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Abstract — Healthcare facilities in a hospital has diverse indoor cleanliness due to the different health
needs by the patients. Among the facilities, an operating room was identified as a critical space that
required high cleanliness environment. In recent years, an ISO 14644-1 Standard of Class I to Class 7
is prescribed in operating room for better particles concentration and airflow controlled. The objective
of this article is to review the assessment of airborne particles transportation and airflow distribution
in an operating room. This study shows that two main types of ventilation strategies have been widely
installed to control airborne particles trajectory, namely unidirectional airflow system and mixing
airflow system. Copyright © 2015 Penerbit Akademia Baru - All rights reserved.
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1.0 INTRODUCTION

The selection of ventilation system in a building is highly depends on its suitability. Architects
and engineers always take the indoor air quality, comfort, energy consumption and costing into
consideration. However, when come to healthcare facilities, the main factor that's come into
consideration is safety. Healthcare facilities in a hospital has diverse indoor cleanliness due to
the different health needs by the patients. Among the facilities, an operating room was
identified as a critical space that required high cleanliness environment. In recent years, an ISO
14644-1 Standard of Class 1 to Class 7 is prescribed in operating room for better particles
concentration and airflow controlled. The allowable particle concentration for each class as
shown in Table 1.

In an operating room, the room pressure is always positive compared to adjacent zones. This
could prevent the contaminated air from adjacent zones being drawn into operating room. Up
to date, there is no consensus on specifying the pressure value that should be maintained in
operating room. Hence, each of the countries practiced different pressure value based on their
adopted reference. In Malaysia, the differential pressure should more than +5 Pa for operating
room to control room and more than +8.5 Pa for operating room to corridor [2]. Whereas, a
pressure of +25 Pa is practiced in Hong Kong operating room [3].
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Table 1: Selected airborne particulate cleanliness classes for cleanroom [1]

Classification Maximum concentration limits (particles/m? of air) for particles equal
Numbers (N) to and larger than the considered sizes shown below

0.1 um 0.2 um 0.3 um 0.5 um 1.0 pum 5.0 um
ISO Class 1 10 2
ISO Class 2 100 24 10 4
ISO Class 3 1000 237 102 35 8
ISO Class 4 10000 2370 1020 352 83
ISO Class 5 100000 23700 10200 3520 832 29
ISO Class 6 1000000 237000 102000 35200 8320 293
ISO Class 7 352000 83200 2930
ISO Class 8 3520000 832000 29300
ISO Class 9 35200000 8320000 293000

Some literature has discussed the applicability of airflow distribution in an operating room.
With the purpose to reduce the particles settlement in surgical table, unidirectional airflow
distributions have been introduced into conventional operating room and their performance has
been acknowledged by many researchers. However, there are some discrepancies in the
reported findings, especially on the techniques used for investigation, novel type of ventilation
strategy, advantages and limitations of various airflows, and others. Therefore, in the present
paper, we attempt to thoroughly review the assessment of airborne particles settlement and
airflow distribution in hospital operating room that has been published previously. To the best
of authors' knowledge, there is no comprehensive literature on the subject.

2.0 AIRFLOW DISTRIBUTION AND AIRBORNE PARTICLES IN OPERATING
ROOMS

Airflow distribution plays a vital role in governing the trajectories of airborne particles.
Throughout the literatures, there are four main types of ventilation systems, namely
unidirectional airflow, mixing airflow, displacement airflow and local exhaust airflow.
However, only mixing and unidirectional airflow systems are installed in operating room. A
displacement airflow system is less appropriate to be used in operating room due to
unpredictability of airborne particles transmission. The installation of local exhaust airflow is
less preferable due to mobility restriction on surgical staffs. Over the past few decades, mixing
ventilation system is widely used in operating room as the air in the room mixed quickly and
evenly. Hence, provoking a rapid dilution of the tenor of airborne particles [4]. However, there
is no literature reported the efficiency of mixing ventilation system on airborne particles
settlement. Melhado and his co-workers have extended their study, they claimed that this
system is not an ideal choice for the used in operating room [5]. They revealed that the air
present in the surgical zone is contaminated and not up to ASHRAE Class 1 specification. In
recent decades have witnessed vast research on the implementation of unidirectional airflow
system. It has been reported for its outstanding performance in terms of reducing airborne
particles in surgical zone. The most preferable unidirectional airflow system are: vertical type,
horizontal type and mobile type as shown in Figure 1 (a), (b) and (c) respectively.
Melhado et al. [5] and Friberg et al. [6] have investigated the effects of particles settlement on
surgical table by employing additional mobile type unidirectional airflow. Amazingly, both of
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them came across with diverge findings. Melhado and his co-workers claimed that there is no
significant difference in terms of settlement reduction. However, a significant improvement of
settlement reduction was found by Friberg et al. [6]. More recently, Sadrizadeh and Holmberg
have further extended the study by using the same research method. They found out that mobile
unidirectional airflow system managed to reduce airborne particles settlement relatively well

[7].
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Figure 1: Types of air supplies (a) Vertical [8] (b) Horizontal [8] (c) Mobile [9]

For a vertical type air delivery, the air supply diffuser is usually mounted on the ceiling.
Whereas the air-return grille is low wall-mounted at each corner of the room. Due to the
overwhelming responses for vertical type air delivery system, Wagner and co-workers had
conducted an experiment on three basic vertical designs: air curtain (AC), multi-diffuser array
(MDA) and single large diffuser (SLD) [10]. Each of these designs managed to provide
unidirectional and controlled airflow significantly well [10]. However, the performance was
found to be different with all other conditions (temperature, airflow velocity, air-return grille
and equipment placement) being equal [10]. Jennifer discovered that single large diffuser
performed the best in terms of reducing the settlement of contaminants in the surgical site.

In the past few years, a novelty air supply concept has been proposed by Nilsson, founder of
Johnson Medical [11]. He and his co-workers claimed that vertical unidirectional airflow
system caused re-circulated contaminated air in the operating room. Then, his research team
designed a diagonal 45 ° airflow system. This design consisted of low velocity airflow, guided
by a high velocity ultra-clean air stream that was fed in by an air jet. Amazingly, the operating
room achieved an ultra-clean state by having particle concentration of less than 10 cfu/m? [11].
However, there has been little discussion on diagonal air-supply. The research to date has
tended to focus on vertical and horizontal air-supplies rather than diagonal air-supply.
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3.0 ASSESSMENT METHODS ON AIRFLOW AND PARTICLES SETTLEMENT IN
OPERATING ROOMS

There are two widely used methods in conducting indoor airflow field and particles distribution
studies: numerical simulations [12-25] and experimental measurements [14, 16, 20, 21, 25-28].
Experimental measurement approach provides a more reliable data of indoor air distribution or
local air velocity around occupant [29]. However, experimental measurement is usually
difficult and time-consuming. Numerical simulation can provide both global and detailed
airflow quantities under various cases at relatively low cost, which is very helpful for the design
and assessment of indoor ventilation system. However, conducting numerical simulation
always relies on accurate measurements at the boundary conditions. The simulated results is
not fully reliable unless being validated by corresponding high quality experimental data.
Hence, experimental measurement is still the necessary and fundamental step of indoor airflow
study.

3.1 Experiment Method on Airflow Distributions and Particles Settlement
3.1.1 Particle Image Velocimetry

Particle image velocimetry (PIV) is a non-intrusive laser optical measurement technique, which
designed for flow visualization study. The purpose of using PIV study is to obtain instantaneous
velocity measurements and related properties in fluids. In 2013, Sattari and Sandberg
conducted PIV study to investigate the effect of flow variations of stagnant zones, the levels of
the turbulent kinetics energy and the relative turbulence intensity [30]. In recent years, particle
image velocimetry has gradually become the popular and promising technique for airflow field
measurement in indoor environment. Cao et al. reviewed that in indoor PIV measurements,
small-scale models are the most appropriate and convenient [29]. However, he also stated that
small-scale models suffer from scaling problems and might not be able to represent the real
conditions. On the other hand, Peren et al. [31] employed the particle image velocimetry for
the purpose of validating their CFD simulation. A good agreement was found between the
simulation results and PIV experiment data. Particles resuspension analysis has also been
conducted by Barth et al. [32] by using similar technique, he figured out that larger particles
require lower fluid velocities for the removal compared with smaller particles. In most recent
study, Stevenson and Jeter [33] investigated the effects of thermal plume at surgical site under
transient state. A reasonably good agreement between the PIV and CFD results was also found.
They further concluded that PIV imaging analysis and standard CFD simulations are suitable
tools for investigating airflows in operating room.

3.1.2 Airflow Testing

In order to maintain the surgical zone cleanliness, a unidirectional airflow over the surgical
table as prescribed in ASHRAE Standard 170 is favourable. The airflow pattern is significantly
affected by ventilation layout design [34]. Smoke studies were usually employed to visualize
the airflow pattern. Basically, smoke study is a key activity that utilised to provide visual
evidence of airflow direction [35]. The main idea of employing this approach is to assure the
airflow is in unidirectional manner. As shown in Figure 3, the smoke sources were injected at
the air handling unit to ensure a well-mixed conditions at the air-supply diffusers [34]. In
previous study, a water-glycol based theatrical stage fog was chosen due to its accurate airflow
visualization [34].
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Figure 3: Airflow visualization smoke study [10]

3.1.3 Particles Sampling

The quantification of airborne particles in indoor is becoming an increasingly important field
of study [36]. Two common types of sampling methods have been employed to quantify the
particles concentration: air sampling and surface sampling. Recently, Dai demonstrated a novel
method for air sampling by using fluorescent particle counter. He claimed that the performance
of this method is outstanding [37]. Unfortunately, however, this counter is not yet
commercially ready. In recent years, Traversari et al. [16] and Healy et al. [36] employed other
particle counter to conduct active air sampling. Traversari and research team used Two Biotest
Diagnostics' RCS Plus Centrifugal Air Samplers whereas Healy and co-workers employed
Waveband Integrated Bioaerosol Sensor to perform airborne particles sampling. Healy et al.
justified the used of that particle counter due to ability to measure individual particles, to
interpret number-size distributions in two pre-defined size ranges and to supply simultaneous
information on particle asymmetry [36]. Unfortunately, no explicit explanation from Traversari
et al. regarding the use of Two Biotest Diagnostics' RCS Plus Centrifugal Air Samplers.
According to Centers for Disease Control and Prevention's finding, surface sampling is more
suitable for quantifying larger particles (>1 um). A dusting cloth (DC) pad was identified as
the most effective and favourable surface sampling method to be used in clean environments
such as operating room or semiconductor manufacturing cleanroom [38, 39]. Up to date, there
is no common standard method used to determine bacterial threshold limits in the operating
room. Hence, Dharan proposed that there is a need to reach a consensus on the method of
sampling especially in operating room [40]. He also recommended that it is important to
differentiate between cleanroom technology developed for industry and that used in hospitals.

3.2 Numerical Method on Airflow Distributions and Particles Settlement

In recent years, Computational Fluid Dynamics (CFD) has been widely used as a tool to
simulate the indoor air flow and particles trajectory. Its well-validated features make it
favourable to be used in operating room analyses. Basically, CFD is a branch of simulation
software that uses numerical methods and algorithms to analyse problems that involve fluid
mechanics. The analysis is achieved by solving a set of partial differential equations
representing the conservation of mass, momentum and energy. The advantages of using CFD
are its ability to design and optimize the configurations of ventilation system in cost and time-
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saving manner [14], and to predict phenomena that unable to be done by experiment. In some
cases, CFD was used to troubleshoot already existing installations.

In the past, several flow models have been employed to solve the air flow inside the
computational domain. These are standard k-¢ [25, 41-46], realizable k-¢ [14, 33, 47], RNG k-
€[7,9, 12, 13, 48-52], SST k- [12], RSM [12], LES [53] and DES [53, 54]. Throughout these
models, it was discovered that the used of standard k- € model is less preferable in simulating
airflow and particles dispersion in hospital operating room. In predicting the unidirectional and
low-speed airflow in an operating room, McNeill revealed that k-€ model is not suitable due to
underlying physics of the air distribution are significant different [34]. Nielsen [55] also agreed
that standard k-¢ model only valid for a fully-developed turbulent flow, which will not
presented in operating room air distribution. McNeill concluded that the realizable k-¢ and the
RNG k-& models are more reliable in terms of predicting the indoor airflow [34]. Undoubtedly,
this statement is further supported by Romano's finding. He investigated the similar study and
found out that the results simulated by realizable k-¢ model provided a good agreement with
measurement data [14]. In addition, Sadrizadeh agreed that RNG k- model is a good approach
for this study as RNG k-e model capable to handle the effects of smaller scales of motion
significantly well [12]. Surprisingly, in the year of 2015, Yang claimed that RNG k-& model
did not performed well in predicting the indoor airflow [48]. Yang and his research team
discovered that LES and DES models provided high reliability results in predicting unstable
flow field simulation. The only limitation of the LES model is that it required high
computational cost and memory. Recently, a very good agreement between simulation results
and experiment data is shown by using SST k-w and RSM models [12]. In the extension of
Sadrizadeh study, he claimed that the used of SST k- required very fine meshes close to the
computational domain walls [12]. Sadrizadeh also discovered that several flow models could
be used for same case study as long as the models have presented a good agreement with the
actual field measurements [52].

In modeling indoor particles dispersion, there are two main models which are: Lagrangian-
based model and Eulerian-based model. Sadrizadeh proposed that the selection between them
is based on the research field and the required computational cost [12]. However, Andrew et
al. claimed that Lagrangian approach could be more accurate than Eulerian approach in
predicting particles dispersion and distribution [56]. In the same field of study, Zhang and Chen
have different opinion with Andrew. They revealed that both Eulerian and Lagrangian
approaches are well predicting the particle concentration distribution as long as the simulation
is conducted under steady-state condition [57]. In general, authors noticed that both Lagrangian
and Eulerian approaches are widely used operating room studies [12, 14, 19, 58]. However, the
justifications for the use of Lagrangian and Eulerian approaches are limited. In 2014,
Sadrizadeh and co-workers suggested that additional user-defined function is needed if
employing Lagrangian approach in predicting particle dispersion in operating room [12]. This
is due to Lagrangian approach does not directly calculate the particle concentration. A more
recent study conducted by Wang and Chow, they employed Eulerian approach for their particle
dispersion simulation [19]. The authors justified that Eulerian approach is adopted due to its
convenience for post-processing particle concentration. The use of Eulerian approach also has
been supported by another research team where they found out that Lagrangian approach is
time-consuming in terms of conducting statistical works [58].

4.0 CONCLUSION
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Up to date, the employment of experimental assessment on airflow pattern in operating room
is limited. Previous studies have shown that the airflow research are mainly conducted through
the use of CFD simulation. Various type of assumptions, predictions and simplifications have
been made of CFD models. Hence, the simulated results might not be able to fully reflect the
actual conditions in operating room. For future study, a mock operating room and surgical
procedure will be useful to reflect the actual airflow system and the settlement of particles
counts. For the particles sampling studies, the researchers were focused on new sampling
method rather than employing a standardize method to quantify the particle counts. The
inconsistent of sampling methods will cause the data comparison across different researches
become imprecise and insignificant. It is highly recommended that a standardize method for
particles sampling in operating room could be established for the ease of data analysis.
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