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Abstract
An indoor environment in a hospital building requires a high indoor air quality (IAQ) to overcome patients’ risks of getting wound 
infections without interrupting the recovery process. However, several problems arose in obtaining a satisfactory IAQ, such as poor 
ventilation design strategies, insufficient air exchange, improper medical equipment placement and high door opening frequency. This 
paper presents an overview of various methods used for assessing the IAQ in hospital facilities, especially in an operating room, isola-
tion room, anteroom, postoperative room, inpatient room and dentistry room. This review shows that both experimental and numerical 
methods demonstrated their advantages in the IAQ assessment. It was revealed that both airflow and particle tracking models could 
result in different particle dispersion predictions. The model selection should depend on the compatibility of the simulated result with 
the experimental measurement data. The primary and secondary forces affecting the characteristics of particle dispersion were also 
discussed in detail. The main contributing forces to the trajectory characteristics of a particle could be attributed to the gravitational 
force and drag force regardless of particle size. Meanwhile, the additional forces could be considered when there involves temperature 
gradient, intense light source, submicron particle, etc. The particle size concerned in a healthcare facility should be less than 20 μm 
as this particle size range showed a closer relationship with the virus load and a higher tendency to remain airborne. Also, further 
research opportunities that reflect a more realistic approach and improvement in the current assessment approach were proposed.

Keywords  Airflow distribution · Particle dispersion · Healthcare facilities · Numerical simulation · Onsite investigation · 
Healthcare-associated infection

Introduction

Indoor air quality (IAQ) is highly related to the pollutants 
which usually originate from the interactions of biological 
or chemical substances with indoor environments. A high 

level of contaminants could bring deteriorating impacts on 
the occupants’ health (Chen et al. 2016; Villafruela et al. 
2013). Understanding and controlling the level of indoor 
pollutants could minimize the risk of contracting relevant 
health issues. In general, there are various sources of indoor 
air contaminants, including outdoor air pollutants, building 
and furnishing materials and occupants’ activities such as 
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cleaning, cooking, smoking, etc. (Vardoulakis et al. 2020). 
The IAQ could worsen when the ventilation rate is low and 
unable to remove these pollutants efficiently (Zhong et al. 
2019). Therefore, proper assessments should be conducted 
to assess and maintain a desirable level of IAQ to protect the 
population’s health (Vardoulakis et al. 2020).

Typically, a general hospital provides healthcare facili-
ties ranging from small clinics to critical care centres such as 
operating rooms, extensive emergency rooms and trauma cen-
tres for patient treatment (ASHRAE 2019). These amenities 
require a healthy and pleasant environment for patients’ recov-
ery and efficient performance of medical staff (Bivolarova 
et al. 2016). Therefore, the IAQ in these facilities is more 
crucial than in other indoor environments. Due to the primary 
function of a hospital is centred on patient care (Nimlyat and 
Kandar 2015; Ryan-Fogarty et al. 2016), a proper and detailed 
method for evaluating the amount of contaminants in this 
environment should never be overlooked (Wong et al. 2019a).

The IAQ in healthcare facilities has been recognised as the 
main contribution to healthcare-associated infections (HAIs). 
HAI, also known as a nosocomial infection, is an infection 
acquired in a healthcare facility. It can spread to susceptible 
patients through various means, i.e. contact with infectious indi-
viduals, contaminated surfaces and exposure to exhaled drop-
lets (Saw et al. 2021). HAIs significantly impact public health 
and the economy in terms of prolonged hospital stay, long-term 
disability, high treatment costs and excess death rates (Chen 
et al. 2016; Villafruela et al. 2013). According to a report, 
HAIs have increased the additional annual treatment cost by € 
7 billion and $ 6.5 billion in Europe and the USA, respectively 
(Chen et al. 2016). The financial burden for HAIs treatment is 
expected to be higher in developing countries (Allegranzi et al. 
2011). Villafruela et al. (2013) stated that HAIs caused 14.6% 
of death cases among hospitalised patients, whereas lower res-
piratory tract and surgical wound infections contributed 39% 
and 14% of total HAI reported cases, respectively.

Among the strategies adopted for reducing patients get-
ting HAI, environmental infection control and engineering 
controls were proven to be effective (Prevention 2017). 
Environmental infection control includes the prevention of 
contamination and colonisation as well as direct infection. 
For instance, the mitigation measures such as social distanc-
ing, quarantine and isolation for the infectious individuals 
are among the primary barriers to combat cross infection 
through contact transmission. However, this preventative 
measure could not be applicable to those asymptomatic 
individuals with similar viral loads (Layden et al. 2020). 
On the other hand, engineering controls eliminate or reduce 
exposure to a chemical or physical hazard through the use 
or substitution of engineered machinery or equipment. They 
consist of ventilation rate, determination of airflow distribu-
tion, the layout of supply and exhaust air terminal devices, 
heat load distribution, room pressurisation, etc. (Bivolarova 

et al. 2016). Numerous studies have been conducted regard-
ing engineering control, encompassing the optimal ventila-
tion systems, high-performance filtration systems and dedi-
cated air diffuser equipment (Liang et al. 2020; Sadrizadeh 
et al. 2021; Srivastava et al. 2021).

The ventilation rate in an indoor environment is measured 
based on its air change per hour (ACH) value. It is a quantity 
of the air volume added to or removed from a confined space 
divided by the volume of the space. A proper amount of air 
change rate can maintain the IAQ and overcome the risk of air-
borne cross-infection (Bivolarova et al. 2016). ASHRAE stand-
ard for ventilation of health care facilities (ASHRAE 2013) pre-
scribed the ACH values for general patient rooms and infectious 
wards should fall within 4/h to 6/h and 12/h, respectively. Many 
studies have ascertained that the ACH significantly affects the 
quantity of contaminants in healthcare facilities (Faulkner et al. 
2015; Hang et al. 2014; Li et al. 2014).

The use of a dedicated airflow ventilation system could 
also promote healthy IAQ. In general, vertical downward and 
horizontal supply air diffusers are commonly used inside a 
surgical room (Nastase et al. 2016; Olmsted 2008; Sadrizadeh 
and Holmberg 2014). Based on past reports, the unidirectional 
vertical airflow system was found to be more efficient for 
reducing the level of bacteria-carrying particles in a surgical 
area (Nastase et al. 2016; Sadrizadeh and Holmberg 2014). 
However, the horizontal airflow diffuser could usually cause 
deflection to the airflow and particle movement if a surgical 
staff is in the path of the flow. Aside from ventilation strate-
gies, the amount of the contaminant could be managed by 
controlling the particle sources released rate through body 
exhaust suits and helmet systems (Sanzen et al. 1989; Wend-
landt et al. 2016; Young et al. 2016).

The majority of review papers reflected on the disease 
control-related issues such as the effectiveness of ventilation 
strategies (Cao et al. 2014; Chow and Yang 2004; Yau et al. 
2011), antimicrobial surfaces for lessening the HAIs (Muller 
et al. 2016), possible factors of transmitting the influenza virus 
(Otter et al. 2016) and risks of disease transmission associated 
with aerosol-generating medical procedures (Davies et al. 2009). 
However, the methods of assessing the IAQ in healthcare facili-
ties have not been reported. The aim of this paper is to outline 
the methods used by previous studies in examining the IAQ 
in healthcare premises. The article begins with descriptions of 
field test procedures, followed by reporting on the numerical 
approach, summary and opportunity for future research.

Current assessment of airflow and particle 
concentration in healthcare facilities

Exposures to poor IAQ can result in unfavourable outcomes for 
patients and cause illness to medical staff. Therefore, several 
methods, including field test measurements, laboratory works 
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and numerical simulations, have been widely used to assess the 
IAQ in healthcare premises. Each method has its advantages 
and limitations, as addressed in the following sections.

Assessment using experimental setup/onsite 
measurement

A comprehensive understanding of the transmission of 
airborne bacteria in healthcare environments is best to be 
realised by observing the in-situ profiles through field test 
sampling since it represents the actual phenomena. However, 
evaluating the transmission of airborne bacteria has posed 
a challenge to researchers for more than a century (Haig 
et al. 2016). The standard field test approaches are micro-
organisms and air samplings. Though the fact that microor-
ganism sampling is time-consuming, requires well-trained 
personnel and the results are not instantaneous, interest has 
grown in developing a correlation between microbiologi-
cal and particle contaminants (Haig et al. 2016). Extensive 
studies have also been made to associate the particle sizes 
with the microorganisms. A recent study conducted in an 
ISO Class 7 operating room reported that there is a posi-
tive correlation between microbes and particulate matter 5 
(PM 5) and particulate matter 10 (PM 10) of 7% and 15%, 
respectively (Tan et al. 2022c). Figure 1 shows the onsite 

sampling of particulate matter, microbial and airflow vol-
ume and room pressure difference that was conducted in 
healthcare facilities.

Throughout biological aerosol (bioaerosol) sampling 
approach, Staphylococcus aureus (S. aureus), Pseudomonas 
aeruginosa, Acinetobacter baumannii, Klebsiella pneumo-
niae, Escherichia coli, Coagulase-negative Staphylococci 
(CoNS), Methicillin-resistance Staphylococcus aureus 
(MRSA) are the main bacterial species found in the hospi-
tal indoor environment (Cabo Verde et al. 2015; Chen et al. 
2016; Sadrizadeh et al. 2016a). Bioaerosol is a suspension 
of airborne particles that contain living organisms with a 
size range of 1 to 100 µm. Among those bacteria, MRSA is 
identified as one of the bacteria that showed increased resist-
ance to conventional drugs. The following studies claimed 
that the S. aureus infection due to MRSA bacteria has risen 
by at least 68% (Chen and Huang 2014; Prevention 2007). 
According to the reports, the percentage of this type of infec-
tion is progressing from 2% (Sadrizadeh et al. 2016a), 22% 
(Sadrizadeh et al. 2016a), 64%(Weber et al. 2009), 70% 
(Blomquist 2006) to > 70% (Chen and Huang 2014) in the 
year of 1974, 1995, 2004, 2006, and 2010s, respectively.

In 2013, D’Alessandro et al. (2013) investigated the ability of 
dusting cloth pad (DC pad) to detect contamination of filamen-
tous fungi in operating rooms. They claimed that the DC pad 

Fig. 1   Onsite sampling of a 
particulate matter (Tan et al. 
2022c), b microbial counts (Tan 
et al. 2022c), c airflow volume 
(Kamar et al. 2020) and d room 
pressure difference (Kamar 
et al. 2020)
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method is capable of determining environmental contamination 
and is a more sensitive approach than other surface samplings. 
Another biological sampling method used to correlate the fre-
quently touched surfaces and the level of contamination in an 
operating room was conducted by (Link et al. 2016). Link’s 
team discovered that the profound contact areas are highly con-
taminated, except for the frequently touched surgical table. In 
2015, Saito et al. (2015) further (Link et al. 2016) studied by 
conducting a time-dependent approach, using both adenosine 
triphosphate (ATP) test and bacterial culture. Saito et al. (2015) 
encountered similar findings, and they further concluded that 
the ATP test could be utilised as a stable trace of contamina-
tion on environmental surfaces. However, the ATP test is not 
suitable to be used as an indicator for the number of viable 
microbes, as it is time-dependent and will decline over time.

With the ongoing COVID-19 pandemic spreading rapidly 
worldwide, researchers conducted the experimental investi-
gations in the hospital areas to identify the potential presence 
of the SARS-CoV-2 virus to derive more specific prevention 
measures. Generally, literature reported two common sampling 
methods to detect the presence of SARS-CoV-2 virus: air sam-
pling and surface swab sampling. For the surface swab method, 
the common practice is using a sterile swab previously soaked 
with virus transport medium (VTM) to move back and forth at 
the sampling area (Horve et al. 2021). Next, the swabbed sample 
was placed inside a tube containing VTM and stored carefully 
during the transport to the laboratory for further quantitative 
reverse-transcription polymerase chain reaction (qRT-PCR) test-
ing (Horve et al. 2021). Meanwhile, the air samples collected at 
an ionization device using a collector plate with a low current of 
80 µA and washed with VTM were demonstrated in the research 
work of Krambrich et al. (2021). Another approach to conduct-
ing air sampling is using a wetted wall cyclone sampler with a 
specific sampling flow rate (Guo et al. 2020).

The studies on the droplets of exhaled and coughed were 
experimentally investigated (Chao et al. 2009; Milton et al. 
2013; Xu et al. 2017; Zhang et al. 2015). Milton et al. (2013) 
focused on the effectiveness of surgical masks in control-
ling the infectious droplets. Chao et al. (2009) examined 
the droplet size of coughing and speaking by employing the 
interferometric Mie imaging (IMI) technique. The IMI tech-
nique could quantify the droplets in proximity to the mouth 
and prevent the air sampling losses (Chao et al. 2009). Xu 
et al. (2017) also utilised the imaging method to explore 
the characteristics of exhaled airflow for predicting disease 
transmission. They found that the infectious risk depends on 
the breathing patterns and spatial distribution. The droplet 
characteristics, such as droplet size between gender, human 
health, and age, were revealed by Zhang et al. (2015). How-
ever, the droplet size variation was found to be insignificant 
across these parameters. Table 1 summarised the experimen-
tal approaches for quantifying the contamination in health-
care facilities.

Assessment using simulation approach 
in healthcare facilities

The fast growth of computational power has attracted the 
interest of many researchers in employing the numerical 
analysis. In addition, there are various benefits such as reli-
able results, shorter turnover time, lower cost and relatively 
straightforward to be carried out. Therefore, numerical stud-
ies have become the complementary approach to assess-
ing the fluid–solid interaction in a confined space, such as 
healthcare facilities (Hang et al. 2015, 2014; Sadrizadeh et al. 
2016b; Verma et al. 2017; Villafruela et al. 2013, 2019; Zhou 
et al. 2018), aircraft cabin (Chen et al. 2013; Duan et al. 2015; 
Li et al. 2016b; Lin et al. 2006; Poussou et al. 2010; Rai et al. 
2014; Yan et al. 2016a; You et al. 2017, 2016a, 2016b), high-
speed rail and bus cabins (Li et al. 2015a; Zhang and Li 2012; 
Zhu et al. 2012). One of the numerical analysis packages, 
computational fluid dynamic (CFD), has been widely used 
to analyse the interaction of airflow and particle transport 
in healthcare facilities. In general, CFD is a branch of fluid 
mechanics that employs numerical analysis and algorithms to 
solve and analyse problems that involve fluid flows. CFD pro-
vides a qualitative and quantitative prediction of fluid flows 
using mathematical modelling (partial differential equations), 
numerical methods (discretization and solution techniques) 
and software tools (solvers, pre- and post-processing utilities) 
(Aubin et al. 2004; Azmir et al. 2018; Cornelissen et al. 2007; 
Hong et al. 2017). Most of the CFD software are based on 
the solution of Navier–Stokes equations, the energy equa-
tion, the mass and concentration equations and the transport 
equations. There are two main types of techniques used in 
solving the Navier–Stokes equation, i.e. the finite element 
method (FEM) and the finite volume method (FVM). In 
recently reported literature, most researchers employed 
the FVM to solve the airflow and particle interaction in the 
indoor environment.

The numerical simulation method consists of several 
standard procedures such as domain modelling, field mesh-
ing, selections of airflow and particle tracking models, pre-
scription of boundary conditions and analytical solutions. 
The descriptions of these methods have been discussed by 
many, among them are Romano et al. (2015) and Wang 
and Chow (2015). Usually, the computational domains are 
produced based on the actual dimension of the selected 
healthcare facilities. Sadrizadeh et al. (2014b) adopted a 
newly designed operating room in Sweden for contaminants 
investigation purposes. Yau and Ding (2014) opted for a 
heart surgery operating room situated in Malaysia. Mean-
while, Hang et al. (2014), Balocco and Lio (2011), Kim 
and Augenbroe (2013), and Adamu et al. (2012) selected 
six-bed, two-bed, single-bed isolation rooms and single-bed 
wards, respectively. They are authorised by several hospi-
tals in Hong Kong, Italy, the USA and the UK. To reduce 
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the turnover time, a certain degree of simplifications was 
made on a human manikin model and interior furnished in 
the computational domain. Figure 2 shows some simplified 
computational domains used in previous studies.

Various approaches were used to simplify the human 
manikin model and furnishings for analysing their effects 
on airflow velocity distribution and contaminant transport. 
Yan et al. (2016b) claimed that such simplification has a 
significant effect on the thermal airflow field prediction, 
especially in the vicinity of the manikin surfaces. A simi-
lar finding was reported by Li et al. (2015c). They further 
claimed that a simplified mannequin could increase the 
predictive error of contaminant transport in the compu-
tational domain. One of the weak manikin models is a 
rectangular shape model, as shown in Fig. 2e because 
such configuration could produce a swirling flow in the 
head and leg sections of the manikin. Although a complete 
human model as illustrated in Fig. 2b and c could give bet-
ter predictions on the airflow and particle dispersions, sev-
eral researchers are still using simple manikin models for 
indoor study (Mahyuddin et al. 2015). The simplification 
was adopted as the complex geometry requires extremely 
fine grids, consumes enormously long computational time 

and demands a great effort to create a good quality mesh. 
The simplistic approach, however, is more favourable since 
it was proven to give reasonable solutions for airflow and 
particle dispersion in healthcare facilities.

Grid independence study is a procedure for inspecting 
the errors during the implementation of CFD models. An 
appropriate grid number is essential for a quick, accurate 
and efficient multiphysics solution at the cost of minimum 
affordable computational power. The primary purpose of 
carrying out grid independence analysis is to ensure the 
numerical solutions remain insignificant changes with fur-
ther incrementing the number of grids. Grid convergence 
analysis or grid refinement study is the first procedure to 
verify CFD models (Kwaśniewski 2013). It is a process to 
estimate discretization errors in the CFD simulations and 
to check that the solutions are within the asymptotic range 
of convergence. The errors could be considered any differ-
ence between the exact solution of the governing equations 
(asymptotic solution) and the discretized system (Pletcher 
et al. 2012). These errors accumulated from the numerical 
algorithms, the mesh style and quality used to discretize 
the equations and boundary conditions (Ferziger and Peric 
2012). The most traditional method implemented to estimate 

Fig. 2   Simplified human 
manikins and furnishings in a 
an operating room (Sadriza-
deh and Holmberg 2015); b a 
six-bed isolation room (Hang 
et al. 2014); c a two-bed ward 
(Qian et al. 2008); d a single-
bed isolation room (Shih et al. 
2007); e a single-bed ward (Yin 
et al. 2011)
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this error is Grid Convergence Index (GCI). The GCI is a 
relative error bound that describes the variation of solutions 
with mesh refinement. To ensure the solutions appear within 
the asymptotic range, the smaller the value of the GCI, the 
better performance of the predictions. The GCI is defined 
as (Karimi et al. 2012),

In Eq. (2), Fs represents the safety factor, ɛ is the relative 
error, r is the grid refinement ratio and p is the formal order 
of accuracy of the algorithm (Karimi et al. 2012). Roache 
(1993) proposed using at least three grid refinements to 
maintain a constant reduction value. The r is determined 
to examine that only the discretization error is evaluated 
(Hurnik et al. 2015) and to meet the criteria, the value of r 
should be greater than 1.3. The r is described as the ratio of 
control volumes in the fine and coarse meshes, i.e.

The values of ɛ and p are defined as the following,

In the above equations, f1 denotes the fine grid solution, f2 
is the medium grid solution and f3 is the coarse grid solution. 
Roache (1993) suggested that the safety factor, Fs, should 
stay within the range of 1.25 (for three or more meshes) 
to 3 (for two meshes). A higher value of Fs represents a 
more stable level of confidence in the CFD solutions (Karimi 
et al. 2012). The Fs values were set based on the accumu-
lated experience on the CFD calculations (Roache 1998). In 
the works done by Gilkeson et al. (2014), Sadrizadeh et al. 
(2016b) and Toja-Silva et al. (2015), they concluded that 
the grids are adequately fine when the GCI values are less 
than 3.4%, 6.1% and 5.77%, respectively. Salim et al. (2006) 
resolved that the satisfactory GCI value should not exceed 
11.7% to achieve reasonable particle dispersion solutions. 
The GCI value decreases for the successive grid refinements, 
indicating the dependency of the numerical simulation on 
the element size has been reduced. Significant reduction of 
the GCI from the coarser grid to the finer grid shows that 
the grid-independent solution has nearly been achieved. Fur-
ther grid refinement will yield an insignificant change in the 
simulation results. According to Volk et al. (2017), the GCI 
value of less than 10% could be considered acceptable.

(1)GCIfine =
Fs|�|
rp − 1

× 100

(2)r =

(
Nfine

Ncourse

) 1

3

(3)� =

(
f
2
− f

1

)

f
1

(4)p =
ln
((
f
3
− f

2

)
∕
(
f
2
− f

1

))

ln(r)

Airflow models

Some previous works have used a smoke technique (Calautit 
and Hughes 2014; Wagner and Schreiber 2014; Yin et al. 
2016) or particle image velocimeter (PIV) method (Fu et al. 
2016; Li et al. 2016a, 2015b; Reyes et al. 2015) to visualize 
the airflow. However, due to the enormous investment cost 
needed to conduct a PIV experiment in a full-scale chamber, 
this approach is rarely used (Huang et al. 2021). Moreover, 
a smoke visualization technique was designed to supple-
ment the PIV measurement and claimed to be most suited for 
small-scale studies for visualising the flow structures (Tao 
et al. 2018). In contrast, a numerical method has been widely 
utilised for a similar purpose, to predict and visualise the 
airflow pattern in healthcare buildings with the explosively 
growing computational power (Nielsen 2015). Generally, the 
process includes prescribing the exact values at the domain 
boundary, discretizing the domain into finer elements, 
choosing the appropriate flow model, and calculating the 
solution. A suitable airflow model is essential to describe the 
airflow phase and to obtain reasonable solutions. This could 
only be accomplished through comprehensive verification 
and validation of some selected flow models.

To predict particle dispersion inside a domain, the classi-
fication of fluid flows is necessary. One of the essential flow 
characteristics that must be considered in the CFD analysis 
is the type of fluid phase, either a single-phase or two-phase 
flow. For tracking the interface of two distinct phases, i.e. air 
(fluid) and solid (particle), which are not interpenetrating, 
the two-phase flow option is always activated. The airflow 
phase is treated as the primary phase, simulated in a continu-
ous scheme using a suitable flow model. Next, the particle 
phase is prescribed as the second phase, dispersing within 
the continuous phase. The particle is simulated via an appro-
priate particle model in a discrete manner.

As air is the primary carrier of heat and airborne con-
taminants in the healthcare facilities such as patient rooms, 
isolation rooms, anteroom and operating rooms, the direc-
tion of the airflow becomes one of the concerned param-
eters to be examined. Some scholars have perceived that a 
unidirectional airflow could reduce the surface contaminant 
and enhance the airborne particle removal efficiency. An 
inversely proportional relationship between the displace-
ment rate of particles and the number of escaped particles 
was discovered. Also, there are studies on the locations of 
supply air diffusers and returned outlets on the indoor par-
ticle distribution. One of the cases was a study done in a 
patient room by Khankari (2016) to investigate the possi-
ble flow path of airborne pathogens and thermal comfort 
on occupants. During the past outbreaks of Severe Acute 
Respiratory Syndrome (SARS), Influenza and Ebola dis-
eases, studies concerning ventilation systems in isolation 
rooms were carried out by several researchers. The sources 
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of airborne particles are always suspected from the outside 
air. The isolation building was conventionally created to con-
trol epidemics from spreading. Due to its provision, it must 
remain closed continually. To test the hypothesis, Park and 
Sung (2015) selected a patient ward to determine the amount 
of leakage air through tracer gas tests and CFD methods. 
Chow et al. (2006) numerically assessed the effects of the 
pressure differential between the inside and outside of an 
operating room on the airflow characteristics. Table 2 sum-
marised the configurations used to simulate the airflow in 
healthcare facilities.

Based on the literature listed above, almost all the airflow 
studies in healthcare buildings applied the wall treatment. 
In general, the wall treatment function could increase the 
reliability of predicting airflow in the region near the wall. 
In contrast, the absence of wall treatment could over pre-
dict the turbulent kinetic energy which acts normal to the 
wall. To the authors’ knowledge, standard wall functions 
and enhanced wall treatment are the most favourable choices 
for the wall treatment. However, employing the enhanced 
wall treatment when choosing the k-ɛ and k-ω models is 
highly recommended to solve the airflow. It provides the 
most consistent wall shear stress and wall heat transfer pre-
dictions with the least sensitivity to y+ value (Fluent 2009). 
If wall functions are enabled, grids with a fine near wall 
spacing should be avoided, and y+ value of more than 30 is 
recommended (Fluent 2009). As far as concerned, the wall 
functions do not provide a systematic refinement on the near 
wall grid. Also, it is not suitable for low to medium turbulent 
(104 < Re < 106) flow analysis (Fluent 2009).

To achieve convergence and a stable solution, it is an 
excellent option to examine the residual levels and moni-
toring of the integrated quantities (Fluent 2009). In most 
cases, the residual criteria of 10−6 for the energy equation 
and 10−3 for other equations are sufficient (Fluent 2009). 
Villafruela et al. (2013) recommended 10−5 for continuity, 
momentum, energy and turbulence equations and 10−7 for 
contaminant concentration equations based on the particle 
contamination study in an isolation room. Gilkeson et al. 
(2014) proposed a tighter limit of 10−8 for the momentum 
equation to achieve better accuracy. Sadrizadeh and Holm-
berg (2015), however, claimed that the convergence criteria 
of 10−5 for continuity and energy equations are adequate in 
obtaining a converged solution. The complete verification 
procedures have been demonstrated by Peng et al. (2016), 
and they concluded that a slight difference in the conver-
gence criterion of 10−3 and 10−5 could cause the simulation 
result to vary significantly (Peng et al. 2016). So far, there is 
no consensus on the convergence criterion for indoor analy-
sis. In our view, a converged solution does not mean that the 
convergence criterion needs to achieve a huge drop in the 
residuals. Sometimes, when there is a great initial guess on 
the solution, it is almost impossible for the residuals to drop 

to three orders of magnitudes (Fluent 2009). Therefore, veri-
fication of the convergence criterion should be performed to 
obtain a converged solution.

Particle dispersion models

To ensure a highly conducive environment in the healthcare 
facilities, e.g. operating room, isolation room, intensive care 
unit (ICU), strict rules and procedures are implemented on 
the premises. Hoffman et al. (2002) discovered that major-
ity of the airborne bacterial contamination in the operating 
room is released from the surgical personnel. The identi-
fied contaminant that causes the infection is the squames 
or skin scales (Chow and Wang 2012; Woods et al. 1986). 
These sources are detached from the body due to the fric-
tion actions of clothing and human movement. To encounter 
this issue, one of the procedures is to oblige the surgical 
team to be dressed in a cleanroom suit. This procedure could 
ensure a massive reduction in the amount of squames or skin 
scales from the personnel shedded to the environment. Fig-
ure 3 illustrates the skin scales under the scanning electron 
micrograph.

The skin scales are present in irregular shapes and 
dimensions. It is almost impossible to precisely model each 
squame for the purpose of simulation. Therefore, people 
tended to correlate the skin scale size with the aerodynamic 
particle size. The term bacteria-carrying particles (BCPs) 
has then been employed to represent the squames or skin 
scales, especially for the application in the indoor environ-
ment simulation. Sadrizadeh et al. (2016a) claimed that par-
ticles with a diameter of 4–60 µm could represent BCPs. 
They further concluded that those bacteria have an average 
diameter of 12 µm. Hansen et al. (2005) also revealed that 
skin scales are the main source of bacteria in the operating 
room. They ascertain that the BCPs fall within a narrow 
range, which is between 5 and 10 µm. A similar result was 
also discovered by Memarzadeh and Manning (2003), who 
scrutinised the ventilation system strategy to reduce the risk 
of surgery in an operating room. In contrast, Morawska et al. 
(2009) examined the droplet size of coughs, sneezes, talks 
or breaths prior to the simulation work in an isolation room. 
This research team noticed that most human exhaled drop-
lets are in submicron ranges. Meanwhile, Chao et al. (2009) 
reported that the mean diameter of droplets for coughing 
and speaking are 13.5 µm and 16.0 µm, respectively. In 
a more recent study, Zhang et al. (2015) claimed that the 
droplet size study between healthy people and patients are 
0.1–10 µm and 0.05–10 µm, respectively.

In the application of CFD, two main particle models are 
available for calculating the particle movement, namely 
Lagrangian particle tracking and Eulerian particle tracking. 
Both models predict the flow field based on the Eulerian 
framework, while the particle phases are treated according to 

80146 Environmental Science and Pollution Research (2022) 29:80137–80160



1 3

Ta
bl

e 
2  

A
n 

ov
er

vi
ew

 o
f t

he
 C

FD
 a

irfl
ow

 se
tu

ps

A
ut

ho
rs

M
od

el
s/

Se
tu

p 
co

nfi
gu

ra
tio

ns
A

ir 
su

pp
ly

W
al

l t
re

at
m

en
t/y

+
Fi

nd
in

gs

Sa
dr

iz
ad

eh
 e

t a
l. 

(2
01

6b
)

M
od

el
: R

N
G

 k
-ɛ

D
is

cr
et

is
e 

sc
he

m
e:

 Q
U

IC
K

A
lg

or
ith

m
: S

IM
PL

E

C
ei

lin
g 

m
ou

nt
ed

 in
le

t ~
 

A
ir 

flo
w

 ra
te

: 2
00

0 
L/

s;
 te

m
pe

ra
tu

re
: 

20
 °C

; t
ur

bu
le

nt
 in

te
ns

ity
: 5

%
Si

de
 w

al
l o

ut
le

t ~
 

Pr
es

su
re

: 1
0 

Pa
; t

ur
bu

le
nt

 in
te

ns
ity

: 5
%

En
ha

nc
ed

 w
al

l t
re

at
m

en
t; 

y+
 ≅

 2
; G

C
I 

va
lu

es
 le

ss
 th

an
 6

.1
%

Th
e 

si
m

ul
at

ed
 a

irfl
ow

 b
y 

ut
ili

si
ng

 th
e 

R
N

G
 k

-ɛ
 m

od
el

 a
gr

ee
d 

w
el

l w
ith

 th
e 

m
ea

su
re

m
en

t r
es

ul
t. 

Th
e 

co
m

pa
ris

on
 

w
as

 c
on

du
ct

ed
 a

t t
w

o 
di

ffe
re

nt
 h

ei
gh

ts
, 

na
m

el
y 

0.
8 

m
 a

nd
 1

.2
 m

 a
bo

ve
 fl

oo
r 

le
ve

l. 
A

t e
ac

h 
he

ig
ht

, a
ir 

ve
lo

ci
ty

 
m

ag
ni

tu
de

 fo
r fi

ve
 c

oo
rd

in
at

es
 w

as
 

co
m

pa
re

d
K

in
g 

et
 a

l. 
(2

01
3)

M
od

el
s:

 R
N

G
 k

-ɛ
 a

nd
 R

SM
 m

od
el

D
is

cr
et

iz
at

io
n 

sc
he

m
e:

 S
ec

on
d 

or
de

r 
up

w
in

d 
sc

he
m

e
A

lg
or

ith
m

: S
IM

PL
E

H
ig

h-
le

ve
l w

al
l m

ou
nt

ed
 in

le
t ~

 
A

ir 
ch

an
g e

 ra
te

:6
/h

, t
em

pe
ra

tu
re

: 
21

.8
 °C

Lo
w

-le
ve

l w
al

l m
ou

nt
ed

 o
ut

le
t

St
an

da
rd

 w
al

l f
un

ct
io

ns
; 3

0 
≤

 y
+
 ≤

 3
00

Re
yn

ol
ds

 S
tre

ss
 (R

SM
) t

ur
bu

le
nc

e 
m

od
el

 y
ie

ld
 si

gn
ifi

ca
nt

ly
 b

et
te

r r
es

ul
ts

 
th

an
 th

e 
R

N
G

 k
-ɛ

 m
od

el

H
an

g 
et

 a
l. 

(2
01

5)
M

od
el

: R
N

G
 k

-ɛ
D

is
cr

et
is

e 
sc

he
m

e:
 S

ec
on

d 
or

de
r 

up
w

in
d 

sc
he

m
e

A
lg

or
ith

m
: S

IM
PL

E

C
ei

lin
g 

m
ou

nt
ed

 in
le

t ~
 

A
ir 

flo
w

ra
te

: 0
.0

66
 m

3 /s
 (6

6 
L/

s)
; 

ve
lo

ci
ty

: 0
.1

84
 m

/s
, 0

.4
86

 m
/s

, a
nd

 
1.

21
 m

/s
; t

em
pe

ra
tu

re
: 1

5 
°C

St
an

da
rd

 w
al

l f
un

ct
io

n;
 U

se
r-d

efi
ne

d 
fu

nc
tio

ns
 o

n 
th

e 
dy

na
m

ic
 m

es
h

Th
e 

re
su

lts
 o

bt
ai

ne
d 

fro
m

 R
N

G
 k

-ɛ
 

m
od

el
 h

as
 a

 h
ig

h 
co

rr
el

at
io

n 
w

ith
 th

e 
m

ea
su

re
d 

te
m

pe
ra

tu
re

 a
nd

 v
el

oc
ity

 
di

str
ib

ut
io

ns
 in

 is
ol

at
io

n 
ro

om
 a

nd
 

an
te

ro
om

H
an

g 
et

 a
l. 

(2
01

4)
M

od
el

: R
N

G
 k

-ɛ
D

is
cr

et
is

e 
sc

he
m

e:
 S

ec
on

d 
or

de
r 

up
w

in
d 

sc
he

m
e

A
lg

or
ith

m
: S

IM
PL

E

C
ei

lin
g 

m
ou

nt
ed

 in
le

t: 
~ 

Ve
lo

ci
ty

: 0
.1

2 
m

/s
; t

em
pe

ra
tu

re
: 

29
3.

15
 K

Lo
w

-le
ve

l w
al

l m
ou

nt
ed

 o
ut

le
t ~

 
O

ut
flo

w
: Z

er
o 

no
rm

al
 g

ra
di

en
t

St
an

da
rd

 w
al

l f
un

ct
io

n;
 N

o 
sl

ip
 w

al
l; 

U
se

r-d
efi

ne
d 

fu
nc

tio
ns

 o
n 

th
e 

dy
na

m
ic

 m
es

h

Th
e 

La
rg

e 
Ed

dy
 S

im
ul

at
io

n 
(L

ES
) 

is
 n

ot
 u

se
d 

as
 u

ns
te

ad
y 

flo
w

 fi
el

ds
 

w
ith

 h
um

an
 m

ov
em

en
t r

eq
ui

re
 v

er
y 

de
m

an
di

ng
 c

om
pu

te
r m

em
or

y 
an

d 
a 

lo
ng

 c
al

cu
la

tio
n 

tim
e.

 T
he

 se
le

ct
io

n 
of

 th
e 

tu
rb

ul
en

ce
 m

od
el

 is
 b

as
ed

 o
n 

th
e 

re
co

m
m

en
da

tio
n 

fro
m

 Z
ha

ng
 e

t a
l. 

(Z
ha

ng
 e

t a
l. 

20
09

)
(S

ad
riz

ad
eh

 e
t a

l. 
20

16
a)

M
od

el
: R

ea
lis

ab
le

 k
-ɛ

D
is

cr
et

e 
sc

he
m

e:
 Q

U
IC

K
A

lg
or

ith
m

: S
IM

PL
E

C
ei

lin
g 

m
ou

nt
ed

 in
le

t ~
 A

ir 
flo

w
 ra

te
: 

20
00

 L
/s

; t
em

pe
ra

tu
re

: 2
0 

°C
;

ro
om

 p
re

ss
ur

e:
 +

 15
 P

a,
 h

ea
t s

ou
r c

e:
 

11
6 

W
/m

2

En
ha

nc
ed

 w
al

l t
re

at
m

en
t; 

y+
 ≅

 2
; N

o 
sl

ip
 c

on
di

tio
ns

Re
al

is
ab

le
 k

-ɛ
 is

 le
ss

 d
em

an
di

ng
 in

 te
rm

s 
of

 c
om

pu
ta

tio
na

l t
im

e 
th

an
 th

e 
R

N
G

 
k-

ɛ,
 w

hi
ch

 w
as

 d
er

iv
ed

 to
 h

an
dl

e 
th

e 
sw

irl
 e

ffe
ct

 o
n 

tu
rb

ul
en

ce
C

ha
ng

 e
t a

l. 
(2

01
6)

M
od

el
: R

N
G

 k
-ɛ

D
is

cr
et

e 
sc

he
m

e:
 S

ec
on

d 
or

de
r u

pw
in

d 
sc

he
m

e
A

lg
or

ith
m

: C
O

U
PL

ED

N
o 

in
le

t o
r o

ut
le

t u
se

d 
in

 th
e 

do
m

ai
n.

 
Th

e 
au

th
or

 o
nl

y 
fo

cu
se

s o
n 

th
e 

eff
ec

ts
 

of
 d

oo
r o

pe
ni

ng
 a

nd
 c

lo
si

ng

N
ea

r-w
al

l t
re

at
m

en
t; 

U
se

r-d
efi

ne
d 

fu
nc

tio
ns

 o
n 

th
e 

dy
na

m
ic

 m
es

h
St

an
da

rd
 k

-ɛ
 m

od
el

 is
 n

ot
 re

lia
bl

e 
in

 p
re

-
di

ct
in

g 
th

e 
re

gi
on

s w
ith

 lo
w

 v
el

oc
iti

es
 

an
d 

th
us

 lo
w

 R
ey

no
ld

s n
um

be
rs

, p
ar

-
tic

ul
ar

ly
 in

 th
e 

ne
ar

 w
al

l r
eg

io
ns

. R
N

G
 

k-
ɛ 

m
od

el
 c

om
bi

ne
d 

w
ith

 a
pp

ro
pr

ia
te

 
tre

at
m

en
t o

f t
he

 n
ea

r-w
al

l r
eg

io
n 

gi
ve

s 
a 

be
tte

r p
re

di
ct

io
n 

of
 in

do
or

 a
irfl

ow
V

ill
af

ru
el

a 
et

 a
l. 

(2
01

3)
M

od
el

: R
N

G
 k

-ɛ
D

is
cr

et
e 

sc
he

m
e:

 S
ec

on
d 

or
de

r u
pw

in
d 

sc
he

m
e

A
lg

or
ith

m
: S

IM
PL

E

In
le

t ~
 A

ir 
flo

w
 ra

te
: 4

00
 m

3 /h
St

an
da

rd
 w

al
l f

un
ct

io
ns

; 3
0 
<

 y
 +

  <
6
0

Th
e 

si
m

ul
at

ed
 re

su
lts

 v
al

id
at

ed
 w

el
l w

ith
 

th
e 

ex
pe

rim
en

ta
l d

at
a 

(U
si

ng
 th

e 
ph

o-
to

ac
ou

sti
c 

sp
ec

tro
m

et
er

 m
ea

su
re

m
en

t) 
co

nd
uc

te
d 

by
 M

en
de

z 
et

 a
l. 

(M
én

de
z 

et
 a

l. 
20

08
)

80147Environmental Science and Pollution Research (2022) 29:80137–80160



1 3

Ta
bl

e 
2  

(c
on

tin
ue

d)

A
ut

ho
rs

M
od

el
s/

Se
tu

p 
co

nfi
gu

ra
tio

ns
A

ir 
su

pp
ly

W
al

l t
re

at
m

en
t/y

+
Fi

nd
in

gs

Le
e 

et
 a

l. 
(2

01
6)

M
od

el
: H

ig
h-

Re
yn

ol
d-

nu
m

be
r k

-ɛ
D

is
cr

et
e 

sc
he

m
e:

 M
on

ot
on

ic
 u

ps
tre

am
-

ce
nt

re
d 

sc
he

m
e 

fo
r c

on
se

rv
at

io
n 

la
w

 
(M

U
SC

L)
A

lg
or

ith
m

: S
IM

PL
E

N
o 

in
le

t o
r o

ut
le

t u
se

d 
in

 th
e 

do
m

ai
n.

 
Th

e 
au

th
or

 o
nl

y 
fo

cu
se

s o
n 

th
e 

eff
ec

ts
 

of
 d

oo
r o

pe
ni

ng
 a

nd
 c

lo
si

ng
T i

nd
oo

r =
 20

 °C
T c

or
rid

or
 =

  −
 5,

 0
, 5

, 1
0,

 1
5 

°C
 (fi

ve
 

ca
se

s)

M
ov

in
g 

m
es

h 
to

 p
re

sc
rib

e 
do

or
 m

ov
e-

m
en

t. 
In

fo
rm

at
io

n 
on

 w
al

l f
un

ct
io

n 
is

 
no

t d
is

cu
ss

ed

Th
e 

st
an

da
rd

 k
-ɛ

 tu
rb

ul
en

ce
 m

od
el

 
us

ed
 in

 th
e 

C
FD

 si
m

ul
at

io
n 

us
es

 th
e 

Re
yn

ol
ds

 a
ve

ra
ge

, s
o 

pr
ec

is
e 

ch
an

ge
s 

in
 tu

rb
ul

en
ce

 c
ha

ra
ct

er
ist

ic
s o

ve
r t

im
e 

co
ul

d 
no

t b
e 

re
pr

od
uc

ed
. H

ow
ev

er
, t

he
 

va
ria

tio
ns

 in
 th

e 
ai

rfl
ow

 c
ha

ra
ct

er
ist

ic
s 

w
er

e 
in

 g
oo

d 
ag

re
em

en
t w

ith
 e

xp
er

i-
m

en
ta

l d
at

a
Ro

m
an

o 
et

 a
l. 

(2
01

5)
M

od
el

: R
ea

lis
ab

le
 k

-ɛ
D

is
cr

et
e 

sc
he

m
e:

 S
ec

on
d 

or
de

r u
pw

in
d 

sc
he

m
e

A
lg

or
ith

m
: S

IM
PL

E

C
ei

lin
g 

m
ou

nt
ed

 in
le

t ~
 

Ve
lo

ci
ty

: 0
.2

5 
m

/s
, 0

.3
5 

m
/s

, 0
.4

5 
m

/s
; 

tu
rb

ul
en

t i
nt

en
si

ty
: 5

%
Lo

w
-le

ve
l w

al
l m

ou
nt

ed
 o

ut
le

t ~
 

O
ut

le
t: 

Ze
ro

 g
ra

di
en

t

En
ha

nc
ed

 w
al

l t
re

at
m

en
t; 

N
o 

sl
ip

 
co

nd
iti

on
s;

 1
  <

 y
 +

  <
7

Th
e 

Re
al

is
ab

le
 k

-ɛ
 m

od
el

 sh
ow

s a
 g

oo
d 

ag
re

em
en

t w
ith

 e
xp

er
im

en
ta

l d
at

a 
(M

oc
k 

se
tu

p 
in

cl
ud

es
 d

um
m

ie
s)

Ya
n 

et
 a

l. 
(2

01
6b

)
M

od
el

: R
N

G
 k

-ɛ
D

is
cr

et
e 

sc
he

m
e:

 -
A

lg
or

ith
m

: S
IM

PL
EC

–
W

al
l f

un
ct

io
n 

is
 n

ot
 d

is
cu

ss
ed

; y
+
  <

 3
Th

e 
R

N
G

 k
-ɛ

 m
od

el
 p

re
di

ct
ed

 w
el

l f
or

 
th

e 
m

ul
tip

ha
se

 fl
ow

s w
ith

 th
e 

pr
es

en
ce

 
of

 h
um

an
 m

an
ik

in
 a

nd
 th

er
m

al
 c

on
di

-
tio

ns
Li

u 
et

 a
l. 

(2
01

5)
M

od
el

: R
ea

lis
ab

le
 k

-ɛ
D

is
cr

et
e 

sc
he

m
e:

 S
ec

on
d 

or
de

r u
pw

in
d 

sc
he

m
e

A
lg

or
ith

m
: N

ot
 m

en
tio

n

C
ei

lin
g 

m
ou

nt
ed

 in
le

t ~
 

M
as

s fl
ow

: 2
.1

86
 k

g/
s;

 te
m

pe
ra

tu
re

: 
24

.5
 °C

; r
el

at
iv

e 
hu

m
id

ity
: 5

0%

W
al

l f
un

ct
io

n 
is

 n
ot

 d
is

cu
ss

ed
; N

o 
sl

ip
 

w
al

l
Th

e 
se

le
ct

io
n 

of
 a

irfl
ow

 m
od

el
 is

 m
ai

nl
y 

ba
se

d 
on

 th
e 

ex
pe

rim
en

ta
l a

nd
 n

um
er

i-
ca

l fi
nd

in
gs

 o
f K

uz
ni

k 
et

 a
l. 

(2
00

7)

Jin
 e

t a
l. 

(2
01

6)
M

od
el

: R
N

G
 k

-ɛ
D

is
cr

et
e 

sc
he

m
e:

 S
ec

on
d 

or
de

r u
pw

in
d 

sc
he

m
e

A
lg

or
ith

m
: S

IM
PL

E

In
le

t fl
ow

 ra
te

: 2
60

 m
3 /h

, 5
20

 m
3 /h

, a
nd

 
97

0 
m

3 /h
;

Su
rfa

ce
 te

m
pe

ra
tu

re
: 3

98
 K

 (A
di

ab
at

ic
)

W
al

l f
un

ct
io

n
Th

e 
is

ot
ro

pi
c 

as
su

m
pt

io
n 

is
 n

ot
 a

pp
ro

-
pr

ia
te

 in
 n

ea
r-w

al
l a

re
as

 w
he

re
 th

e 
tu

rb
ul

en
t k

in
et

ic
 e

ne
rg

y 
no

rm
al

 to
 th

e 
w

al
l i

s s
ub

st
an

tia
lly

 sm
al

le
r t

ha
n 

th
e 

on
es

 p
ar

al
le

l t
o 

th
e 

w
al

l
Y

u 
et

 a
l. 

(2
01

7)
M

od
el

: R
N

G
 k

-ɛ
D

is
cr

et
e 

sc
he

m
e:

Se
co

nd
 o

rd
er

 u
pw

in
d 

sc
he

m
e

A
lg

or
ith

m
: P

IS
O

C
ei

lin
g 

m
ou

nt
ed

 in
le

t ~
 

M
as

s fl
ow

 ra
te

: 1
24

 k
g/

s;
 te

m
pe

ra
tu

re
: 2

85
 K

W
al

ls
, c

ei
lin

g,
 fl

oo
r a

nd
 b

ed
s:

Te
m

pe
ra

tu
re

: 2
95

 K
 (a

di
ab

at
ic

)

St
an

da
rd

 w
al

l f
un

ct
io

n;
 N

o 
sl

ip
 w

al
l

Fo
r t

he
 in

do
or

 a
irfl

ow
 si

m
ul

at
io

ns
, R

N
G

 
k-

ɛ 
m

od
el

 w
as

 te
ste

d 
to

 b
e 

an
 a

pp
ro

pr
i-

at
e 

ch
oi

ce
 a

s c
om

pa
re

d 
to

 o
th

er
 a

irfl
ow

 
m

od
el

s. 
A

ls
o,

 th
is

 m
od

el
 o

ffe
re

d 
be

tte
r 

ac
cu

ra
cy

 a
nd

 st
ab

ili
ty

 in
 c

as
es

 o
f l

ow
 

Re
yn

ol
ds

 n
um

be
r a

nd
 n

ea
r-w

al
l fl

ow
s

G
ilk

es
on

 e
t a

l. 
(2

01
4)

M
od

el
: R

SM
D

is
cr

et
e 

sc
he

m
e:

 S
ec

on
d 

or
de

r u
pw

in
d 

sc
he

m
e

A
lg

or
ith

m
: S

IM
PL

ER

Si
de

 w
in

do
w

 in
le

t ~
 

Ve
lo

ci
ty

: 0
.1

46
 m

/s
, 0

.4
38

 m
/s

, a
nd

 
0.

87
6 

m
/s

; t
ur

bu
le

nt
 in

te
ns

ity
: 1

0%
Si

de
w

al
l o

ut
le

t ~
 

Pr
es

su
re

: -
5 

Pa

St
an

da
rd

 w
al

l f
un

ct
io

n;
 1

5 
≤

 y
+
 ≤

 3
8

Th
e 

Re
yn

ol
ds

 S
tre

ss
 M

od
el

 (R
SM

) y
ie

ld
 

a 
be

tte
r p

re
di

ct
io

n 
of

 b
io

ae
ro

so
l d

is
pe

r-
si

on
 in

 a
 m

ec
ha

ni
ca

lly
 v

en
til

at
ed

 ro
om

 
as

 c
om

pa
re

d 
to

 R
A

N
S 

m
od

el
s. 

Th
e 

R
M

S 
m

od
el

 a
cc

ou
nt

s f
or

 th
e 

an
is

o-
tro

pi
c 

tu
rb

ul
en

t s
tru

ct
ur

es
 in

 c
on

tra
st 

to
 

R
A

N
S 

m
od

el
s

Ta
o 

et
 a

l. 
(2

01
6)

M
od

el
: R

N
G

 k
-ɛ

D
is

cr
et

e 
sc

he
m

e:
 Q

U
IC

K
A

lg
or

ith
m

: S
IM

PL
E

N
o 

in
le

t a
irfl

ow
. H

um
an

 w
al

ki
ng

 
sp

ee
ds

 a
re

 0
.4

 m
/s

, 0
.8

 m
/s

, a
nd

 
1.

6 
m

/s

W
al

l f
un

ct
io

n 
is

 n
ot

 d
is

cu
ss

ed
 (A

ut
ho

rs
 

fo
cu

se
d 

on
 th

e 
dy

na
m

ic
 m

es
h)

; 
y+

  <
 5

Th
e 

R
N

G
 k

-ɛ
 sh

ow
ed

 a
 h

ig
he

r a
cc

ur
ac

y,
 

co
m

pu
tin

g 
effi

ci
en

cy
 a

nd
 ro

bu
stn

es
s a

s 
co

m
pa

re
d 

to
 S

ST
 m

od
el

 in
 p

re
di

ct
in

g 
th

e 
ai

rfl
ow

 in
 in

do
or

 e
nv

iro
nm

en
ts

80148 Environmental Science and Pollution Research (2022) 29:80137–80160



1 3

Ta
bl

e 
2  

(c
on

tin
ue

d)

A
ut

ho
rs

M
od

el
s/

Se
tu

p 
co

nfi
gu

ra
tio

ns
A

ir 
su

pp
ly

W
al

l t
re

at
m

en
t/y

+
Fi

nd
in

gs

B
al

oc
co

 e
t a

l. 
(2

01
5)

M
od

el
: S

ta
nd

ar
d 

k-
ɛ

D
is

cr
et

e 
sc

he
m

e:
 -S

ec
on

d 
or

de
r u

pw
in

d 
sc

he
m

e

C
ei

lin
g 

m
ou

nt
ed

 in
le

t ~
 

Ve
lo

ci
ty

: 0
.6

6 
m

/s
,

Tu
rb

ul
en

ce
 in

te
ns

ity
: 5

%

Lo
ga

rit
hm

ic
 w

al
l f

un
ct

io
ns

Th
e 

si
m

ul
at

ed
 a

irfl
ow

 re
su

lts
 u

si
ng

 
st

an
da

rd
 k

-ɛ
 m

od
el

 sh
ow

ed
 a

 g
oo

d 
ag

re
em

en
t w

ith
 th

e 
pr

ev
io

us
 li

te
ra

tu
re

 
(A

l-W
ak

ed
 2

01
4;

 H
o 

et
 a

l. 
20

09
)

A
l-W

ak
ed

 (2
01

4)
M

od
el

: k
-ɛ

D
is

cr
et

e 
sc

he
m

e:
 -

A
lg

or
ith

m
: S

IM
PL

EC

C
ei

lin
g 

m
ou

nt
ed

 in
le

t ~
 

Ve
lo

ci
ty

: 0
.3

3 
m

/s
, t

em
pe

ra
tu

re
: 2

0 
°C

W
al

l f
un

ct
io

n 
is

 n
ot

 d
is

cu
ss

ed
Th

e 
k-

ɛ 
m

od
el

 sh
ow

ed
 th

e 
m

os
t a

pp
ro

-
pr

ia
te

 c
ho

ic
e 

fo
r i

nv
es

tig
at

in
g 

th
e 

ai
rfl

ow
 a

nd
 p

ar
tic

le
 d

is
pe

rs
io

n 
in

 a
n 

op
er

at
in

g 
ro

om
U

fa
t e

t a
l. 

(2
01

7)
M

od
el

: k
-ɛ

D
is

cr
et

e 
sc

he
m

e:
 -

A
lg

or
ith

m
: S

IM
PL

E

C
ei

lin
g 

m
ou

nt
ed

 in
le

t ~
 

Ve
lo

ci
ty

: 0
.2

 m
/s

,
Tu

rb
ul

en
ce

 in
te

ns
ity

: 5
%

H
yd

ra
ul

ic
 d

ia
m

et
er

: 3
 m

St
an

da
rd

 w
al

l f
un

ct
io

n;
Th

e 
st

an
da

rd
 k

- ɛ
 m

od
el

 d
em

on
str

at
ed

 
an

 a
cc

ep
ta

bl
e 

si
m

ul
at

io
n 

re
su

lt 
as

 c
om

-
pa

re
d 

to
 th

e 
m

ea
su

re
m

en
t d

at
a

K
am

sa
h 

et
 a

l. 
(2

01
8)

M
od

el
: R

N
G

 k
-ε

D
is

cr
et

e 
sc

he
m

e:
 se

co
nd

 o
rd

er
 u

pw
in

d 
sc

he
m

e
A

lg
or

ith
m

: S
IM

PL
E

C
ei

lin
g 

m
ou

nt
ed

 in
le

t ~
 

Tu
rb

ul
en

ce
 in

te
ns

ity
: 2

0%
Ve

lo
ci

ty
: 0

.3
2 

m
/s

Te
m

pe
ra

tu
re

: 1
9 

°C

W
al

l f
un

ct
io

n 
is

 n
ot

 d
is

cu
ss

ed
; N

o-
sl

ip
 

w
al

l
Th

e 
R

N
G

 k
-ε

 p
ro

vi
de

s s
uffi

ci
en

t r
el

ia
tb

le
 

ai
rfl

ow
 re

su
lts

 u
nd

er
 a

 st
ea

dy
-s

ta
te

 
co

nd
iti

on

Ta
n 

et
 a

l. 
(2

02
2b

)
M

od
el

: R
N

G
 k

-ε
D

is
cr

et
e 

sc
he

m
e:

 se
co

nd
 o

rd
er

 u
pw

in
d 

sc
he

m
e

A
lg

or
ith

m
: S

IM
PL

E

C
ei

lin
g 

m
ou

nt
ed

 in
le

t ~
 

Tu
rb

ul
en

ce
 in

te
ns

ity
: 5

%
Ve

lo
ci

ty
: 0

.4
3 

m
/s

Te
m

pe
ra

tu
re

: 1
9 

°C
A

ir 
cu

rta
in

 ~
 

Tu
rb

ul
en

ce
 in

te
ns

ity
: 1

0%
Ve

lo
ci

ty
: 0

 m
/s

–1
.2

/s
Te

m
pe

ra
tu

re
: 1

9 
°C

W
al

l f
un

ct
io

n 
no

t d
is

cu
ss

ed
; 5

-in
fla

tio
n 

la
ye

rs
 a

t a
ll,

 w
ith

 g
ro

w
th

 ra
te

 o
f 1

.2
; 

N
o-

sl
ip

 w
al

l

Th
e 

R
N

G
 k

-ε
 m

od
el

 p
ro

vi
de

s t
he

 b
es

t 
pr

ed
ic

tio
n 

of
 a

irfl
ow

 in
 th

e 
IS

O
 g

ra
de

 
op

er
at

in
g 

ro
om

, w
ith

 a
 re

la
tiv

e 
er

ro
r 

of
 9

.6
2%

. S
ta

nd
ar

d 
k-

ε,
 S

ST
 k

-ω
 a

nd
 

st
an

da
rd

 k
-ω

 m
od

el
s y

ie
ld

ed
 a

 la
rg

er
 

re
la

tiv
e 

er
ro

rs
 o

f 1
0.

55
%

, 1
1.

20
%

 a
nd

 
10

.8
1%

, r
es

pe
ct

iv
el

y

Sa
th

ee
sa

n 
et

 a
l. 

(2
02

0)
M

od
el

: S
ta

nd
ar

d 
k-

ɛ
D

is
cr

et
e 

sc
he

m
e:

 se
co

nd
-o

rd
er

 u
pw

in
d 

sc
he

m
e

A
lg

or
ith

m
: S

IM
PL

E

C
ei

lin
g 

m
ou

nt
ed

 in
le

t ~
 

A
C

H
: 6

,9
,1

3
te

m
pe

ra
tu

re
: 1

2 
°C

En
ha

nc
ed

 w
al

l f
un

ct
io

n;
 N

o-
sl

ip
 w

al
l

Th
e 

R
N

G
 k

-ε
 m

od
el

 o
ffe

rs
 b

et
te

r a
cc

u-
ra

cy
, s

ta
bi

lit
y 

an
d 

co
m

pu
tin

g 
effi

ci
en

cy
 

fo
r l

ow
 re

yn
ol

ds
 n

um
be

r a
s w

el
l a

s 
ne

ar
 w

al
l fl

ow
s

Ta
n 

et
 a

l. 
(2

02
2a

)
M

od
el

: R
N

G
 k

-ε
D

is
cr

et
e 

sc
he

m
e:

 se
co

nd
 o

rd
er

 u
pw

in
d 

sc
he

m
e

A
lg

or
ith

m
: S

IM
PL

E

C
ei

lin
g 

m
ou

nt
ed

 in
le

t ~
 

Tu
rb

ul
en

ce
 in

te
ns

ity
: 5

%
Ve

lo
ci

ty
: 0

.4
3 

m
/s

Te
m

pe
ra

tu
re

: 1
9 

°C
M

ob
ile

 a
ir 

un
it 

~ 
Tu

rb
ul

en
ce

 in
te

ns
ity

:
5% Ve

lo
ci

ty
: 0

.1
 m

/s
–0

.6
 m

/s
Te

m
pe

ra
tu

re
: 1

9 
°C

En
ha

nc
ed

 w
al

l f
un

ct
io

n;
 N

o-
sl

ip
 w

al
l

Th
e 

R
N

G
 k

- ε
 m

od
el

 re
fle

ct
s a

 b
et

te
r 

ai
rfl

ow
 p

re
di

ct
io

n 
in

 th
e 

IS
O

 c
la

ss
 

cl
ea

nr
oo

m
. T

he
 a

ve
ra

ge
d 

re
la

tiv
e 

er
ro

r 
of

 R
N

G
 k

-ε
, r

el
iz

ab
le

 k
-ε

, a
nd

 st
an

da
rd

 
k-

ε 
ar

e 
8.

54
%

, 9
.6

0%
 a

nd
 9

.0
3%

, 
re

sp
ec

tiv
el

y

Sa
w

 e
t a

l. 
(2

02
1)

M
od

el
: S

ta
nd

ar
d 

k-
ɛ

D
is

cr
et

e 
sc

he
m

e:
 -

A
lg

or
ith

m
: -

C
ei

lin
g 

m
ou

nt
ed

 in
le

t ~
 

Tu
rb

ul
en

ce
 in

te
ns

ity
: 5

%
te

m
pe

ra
tu

re
: 2

4 
°C

Sc
al

ab
le

 w
al

l f
un

ct
io

n;
 N

o-
sl

ip
 w

al
l; 

y+
 ≃

 1
1

Th
e 

St
an

da
rd

 k
-ɛ

 m
od

el
 is

 p
ro

ve
n 

su
it-

ab
le

 to
 si

m
ul

at
e 

th
e 

flo
w

 c
on

di
tio

ns
 in

 
th

e 
ho

sp
ita

l w
ar

d

80149Environmental Science and Pollution Research (2022) 29:80137–80160



1 3

the particle tracking model selection. Zhang and Chen (2007) 
has demonstrated that these two models are well estimated 
the particle distribution in an aircraft cabin. So far, the use of 
the Eulerian particle tracking model in healthcare facilities 
has not been reported. The Lagrangian model is identified 
as the most favourable particle tracking model in the operat-
ing room, isolation room and patient wards. The two main 
reasons that the Lagrangian model is extensively adopted are 
(i) computational time is significantly reduced and (ii) the 
result is reliable when the particle volume is considerably 
lower than the fluid volume (less than 10–12%) (Romano et al. 
2015). The approximation of the particle trajectory using the 
Lagrangian model could be expressed as Eq. (3):

where up and u are the particle and air velocity vectors, 
respectively; FD (u—up) is the drag force per unit of particle 
mass; ρp and ρ are particle and air density, respectively; g 
is the gravitational acceleration vector; and Fe is additional 
force per unit mass. Most of the researchers found an excel-
lent agreement between the Lagrangian particle tracking 
model and the measured particle distribution in healthcare 
facilities. In 2015, Jin et al. (2015) validated the simulated 
particle concentration with the experimental data (Lu et al. 
1996). A similar approach was performed by Sadrizadeh 
et al. (2016a) and Sadrizadeh and Holmberg (2015). They 
validated the Lagrangian model with the data published by 
Chen et al. (2006).

Activating the appropriate forces on the particle is signifi-
cant in predicting particle trajectory behaviours. The common 
forces reported in the indoor building simulations include 
gravitational force, drag force, Brownian force, Saffman’s 
lift force, thermophoretic force and pressure gradient force. 
The combination of gravitational, drag, Brownian and Saff-
man’s life forces are claimed to be important in simulating the 
airflow and particle distribution in the healthcare premises 
(Mousavi and Grosskopf 2015). This finding is supported 
by Wang and Chow (2011), who simulated the fine particle 
movement in an isolation room. One year later, Chow and 
Wang (2012) revealed that the Brownian force is negligible 
towards the particle with a size larger than 0.01 µm. However, 
the gravitational and drag forces should not be disregarded 
in all particle sizes. For a non-isothermal study, the effect 
of thermophoretic force was found to produce a noticeable 
impact on the airflow and particle trajectory. Also, photopho-
resis force could be another interesting aspect, as most of the 
lights used in healthcare facilities were categorised as intense 
light. The summary of the forces applied to the particles in 
previous studies is tabulated in Table 3.

Based on the literature, the particle size ranges from 
0.3 to 20 µm are widely treated as the BCPs or droplets 

(5)
dup
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1 3

that could pose a risk of healthcare-associated infections. 
However, a particle that is coarser in size (> 20 µm) can be 
disregarded in simulation as the potential of containing the 
virus is significantly lower than the finer particle (Milton 
et al. 2013). Also, such particles will rapidly settle onto the 
surface without being sustained in the air for a longer time 
(Wang and Chow 2011). Hence, the tendency of a coarse 
particle to spread as the airborne BCPs is reduced.

Opportunity to improve the reliability 
of the current assessment approach

In the past decade, the analysis of human presence in the 
healthcare premises is mainly conducted under a time-
independent and unmoved condition. However, in an actual 
scenario, performing movements by the medical staff and 
objects are unavoidable. Therefore, recent research has 
focused on the dynamic approach rather than the static 
analysis as such approach reflects more realistic and reli-
able predictions of the IAQ in healthcare facilities (Kal-
liomäki et al. 2016; Tao et al. 2016). So far, only a few 
studies have examined the motion effects, i.e. door open-
ing and closing, translational movement performed by 
medical staff, and upright to bending posture of the sur-
geon. The idea of assessing the effect of movement in the 
healthcare facility was first initiated by Tang et al. (2005) 
through an experimental study. They intended to prevent the 
infectious bacteria in the negative pressure isolation room 
from transmitting to the adjacent zones. Also, Shih et al. 
(2007) numerically followed up the moving action on the 
lateral walking motion performed by the medical staff in 
an isolation room. Afterwards, the numerical simulation 
approach on the dynamic movement has been discontinued 
till recently. The reasons are stated as follows; validating 
the simulated work is challenging as high-quality experi-
mental data are rare (Hang et al. 2014), consuming a long 

turnaround time due to the fine mesh around the moving 
object (Fontanesi et al. 2015; Hang et al. 2014), handling 
the moving object is complicated due to the prescription of 
proper time-step size and particle tracking model (Wang 
and Chow 2015) and requiring intensive effort to write the 
specific-defined mathematical/ user-defined function (UDF) 
codes that designate the motions.

However, the assessment of the moving effects had 
been recommenced by Kalliomäki et  al. (2016). Their 
research team experimentally investigated the impact of 
human movement on the airflow patterns and air volume 
exchange at the isolation room’s doorway. Meanwhile, Tao 
et al. (2016) employed a numerical simulation method to 
analyse the human moving effects on the particle distribu-
tion. The airflow momentum induced by the moving body 
caused the 2.5 µm particle that was initially resting on the 
floor to lift and become re-suspended due to its interaction 
with the trailing wake. Amazingly, Mousavi and Grosskopf 
(2016) combined experimental and computation studies to 
assess the effects of the door opening in an isolation room. 
Moreover, the airflow was significantly disrupted by the door 
opening motion and the movement of objects. Based on the 
reported findings, it could be concluded that all the results 
obtained from a static condition vary from those results 
which considered the movement effects. In other words, it 
is necessary to consider the influences of movement in order 
to represent a realistic scenario in healthcare facilities.

Up to authors’ knowledge, the studies on movement have 
been conducted by the experimental works, the numeri-
cal simulation or combination of both. In the experimental 
approach, Kalliomäki et al. (2015) controlled the movement 
sequences of human manikin by a computer program. The 
foamed plastic-made manikin was placed on a small cart 
with the mechanism of a motorised rail running embedded 
on the floor. Surprisingly, Wu and Lin (2015) employed 
real humans to investigate the influence of motion under 
three types of air distribution. Compared to Kalliomäki et al. 

Fig. 3   Scanning electron micro-
graph of skin scales a nearly 
to be detached from the skin 
surfaces; b sampled from the 
air (Clark and de Calcina-Goff 
2009)
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(2015), Wu and Lin’s (2015) technique is more practical in 
reflecting the naturalistic of human walking.

Meanwhile, Hang et al. (2014) and Tao et al. (2016) inves-
tigated the progression of movement by the simulation tech-
nique. They utilised the dynamic mesh and UDF codes to 
handle the moving effects. So far, there is still a discrepancy 
between the description of employing the dynamic mesh and 
the UDF. Also, verifying the selected airflow model to cou-
ple with the dynamic mesh required further attention. Table 4 
summarised the methods used to investigate the motion effects 
in an indoor building.

Conclusion

The inadequate knowledge on the assessment of IAQ would 
retard the development of effective mitigations against air-
borne infectious diseases. Therefore, this paper presented 
a comprehensive review of the current methods to measure 
airflow and particle distribution in an indoor environment 
through experimental and numerical approaches. Studies 
have demonstrated that both the experimental and simula-
tion methods are essential to evaluate the IAQ in health-
care facilities. The experimental works could provide valid, 
comprehensive, and actual data that reflects the in-situ con-
dition. However, the results may only be applicable to a 
specific situation and become difficult to conduct parametric 
studies. In contrast, the simulation approaches can perform 
multiple case studies with a shorter turnaround time and 
lower cost. Therefore, the numerical approach has gained 
increasing attention and been widely utilised in relevant 
research. Nonetheless, verification of grid independence 
and validation of numerical models are essential to ensure 
the credibility and reliability of the simulated results. The 
selection of turbulence models, wall treatment function 
and the monitoring of residuals could pose significant 
impacts on the accuracy of the result. Though the numerical 
approach has been widely utilised by researchers, it could 
yet replace the experimental work, especially for the bio-
logical sampling of microbes. Furthermore, the exclusion 
of human movement in indoor airflow studies may lead to 
an underprediction of particle movement due to human-
induced wake flow. In order to provide reliable and feasible 
engineering control measures for reducing the cross-infec-
tion of airborne infectious diseases in healthcare facilities, it 
is necessary to conduct in-depth research on the influence of 
movement and time-dependent studies, in particular on the 
transport of airborne infectious particles. As far as authors 
are concerned, the effects of various turning speeds and 
actual human walking movements such as foot stepping and 
arms swinging are limited. More comprehensive research 
in these areas could be the extended scopes which deserve 
to be explored.Ta
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