 4 Exhaust 3

Figure 4.8: Nomenclature for HEPA inlets and exhauSGHHC OTF5.
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Table 4.3 Boundary condition settings for CFD simulation SGHHC-8T

Item Details

Air inlet It is set as velocity inlet which is intended for incompressible flow. The air inlet

are modeled as a rectangle which discharges air vertically downward to the
operatingable with turbulent intensity d%.

Details

Inlet 1 1447.901 TE, velocity: 0.331 7O Area:1.244 , Air temperature: 17.1

Inlet 2 1253.981 7TE, velocity: 0.281 79 Area:1.244 , Air temperature: 17.1

Inlet 3 1654.071 TE, velocity: 0.371 79 Area:1.244 , Air temperature: 17.1

Inlet 4 1791.401 TE, velocity: 0.401 7Q Area:1.244 , Air temperature17.13

Air outlet The air outlets are modeled as a square which the air is being discharged thrc

the surface. Pressure outlet was set to zero gauge pressure.
Exhaust 1,2,3,4

Walls No slip condition on the surface, adiabatic walls.
Surface of thequipmenexist in OR are treated as wall.

The settings for simulation and heat dissipation of devices

The settingdor the simulations arksted in Table 4.4while Table4.5 lists the heat

generation of devices in the OR.

Table 4.4 Settings folICFD simulationSGHHC OF5.

Mesh Approximately 3x1& mesh elements
Solver Pressure based coupled solver and steady state
Model Q - model, p8

” P&, 0 p& 10 PR co T8t

Full buoyancy effects is on to inclueoyancy effects
on-.

Boundary condition As described in Tablé.3. The geometry of the items
available in appendices.

Heat sources Included in Table 4.5

Solution method Scheme: SIMPLE
Gradient: Leastsquare cell based

Pressure: Standard
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Momentum: 2 order upwind
Turbulent kinetic energy:"3order upwind
Turbulent dissipation rate"2order upwind

Energy: 2% order upwind

Solution control Under relaxation factdr
Pressure: 0.3
Density: 1
Body forces: 1
Momentum: 0.7
Turbulent kinetic energy: 0.8
Turbulent dissigption rate: 0.8
Turbulent viscosity: 0.5
Energy: 1

Convergence criterion  Continuity, x, y, 2velocity, k, epsilon:p wp 1

(absolute) .
Energy;pwp

1 Represent initial setting for the numerical calculation.

Table 4.5 Heat dissipations of OR devices in simulated OR SGHHE&OT

ltem* Quantity  Heat dissipatiorf
Operating table 1 Nil., represent wall
Surgical lights 2 Heat dissipation

Big light : 200WLamp face)
5W(Lamp back)

Small light :150W(Lamp face)
3W (Lamp back)

Medical gas supply pendar 4 Nil, represenbbstacle

Machine 1 Heat dissipation: 250 W
Personnel 5 Heat dissipation: 100 W eath
Patient 1 Heat dissipation: 70 W
Suction machine 1 Heat dissipation250W
Drawer 1 Nil, represenbbstacle
Diathermy 2 Nil, represenbbstacle

IPlease refer to ppendixE for the dimension of the items above.
Total cooling load of approximately 1428 W.
3The convection heat transfer for human refered on Kuraegali(2008).

There are two distinct treatments for particle transport modeling. Lagrangian

approach treating the particles as a single constituent while the fluid phase act as a

66



continuum. Different with Lagrangian approach, the Eulerian approadmtresolid

particles as a continuum. Former approach solves patrticle trajectory by solving force
acting on the particle while the later solve both fluid phase and solid particle using
transport equatiorOn the comparison and details on these methods,gCirahChen

(2007) discussed the difference of both methodspfedicting particle transport in
enclosed spaces n current study, the particles w

size that obeyspherical drag law using Lagrangian approach.

4.5 Meshindependence study for SGHHC OT5 simulation
For grid independent study, 5 different numbers of meshing element were examined,
which are 0.95 x 19 1.27 x 16, 1.69 x 16, 2.70 x 16, 3.96 x 16 of elements in

tetrahedral meshing. For simplicity, the siations are denoted as follows:

Table 4.6: Identification for simulations SGHHC GF.

Mesh number ID
3.96 x 16 |
2.70x 16 [
1.69 x 16 i
1.27 x 16 W,
0.95x 16 Y]

The number of elements are corresponding to 100, 80, 50, 30, 10 relevdim® in
relevance center at Workbench meshing setting for simulation I, 1, I, IV, V,
respectively. When examiderisually at the temperature contour at the middle plane of
the OT-5 (Plane 1), it shows that simulat®ohand Il provide similar pattern. On the
other hand, the results from different mesh elements are extended to the examination of

velocity profile (Figure 4.9). Similar velocity patterns are found in simulati@nd II.
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Overall, the average temperatutePdane 1 resulted from different mesh elements are
plotted in graphs (asdicatedin Figure 4.10) to show the mesh independency. The
solution approaches a constant value as the number of mesh increases. By using

Richardson extrapolation {lextrapolatiof, the exact solution @nbe estimated. This is
given by'Q e "Q ——, where'Qand™Qare the solution for finer mesh and coarser

mesh, respectively. It yields an extrapolated average temperature of 18 ®lane 1.
Hence, it is cleayl seen that2.70 x 16 medh elements (i.e. 80 relevance)svadequate
for thecurrent case study. The result for GCI on simulatiph and Il are tabulated in

Table 4.7

Table 4.7: Grid convergence index for simulation I, Il and 1ll SGHHC-6.T

Simuldion | 1 1l
Domain volumgd ) 123.877 123.877 123.877
Number of cells 3964602 2702408 1690853
Solution function &£ 17.98 17.97 17.9
Representative mesh 0.035B 0.038 0.0418
size,E (&) ]
Refinement ratid) 1.136 1.169
Errorr -0.01 -0.07
Approximate relative -0.000556 -0.003895
error,A

o) 1
Apparent factorp 11.9561
Grid convergence -0.019 % -0.08 %
index,"” #) (%)
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Figure 4.9: Air velocity difference (bottom half of the figure) for different mesh

elements at mighlane (Plane 1) of Ob.
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Figure 4.10: Average air temperature at Plane 1 versus number of mesh elements.
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From the simulationusing standardQ - model, swirl wa identified behind the

medical gas supplygmdant which is discharged from inlet 2, as shown in Figure 4.11.
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0.000+000 )
[ms?-1] ‘

/ ) » Y
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0 2,000 4.000 (m) L X
L ] ]

1.000 3.000

Figure 4.11 Air swirl behind the medical gas supplgrmlant

It should be noted thathe standardQ - has been identified having limitated
performance in flow witha high streamline curvature and air swirl. Henttes RNG
"Q - model , have better performance tlihestandardQ - in coping and aihg the
prediction for the case witthe air swirl was consideredor checkng and comparing
whether the influence of air swirl to the simulation reskignificant However, both
standardQ - and RNGQ - models predictethe similar air flow pattern regardless
of model sed (Figure 4.12). éhcethestandardQ - is suitable for flow prediction in

thecurrent case study.
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Air flow pattern comparison of standard k-e model and RNG k-e model

Velocity [m s~-11]

0.5 —

X[m]
— RNG kemodel = Standard k- model

Figure 4.12: Air flow pattern comparison of standareekmodel and RNG-k model.

4.5 Fieldwork measurement and simulatiori A comparison

During theon-site measurement, the OR wé@n a noroperating condition. During the
measurementhe difference of the supply air and average room temperatuge s,

which is less thap 3. Thus,the assumption of isothermal condition in the room could

be made safely. larder to compare the esite measurement result with the simulation
result, an isothermal case is modeled, without the existence of personnel and heat source.
The heagenerated by fluorescent light was disregarded since the lighteméedded

in the celing, ard the heat source contribution svansignificant.Note that areful
attention should be given on the selection of measurement pointsiteameasurement

for comparison purpose. The point selected should be free from disturbance of

equipmentThree points were chosen for comparison purgaseshown in Figure 4.2).
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Figure 4.13 Comparison of resultneasurement and simulation.

In the evaluation on whether the simulation result is acceptable cairtpdhe
field measurement, the error reported Memarzadeh and Jiang@Q04 was taken as

reference. Hece, error between 150% can beonsidered as in good agreement.
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From the comparison, theveas a deviation betweethe measured air velocities
with smulation result. The deviationvgerevery high (8690%) at0.1 m above the floor
for all of the points measure®ossible reasofor this error was, in simulation, reir
leakage was assumed. In actuar a positively pressured OR, there will be small
amount of air will infiltrate into thedjacent room. Hence, the gap under the door was a
possible way for the air to infiltrate, which will cause the air to accelerate (with high
velocity) at theregionnearto the surface of the flooSetting the exhaust to be a zero
gauge pressure boundargndition may underestimate the fluid acceleration near the
floor, since the exhaust with naero pressure differential will provide extra pulling on
extracting the air in ORBesides, bt wire anemometer measures air velocity by heating
the hot wire sine the air flow through the wire prodgmmonvection cooling effectt is
good t o ment inena stuhraetmednatc coufr aa el ow air vel
et al., 2007). In the measurement of air velocity, especially when measuring low air
velocity usingthe hot wire anemometer, the measured valueswacated at the lower
measurementhreshold of the device,has most probably caused tli@se value.
Generally, when examining the overall pattern of the graph, it shows a consistent

patern. Thus, simiation result wa accepted.

4.6 CFD simulations ofSGHHC OT-5

A goodOR design should possess certain characteristic, wittides:

i.  As the most crucial part, the ability to provide good air distribution, meaning
that with a uniform air flow velocity,acceptable temperature distribution and
low turbulence.
i. Ability to meet stipulated standardsé
iii.  Without major modification, it @nadapt to facility utilisation such ke layout

changes for equipment rearrangement
73



iv. A low capital investmentwring process modification.

v. Adaptability to energy savisgor lowering maintenance costs.

In the currentstudy, interest wa paid on the characterisi@) and (v), which
will be discussed in Sections 4.6.1 and 4.6.2. In the discussion, thereldmes ad
been defined in order to ensure a lucidness on the comparisons made. As shown in
Figure 4.14, Plane 1 () plane) and Plane 2-@/plane) cut the middle of the surgical

site, while Plane 3 representy plane located 1.2 m from the floor.

Figure 4.14: Location of Plane 1, Plane 2 and Plane 3.

4.6.1. SGHHC OT5: Uneven air velocities (current condition) versus even air
velocities at inlets

Through an experiment and simulations conducted, Lee et al. (2002) demonstrated the
air velocitiesdistribution at the air inlet is able to affect the airflow throughout the room.
They further concluded the assumption of apgyimiform inlet velocitiedeadng to a

larger error. In Figure 4.15, the surgical staff (red box in Figure 4.15) experiences
different direction of airflow on his body, since there is a downward airflow in front of
the staff, and an upward airflow at the back of the skédhetheless tiis evident that

the airflow is turbulent below the operating table.

74



Velocity ,/A J_f '_S\JYS

Vector 1 [m s?-1]
O L O O O
S N N N Q
Q Q Q’L Qrb Qb‘
&

L L3 _ [l e
0 1.000 2.000 (m) I_.
— —

0.500 1.500

Figure 4.15 The airfow in SGHHC OT5 with uneven inlet air velocities at Plane 1.

Figure 4.16 compares the airflow above the patient in an OR with uneven and
even inlets air velocities. Breferring to Figure 4.8, theentre among the room air
inlets is an area without treupplyof the air, since the area ised for mounting the
surgical lights at the ceiling. In the other words, the motion of air in the region right
below this area is relying on the pressure difference with the adjacent regiora(with
faster air jet discirged from the inlets), as relatedth@Ber noul | i 6 s pri nc
a noticeable different between both conditions, as shown in Figures 4.16, 4.17 and 4.19.
Similar magnitude of air velocities surrounds the centre region with relatively lower air

velocity (< 0.1 m/s) will create a small recirculation at the region &ilbwer air

velocity.
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Figure 4.16 Airflow above the patient in O% with uneven (left) and even (right) inlets air velocities at Plane 1.
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Figure 4.17 The airflow in SGHHC O75 with even inlet air velocities at Plane 2.

From the study conducted by Chow and Yang (2005) on-cian ventilation
in OR, he concludethatthe inlet air velocityis themost important faor that dictates
the cleanliness in an OR. Besides, the existence of medical lamp will bring two impacts
on the airflow. Firstly, it obstructs the airflow, and secondly, the effect of heat
dissipation. In the current study, obviously the air acceleratespasses tough the
gap between both medical lamps fredquared in Figure 4.18). Since the medical lamps
dissipate heatand hence it provokes the air recirculation below the lamp via natural
convection. The temperature gradient created to theheat dissipation giverise to
natural convectionywith an aidecentrainment. It was observed thatadvnward airflow
with higher air velocity surrounds the medical lamps cause the air below the medical
lamp entrainmproperly, sincea higher air velocitysurrounds the medical lamps serve
as an air curtain in such condition. Frdime current obsevation, it can be deduced that
the position and location of the surgical lights at the surgical site will affect the airflow
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profile at the region right below treurgical lights, diminishing the washing effect of a

downwad unidirectional airflow. This waslightly different from the conclusion made

by

Chow

and

Yang

the2 dbSirdelion effsct af the medicat langpt

carries more weight than its heasdipation effed@ ,

s ithaotreent bhservation, the

obstructi

on

effect

has

created

an

6ai

lights aids the air recirculation underneath the surgical light via convection. Again, since

there is an adtruction effect created by the medical lights, it is prudent that the

geometry of the medical light mus¢ modelled closely to the existing geometry.
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Figure 4.18 Airflow around the medical lamp.
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Figure 4.19 The airflow in SGHHC O with unevennlet air velocities at Plane 2.

In terms of temperature distribution, the comparisons of temperature distribution
are shown in Figures D2and 4.4. Generally, temperature distribution is betiden
there is an even velocitiedistribution of inle¢ air. Uneven inlet air velocities
distribution causes different staff experiemcdifferent surrounding temperature.
Nonetheless, surgical staffs will experience lower RHE506 RH) in an OR with

eveninlet airvelocitiesas shown in Figure 4.22.
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Figure 4.2Q Temperature distributiom OT-5 with uneven (left) and even (right) inlet
air velocities.
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Figure 4.21 Temperature distribution in G% with uneven (left) and even (right) inlet
air velocities at Plane 3.
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Figure 4.22 RH distribution ofin OT-5 with uneven (left) and even (right) inlet air
velocities at Plane 3.

I n this study, parti cl es themdchine (@a2ie m i n
Figure 4.8) wee modelled. Thergvere equal numbersf 76 particles in both cases for
comparison prpose. Surprisingly, O5 with uneven inlet velocities performed better
in entraining the particles. From 76 particles released, there are 75 particles discharged
from the OR, compactkto 64 particles for even inlet velocities (Figure 4.23). For the
mocelling of gaseous contaminant, the contaminant was assumed to be released from
the surface of the patienThe result in Table 8.shownthat theOR with uneven inlet
velocities performs better than even inlet air velocitiesan be seen that tleR with
uneven inlet velocities Isaa lower average concentration and lower maximum

concentration ahesurgical site (both 1.2 m and 1.7 m above the floor).

81



OR with uneven inlet velocities.
Fate Number Elapsed Time (s) Injection, Index

Min Max Avg std Dev Min Max
Incomplete 1 1.290e+005 1.290e+005 1.290e+005 0.000e+000 injection-0 34 injection-0 34
Escaped - Zone 7 21 2.853e+001 2.467e+002 1.123e+002 6.491e+001 injection-0 63 injection-0 7
Escaped - Zone 8 17 3.188e+001 1.298e+002 7.068e+001 3.545e+001 injection-0 43 injection-0 26
Escaped - Zone 9 37 8.573e+001 1.466e+002 1.118e+002 1.868e+001 injection-0 73 injection-0 68
OR with even inlet velocities.
Fate Number Elapsed Time (s) Injection, Index

Min Max Avg std Dev Min Max
Incomplete 12 7.396e+003 6.115e+005 1.345e+005 1.508e+005 injection-0 16 injection-0 26
Escaped - Zone 6 14 5.196e+001 2.207e+002 1.388e+002 3.809e+001 injection-0 65 injection-0 43
Escaped - Zone 7 40 2.794e+001 5.401e+002 9.942e+001 1.065e+002 injection-0 50 injection-0 53
Escaped - Zone 8 5 3.507e+001 1.904e+002 8.866e+001 6.548e+001 injection-0 70 injection-0 72
Escaped - Zone 9 5 2.423e+002 9.082e+002 4.373e+002 2.454e+002 injection-0 40 injection-0 69
Note:
Zone 6 represents Exhaust 1
Zone 7 represents Exhaust 2
Zone 8 represents Exhaust 3
Zone 9 represents Exhaust 4

Figure 4.23 Particle tracking for particle wi

Table 4.8 Comparison of the concentration of gasecmstaminant, CQ.

Height from the Concentration p 1 , ppm
floor, m
uneven inlet velocities even inlet velocities
Average Maximum Average Maximum
1.7 0.16 0.5 0.17 3.2
1.2 0.25 4.8 0.34 8.0

4.6.2.SGHHC OT-5: Air velocity reduction

In this subsection, the potential of redwgimlet air flow rate by 15% wsastudied. In
other word, it meansthat there is a reduction of air velocityy 15% (and thus 15%
reduction of original ACH). In this sectiothe inlet air velocities of 0.345 m/s an@l3

m/s (even air velocities) we compared. The air inlet velocitwas not reducd
significantly (e.g. to 0.2 m/s), since it will significantly increase the overall Archimedes

number of the OR by 5.4 times, andueing the efficiency otheblower inthe AHU.

Generally, the reduction of inlet velocity has resulted in an increase of air
temperature athe surgical region. From Figure 4.24, the reduction of air velocity will
rise the maximum temperature at Plan€112 m above the floor) from 19.9°C to
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20.3 °C. Overall, the air temperature is still maintained well below 20°C with the

reduction oftheinlet velocity.

The ability of removing particles does not diminished byreguction ofinlet
velocity (Figure 425). Although the result in Figure 4.25 has shown an improvement in
the particulate removal ability from theduction of the inlet velocityit does not
guarantee the improvement is directly attributed to the changes made on the inlet
velocity, since inthe actual condition, the generation of particulate contaminants are
arbitrary in the OR. Meanwhile, the reduction of the inlet velocity will cause the
average concentration of gaseous contaminant increase by 12% and 41 %, 1.2 m and 1.7

m above the floomespectively (Figure 4.26 and Tabl®Wy.

From the comparison, a slight reduction of inlet velocity to 0.3 m/s is possible, if

the increment of the air temperature at the surgical arelaectolerated.
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Figure 4.24 Air temperature distribution for inlet V=0.345 m/s and V=0.3 m/s at 1.2 m & 1.7 m above the floor.



OR with even inlet velocities (0.345 m/s)

Fate Number Elapsed Time (s) Injection, Index
in Max Avg std Dev Min Max

Incomplete 12 7.396e+003 6.115e+005 1.345e+005 1.508e+005 injection-0 16 injection-0 26
Escaped - Zone 6 14 5.196e+001 2.207e+002 1.388e+002 3.809e+001 injection-0 65 injection-0 43
Escaped - Zone 7 40 2.794e+001 5.401e+002 9.942e+001 1.065e+002 injection-0 50 injection-0 53
Escaped - Zone 8 5 3.507e+001 1.904e+002 8.866e+001 6.548e+001 injection-0 70 injection-0 72
Escaped - Zone 9 5 2.423e+002 9.082e+002 4.373e+002 2.454e+002 injection-0 40 injection-0 69
OR with even inlet velocities. (0.3 m/s)
Fate Number Elapsed Time (s) Injection, Index

Min Max Avg std Dev Min Max
Incomplete 6 2.370e+004 1.472e+005 1.014e+005 4.207e+004 injection-0 72 injection-0 61
Escaped - Zone 6 1 3.353e+002 3.353e+002 3.353e+002 0.000e+000 injection-0 69 injection-0 69
Escaped - Zone 7 46 2.627e+001 6.969e+002 1.021e+002 1.153e+002 injection-0 63 injection-0 27
Escaped - Zone 8 12 3.694e+001 1.335e+002 9.897e+001 3.819e+001 injection-0 49 injection-0 37
Escaped - Zone 9 11 1.679e+002 3.754e+002 2.408e+002 5.946e+001 injection-0 20 injection-0 12
Note:
Zone 6 represents Exhaust 1
Zone 7 represents Exhaust 2
Zone 8 represents Exhaust 3
Zone 9 represents Exhaust 4
Figure 4.25: Particle tracking for particl

inlet air velocity reduction.

Mass Fraction Of Co2
Contour 4

JANSYS

Figure 4.26: Gaseous contaminant, @€oncentration 1.2 m above floor level.
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Table 49: Comparison on concentration of gaseous contaminantfd@let air
velocity reduction.

Height from the Concentration ¢p 1 , ppm
floor, m : :
Inlet velocity 0.345 m/s Inlet velocity 0.3 m/s
Average Maximum Average Maximum
1.7 0.17 3.2 0.24 2.7
1.2 0.34 8.0 0.38 8.3

4.7. Concluding summary
This chapter has demonstrated the air distribution in SGHHG,@R OR with 42

ACH (average inlet aivelocity of 0.345 m/s).

There are few pointhat need tdoe highlightedworthily.

I The dostruction and heat dissipation effeftbm the surgical lightamotbe
neglected. The combination of both effects will result in a heat trap at the
region below the surgical light.

ii. From this study, undeghe same total flow volume for O%, the OT-5 with
theuneven inlet velcities performs better than &Twith theeven
velocities distribution at the inlets.

iii. The reduction of air flow rate by 15% (to average inlet air velocity of 0.3 m/s)
is possible in OTb.

iv. The outcome for the case study suggests, the room air inlet should locate
above the surgical site, rather tharripieery of the surgical site, since

current design will result imefficiencyin ventilation.
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5.0Casestudy on UMMC OT -11

University of Malaya Medical Centre ia government hospitah SouthWest of Kuala
Lumpur that providesan affordable health care to publiounded bythe lateTan Sri
Datuk Professobr. Thumboo JohDanaraj It is located adjacent tBederal Highway
Kuala Lumpurand University of Malaya,serving the residents in Klang Valley,
Malaysi since 1968There & atotal of 20 ORs in UMMC However, the geometry
and design of ORs are different from OR @&, meansthat it was built without a
standardizé layout with a significant variation on room air inlets layo#ts an
examplethe differencedbetween OT1l1 and OT-12 areas shown in Figure 5.1n this
chapter, air distributin in UMMC OT-11 will be investigatedFigures 5.2-5.4 provides

the information orthegeneral layout and overview of mesh generation for this OR.

Figure 5.1 OT-11 of UMMC (left) and G-12 of UMMC (right).
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Figure 5.2: Modelingof UMMC OT-11
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Figure 5.3: Generated computational mesh for UMNDT-11.
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Figure 5.4: Nomenclature for HEPA inlets and exhausts uMMC-OT
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5.1 Assumptions
There were several assumptions need to be made prior to the indoor airflow

measurement.

I The room haseached steady state condition.

il. The air condition in thenonoperating OR during measurementvas

considered aanisothermal case

ii. The layout of ORn the modelingvasapproximate to the layout duringhe

actual operation processferring to the information provided by matron.
Besides, there we several assumptions madehrindoor airflow simulation.

i. The rom modeled in the simulation hadsteady state conditio

ii. The surgical site layout in the OR waan approximation based on the
information provided by the nurses and facilities management during the
discussion in the visit.

iii. For the human body modeling, human body svassumed tdave a skin

temperature of 34 .

5.2 Measurement at UMMC

The visit was conducted on 2 August 2011. At the moment of the visit, the OR was
emptied (major surgical equipment and operating table were removed from OR) since
cleaning process were being choiorththetiség,d by
there was a short discussion with the nurses and facilities management on the details of

ORs in UMMC.
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5.3 Physical onsite measurement at OF11, UMMC

Table 5.1 Measured air condition at room air inlets.

Supply air flow
Dimension rate, (m3/h)

L=
Inlet velocity,
Part DBT,C| RH, % (m/s)
19.1 814 0.18
1 Il 19.1 814 0.19
Average 19.1 81.4 0.19
I 19.2 74.3 0.21
2 Il 19.2 74.5 0.21
Average 19.2 74.4 0.21
I 18.5 78.4 0.24
3 Il 18.1 78.4 0.21
Average 18.3 78.4 0.23
I 18.3 79.6 0.20
4 Il 18.6 79.8 0.15
Average 18.5 79.7 0.18
I 18.9 80.6 0.22
5 Il 19.1 82.9 0.24
Average 19.0 81.8 0.23
I 19.3 83.2 0.16
6 Il 19.1 82.4 0.16
Average 19.2 82.8 0.16
I 18 76.9 0.18
7 Il 18.1 79.1 0.23
Average 18.1 78.0 0.21 1(')158755r?nx
I 18.6 80.8 0.14 (4 ftx 2 i)
8 Il 18.8 81.0 0.13
Average 18.7 80.9 0.14
I 19.1 81.2 0.21
9 Il 19.2 82.0 0.23
Average 19.2 81.6 0.22
I 19.3 82.5 0.14
10 Il 19.3 82.1 0.13
Average 19.3 82.3 0.14
I 18.8 74.4 0.21
11 Il 18.3 72.7 0.18
Average 18.6 73.6 0.20
I 18.1 74.8 0.18
12 Il 18.2 75.3 0.19
Average 18.2 75.1 0.19
I 18.6 79.5 0.18
13 Il 18.8 80.0 0.19
Average 18.7 79.8 0.19
I 19.0 80.7 0.17
14 Il 19.2 81.0 0.16
Average 19.1

Average air 18.8 79.3 0.186 Total air flow
condition at inlet rate

6402.200
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There are total of 14 HEPAs (with dimensioh1.185 m x 0.575 neach) serving this
OR. The air velocity for eacimlet was measured by dividing each HEPA into two areas

and the readings were averaged the results were tabulated in Table 5.1.

From the measurement done, it revealed UMMGCIQTwas overdesigned in
terms of ACH. In current design, the ACH for QT is 33.5, with a builup area of
64.7 nf, height of 2.95 mThere are total of 14 HEPAs (with dimensioh1.185 m x
0.575 meach) semng this OR.The air velocity for eachnlet was measured by dividing
each HEPAair inletsinto two areas and the readings were averagkvever, as
shown in Table 5.3he velocity distributiorfor eachinlet wasnot equal. It deviates by
a standard deation of 0.03d F¥Ofrom an averagair velocityof 0.1861 7O, implying
10 out of 14 inlets having a supply velocity between 0i156-0.2161 ¥Q Lowest
inlet air velocity reported i6.1861 7Q which are located at HEPA inlet 8 and HEPA

inlet 10 (HEPA Iret 10 located above the surgical area).

During the measurement, the OR was in-nperating condition, and there was
minimum heat source in the OR (excefdiorescent lamplighting). From the
measurement in 3 locations at 5 different heights (0.1,1016,1.7f and 2.3 m from
the floor), the difference betweéme average room temperature and inlet temperature is

13 , hence the room condition could be safely being considered as an isothermal room.

It should be noted that, the measured relative humidlitge OR was very high,
exceeded the | imit set bHoweveryhiswdsamQRamr ds 0
nonoperating conditionBy assuming a sensible heat load1800 W inside the OR
( and ignoring moisture released by occupantsyiit result in a RH of approximately
75%, still exceeds the recommendations. In sadase, the OR failed to meet the
design requirement for RH.
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In terms of particulateounting, OT-11 satisfied the requirement farClass 7

clean room.

Table 5.2 Particulate counit the noroperating UMMC OT11.

Particulate

count
Particle sizeh | Reading 1 Reading 2 Average requirement
count for Class 7
clean room
> 0.3 513209 524549 518879 -
> 0.5 16834 17150 16992 <352000
> 1.0 1414 1686 1550 <83200
> 3.0 317 240 278.5 -
>5.0 98 80 89 <2930
>10.0 19 20 19.5 -

5.4 Mesh independence study for OL1 UMMC simulation

There were six simulations with different number of mesh elen(@n66201, 2822150,
1987196, 1275198, 883431, and 741115) had been condutcabte 5.3 listsa
denotationgiven for these simulation®r simplicity. The graphical simulation results

are attached ithe AppendixH.

Table 5.3; Identification for simulations UMMC OT.1.

Mesh number ID
3766201 I
2822150 Il
1987196 I
1275198 v
883431 \%

741115 Vi

Plane 1 cut the cross section of surgical light. Since the heat from surgical light is
defined in heat flux, it is favorable to examine the maximum temperature over the plane

that by intuition will occur at the surface of the surgical la@pallatory convergence
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was observed in simulation [, 1l and Il with a convergence ratieOd7 (lessthan
zero). Hence, the results could not be interpreted clearly (Coleman et al., 2001). From
the comparison of different mesh number, smeadensity as inisulation Il was

sufficient to perform the study on airflow in this OR.

5.5 Fieldwork measurement and simulatiori A comparison

In this section, the air velocity of betem® measurement and simulation eeompared.

Note thatthe OR was emptied during tmeeasurement. e air temperature was not
compared, since the room sveonsidered as isothermal case during the measurement as
the difference between average room air tempegaand supply air temperature sva

@3 p 3 . The air velocity in were compared 5 heights(0.1 m, 0.6 m, 1.1 m,

1.6 m, 2.3 m) at 3 measurement points,iadicatedin Figure5.6. Generally, there 8a

a large deviation of air velocity between prediction and measurement result at 0.1 m
above the floor. Besides, the trend from the prediction satisfies the measurement result.

Hence, current model was accepted.

Figure 5.5 Measurement insidiae UMMC OT-11.
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Figure 5.6 Location of measurement points instde UMMC OT-11.
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Figure 5.7 Comparison of prediction and measurement result.
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5.6 Simulation for UMMC OT -11
In this subsectiortheinformationon the setting and boundary condition are provided
Table5.4andTable5.5.

Table 5.4: Boundary condition settings for CFD simulation UMMC -QT.

Item Details

Air inlet It is set as velocity inlet which is intended for incompressible flow. The ¢
inlets are modeled as a rectandl€l85m x 0.575m which discharges air
vertically downward to the operating table. Air temperature is set at 18.!
with humidity ratio (mass fraction) 0o0.0081.The air velocity for all inlets
were seta6 @& | 7Qturbulent intensity 06%.

Air outlet There are 2 outlets (Exhaust 1 and Exhaust 2) located at the bottom pa
side wall, and an outlet Exhaust 3) located at the ceiling at the corridor
connecting store and surgical site (Refer to Figugg

Exhaust 1 Dimension: 0.39m x 0.79mpressure outlet.

Exhaust 2 Dimension: 0.39m x 0.79mpressure outlet.

Exhaust 3 Dimension: 0.53m x 0.53mpressure outlet.
Walls No slip condition on the surface, adiabatic walls.

Surface of thequipmenexist in OR are treated as wall.

Settings for simulation

The settings in the simulatiomserethe same as setting for SGHHTT-5, as given in

Table4.4. The heasourcefor current simulations v&included in Tableé.5.

Table 5.5: Heat dissipation of equipmeimt OR UMMC OT-11.

ltem* Quantity  Heat dissipatiorf
Operating table 1 Nil., represent wall
Surgical lights 2 Heat dissipation

200WLamp face)

5W (Lamp back) for each lamp.
Medical gas supply pendar 3 Nil, represenbbstacle
Machine 1 Heat dissipation: 250 W
Personnel 5 Heat dissipation: 100 W each
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Patient 1 Heat dissipation: 70 W

Suction machine 1 Heat dissipation: 250W

Table 1 Nil, represent obstacle

TPlease refer tAppendixE for the dimension of the items above.
“Total cwling load of approximately 1480/.

5.7 UMMC OT-11: Current condition

As mentioned earlier, the ACH measured in current design condition was 33.5. By
adjusting the inlet air velocity to 0.2 m/s for ach inlet, it slightly increasethe
ACH to 36.By examining the vector field for air kxity, it is clearly seen that (Figuse
5.85.10), the areaight below the surgical light vganot ventilated with a downward
airflow. In Figure 5.1, colored contoushowedthe region where thair velocity has a
negative wvelocity component (facing tthe floor). As illustrated in Figure 5.11, the
air velocity at the operating region flomasin an upward directionn UMMC OT-11,
there wee two rows of HEPAs array faerving ventilating air which we HEPA 12-
3-4 and HEPA 5-7-8. Such configuratiowill resultin a confluent flow, which the air
discharged from different HEPAs combs&nd coales& andthenmowvesin a sirgle

flow, as indicated in Figure 5.8.
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zone, xy plane.
The flow in the surgical area vgagenerated by the recirculating air. The major
impact of this scenario is: the generated in the operating zone could not be entrained

causing it trapin the operating zone (Figure 5.1Bgncea higher temperature relative
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to average abient temperature (19.9 °C), that resultby a temperature around 20

21 °Caroundthe surgical area Figure 5.5 shownit exists a high temperature gradient

of operating zone with its adjacent regidn.the operating zone, major heat flux comes
from the surgical light. Inasmuch to the high heat flux by the surgical lamp, there should
be an adequate airflow around the surgical lamp to aid the convection heat transfer, to
reduce the surface temperature of tmap. Poor heat convection causelgtively hgh
surface temperature on the lampgreasing thedifference between the surface and
occupants Consequentlywill have a significant impact on the radiation heat transfer
(though radiation heat exchangas not included in this study), since radiatioaah
transferis relates by 1 A& 4 4 | causing discomfort to the personnel.

In terms of RH, with amnlet air RH of 60%, it has resultedvariation of 4550% RH in

theoperating regiorfFigure 5.13).
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Figure 5.12: Temperature distribution fd ™ | 70
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Assuming the surface of patient body as a boundary for a gaseous contaminant,
CO,, with 200 ppm, at a distance 0.28 m the boundary (i.e.1.2 m above floor level,

Figure 5.14), maximum contaminant concentration is 10.6 ppm.

NANSYS

Figure 5.14: Gaseous contaminant concentration, 1.2 m above the @loor, T& | 7O

101



\
\
\
XN\
il \
i \
~ AY
It / N
/ N,
N
AY /
X /
N\ [/
N 7/
N\ /
~—/

Figure 5.15: Temperature distribution across surgical aiteeight=1.7 m above the
floor (Blue line,6 m®] |170; Red line6 1@ |¥O; highlighted in red: surgical
region).

With6  1& (7Q the overall! @umber for the room is 75, despite of large
floor area and high ACH. A high value bf@s undesirablén OR In order to study
whether the use higher inlet velocBy 1@ | 7O(equivalentto 72 ACH and O
o8 ) will ease current scenario in &I, hence another simulation was conducted
From Figure5.165.19 6 1@ | ¥Q, the airflow inside the OR does nahprove
(compare with Figure 5-8.11), operating region still suffers from the domination of
convective plume. Besides, higher inlet velocity does not improve the temperature and
RH distribution in the operating region (Figure 52@1). However, the maaair

temperature at breathing zone (1.2 7 m above thedbor) was reduced from 19.5 °C

to 19.3 °C, by doubling the inlet volume flow rate. Besides, the gaseous contaminant
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did not reduce, and there sva maximum concentration of 12.7 ppm, 1.2 m alibee

floor (Figure 5.22).
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Figure 5.16: Velocity vector foré m@ | TOat operating zone,-x plane.
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Figure 5.17: Velocity vector for6 1@ | FOat operating zone -y plane.
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Relative Humidity MSYS

Contour 2

HE E 'm

D o SRR R A R S e e]
Q%Q‘bgrbgb‘gb‘gb‘gb‘gﬁ \o} <'J Go ‘b

[
0 1.500 3.000 (m) T—.
— E—

0.750 2.250

Figure 5.21: RH distribution fos 1@ | 7O
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Figure 5.22: Gaseous contaminacbncentration, 1.2 m above the floér, 1@ I 70

Moreover,alarge amount of fresh supply air bypass the surgical site is a waste,
since itwas dischargedstraight awayafter entering the OR (Figure 5.23). From the
simulation, the air discharged fromlats 4 and inlet 8 that located far away frdhe

operating region isvasted, since it accounted for 14% (2/14) of wastage of incoming air.

Figure 5.23 Streamlines for air discharged from inlet 4 and inlet 8.
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