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ARTICLE INFO ABSTRACT
Keywords: Respiratory infectious diseases, notably recurring waves of COVID-19 during autumn and winter,
Home isolation have significantly impacted global health and strained public health systems. Home isolation has

Natural ventilation

Exposure risk assessment
Aerosol

LBM-LES

Computational fluid dynamics

emerged as a crucial and economical strategy to mitigate these impacts. This study investigates
aerosol transmission and infection risks in home isolation environments using the Lattice Boltz-
mann Method with Large Eddy Simulation (LBM-LES). We focused on the impact of door oper-
ations and various natural ventilation rates on aerosol transmission and exposure risk in adjacent
rooms. Our findings reveal that, without ventilation, aerosol leakage through door gaps poses a
minimal infection risk to adjacent rooms, with an average probability of less than 2 x 107°.
However, with adequate ventilation, the infection risk for individuals in adjacent rooms for over
3 h can reach 60 %-70 %. Brief door movements have limited impact on infection risk (p < 0.05,
d < 0.20), with aerosol leakage mainly occurring through door gaps rather than door movements.
To reduce cross-infection during home isolation, we recommend avoiding prolonged stays near
downwind walls facing the door. This research provides insights into aerosol dynamics in home
isolation scenarios, offering theoretical guidance for designing safe isolation spaces and practical
advice for healthy family members to minimize infection risk.

Abbreviation Description

ACH Air Changes per Hour

CFD Computational Fluid Dynamics

FVM Finite Volume Method

ID50 Infectious Dose for 50 % of the population
LBE Lattice Boltzmann Equation

LBM Lattice Boltzmann Method

LES Large Eddy Simulation

MRT Multi-Relaxation Time

NHST Null Hypothesis Significance Testing

SGS Sub-Grid Scale

TCID50 Tissue Culture Infectious Dose for 50 % of the population
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Table:
Symbol  Description Value/Units
fi Discrete velocity distribution function -
x Position meters (m)
t Time seconds (s)
At Temporal discretization step seconds (s)
M Matrix converting distribution function vector from velocity space to moment space vector — —
S Diagonal matrix _
v Viscosity coefficient % (81: - %) m? /s
vt Subgrid scale viscosity m?/s
vo Laminar viscosity m?/s
Cs Smagorinsky parameter -
A Filtering scale meters (m)
P Fluid density kilograms per cubic meter (kg /m?)
u Velocity meters per second (m /s)
C; Concentration of aerosol i particles per cubic meter (particles /m?)
Vsi Aerosol settling velocity meters per second (m /s)
€pi Aerosol eddy diffusivity m?/s
D; Brownian diffusion coefficient m? /s
Sai Sink term for the deposition of aerosol i particles per cubic meter per second (particles /m®/s)
Vdi Local deposition velocity meters per second (m /s)
Ay Face normal vector -
Vel Grid cell volume cubic meters (m?)
Cw.i Local concentration of the near-wall cell particles per cubic meter (particles /m?)

1. Introduction

In recent years, infectious respiratory diseases such as COVID-19 and influenza A have become increasingly serious public health
concerns. These diseases possess high transmission capabilities and can spread rapidly through the air, leading to severe illness and
even death, particularly among high-risk populations [1]. Given that individuals spend a significant portion of their time indoors, it is
crucial to gain a comprehensive understanding of the transmission processes and mechanisms of these diseases and implement
effective measures to prevent their indoor spread [2].

Home isolation is a widely employed measure to control the transmission of infectious diseases by reducing interpersonal contacts
and minimizing interactions between infected individuals and susceptible individuals, thus effectively curbing the spread of viruses or
bacteria [3]. To gain a comprehensive understanding of how to mitigate disease transmission during home isolation, a review of
previous literature offers valuable insights and serves as a foundation for formulating effective strategies. Notably, the role of aerosol
transmission within indoor environments is critical, as demonstrated by several key studies. Morawska et al. have detailed the me-
chanics of aerosol generation and dispersal within residential settings, highlighting the potential for significant airborne transmission
of pathogens [4-6]. Similarly, research by Liu et al. underscores the persistence and concentration of airborne particles in confined
spaces, further stressing the importance of ventilation systems in mitigating risk [7]. Furthermore, a study by Nicas et al. explores the
quantitative framework for the infection risk of aerosols in various indoor scenarios, providing essential insights into effective isolation
strategies [8-10]. Our study builds on this collective body of knowledge by focusing specifically on the role of door operations and door
gaps in aerosol transmission during home isolation. Cava et al., explored the experiences of home isolation during the 2003 outbreak of
Severe Acute Respiratory Syndrome (SARS) in Toronto [11]. Elgendy et al., investigated the knowledge and adherence to home
isolation guidelines among COVID-19 patients and their close contacts [12]. Their findings revealed a satisfactory level of awareness
and compliance with home isolation guidelines among individuals affected by COVID-19. Guo et al., developed an individual-based
computational model to simulate the occurrence, infection, detection, isolation, and release (recovery) processes of asymptomatic
SARS-CoV-2 infections or patients within a community setting [13]. Zhang et al., constructed a stochastic discrete model focused on
the 2021 COVID-19 outbreak in Guangzhou to compare the efficacy of centralized quarantine and mandatory home isolation measures
[14]. T However, our study differs by using the Lattice Boltzmann Method with Large Eddy Simulation (LBM-LES) to model the specific
impact of door gaps and movements under various natural ventilation rates.

However, during home isolation, the opening and closing of isolation room door and the gap between the door leaf and the floor can
potentially increase the risk of infection [15]. When the door is frequently opened and closed, it may induce airflow, allowing viruses
or bacteria to spread from the isolation area to other areas. Additionally, the door gap can serve as a pathway for the transmission of
pathogenic aerosols, further increasing the risk of infection among household members [16]. Therefore, it is important to understand
the research on the impact of the door gap on the leakage of contaminants. For example, studies have investigated the infiltration of
pollutants caused by the opening and closing of the door and the door gap in various environments [17-20]. Exploring the principles
and factors influencing the dispersion of contaminants caused by door gap can provide scientific evidence for designing and improving
ventilation and air purification systems in buildings. This knowledge has significant practical applications in the context of home
isolation, laboratories, and healthcare facilities.

The Lattice Boltzmann Method with Large Eddy Simulation (LBM-LES) is an advanced computational fluid dynamics technique that
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combines the advantages of LBM and LES to achieve high-precision and efficient simulation of complex flow phenomena [21]. In the
field of indoor ventilation research, LBM-LES has demonstrated significant advantages in simulating detailed flow structures and
turbulent characteristics involved in aerosol transmission within complex indoor environments. For example, Sajjadi et al., utilized
LES, RANS, and hybrid RANS/LES turbulence models within the LBM framework to study turbulent indoor airflow, specifically
simulating airflow patterns around human bodies using the MRT-LBM approach [22]. Han et al., discussed the effectiveness of a novel
wall treatment method based on LBM-LES in predicting indoor and outdoor airflow in building environments [23]. Chen et al., dis-
cussed the application of unique boundary conditions in LBM in the field of building environment [24]. These studies demonstrate the
wide application prospects of the LBM-LES method in the fields of indoor ventilation and infectious disease transmission research.
Therefore, this study will utilize the LBM-LES method for simulation research.

The objective of this study is to investigate the influence of the isolation room door on aerosol transmission and exposure risk in the
home isolation environment under different natural ventilation rates using the LBM-LES method. The research methodology comprises
several sequential steps. The research methodology comprises several sequential steps.

Firstly, the reliability of the LBM-LES method is ensured through validation, as detailed in Appendix A. Subsequently, the indoor
environment of a typical residential layout in Wuhan is modeled and transient simulations are conducted using the LBM-LES method.
The simulations encompass various indoor ventilation scenarios under different natural ventilation rates, including leaks caused by
prolonged closure of the room door and leaks occurring during the door opening and closing process. Next, the infection risk is assessed
based on the simulation results. Finally, appropriate guidelines for indoor activities and architectural layout design are provided based
on the evaluation outcomes. These steps interconnect to form a cohesive research approach, from validating the method, modeling the
environment, conducting simulations, assessing risks, and providing practical recommendations.

This study’s key significance lies in its deep exploration of aerosol transmission paths and infection risks within home isolation
environments, focusing on creating safe isolation spaces at home. By determining appropriate ventilation conditions and door usage,
we aim to control aerosol transmission. Additionally, the research provides practical guidance for healthy family members to avoid
infection from isolated individuals.

2. Methodology

This diagram outlines the methodology of a study on aerosol dynamics and infection risk assessment using various computational
and statistical methods. It starts with the Multi-Relaxation Time Lattice Boltzmann Equation (MRT-LBE) method for fluid dynamics
simulations, followed by aerosol calculations using a Drift Flux Model. The statistical analysis section includes the Wilcoxon Rank-Sum
Test and Cliff’s Delta for assessing ventilation scenarios, and a dose-response model to evaluate infection risks, culminating in the
development of a risk matrix. This approach integrates theoretical modeling and practical assessments to study indoor air quality and
its health impacts.

2.1. Overview of the MRT-LBE method

We selected the LBM-LES method because it combines the high accuracy of capturing turbulent flows with the computational
efficiency and flexibility needed to handle complex indoor geometries and boundary conditions. This method is particularly effective
for detailed simulations of aerosol transmission, allowing us to accurately model the intricate flow dynamics and aerosol dispersion
patterns in home isolation scenarios, which are essential for understanding and mitigating infection risks.

The Lattice Boltzmann Equation (LBE) is a method that models fluid flows based on kinetic theory and the Boltzmann formula, as
opposed to the conventional method of solving the Navier-Stokes equations directly [25]. The LBE monitors the evolution of the
discrete velocity distribution function fi(x,t) at a position x and time t, using a Multi-Relaxation Time (MRT) collision model, as
described by equation (1) [26]:

Fx + ciAt, t + At) = f(x, t) — M~ 'S[m — m®] At (€))

where At is the temporal discretization step, M is a matrix that converts the distribution function vector f from the velocity space to a
moment space vector m, and S is a diagonal matrix obtained according to equation (2). The viscosity coefficient v can be calculated
using equation (3).

S = diag(0,S:,8S>,0,54,0,S4,0,84,Sg, S10, S, S10, S13, S13, S13, S16, S16, S16) (2)

1/1 1 1/1 1
v=3(52) =30 2) ©

To simulate turbulent motions at high Reynolds numbers, the Lattice Boltzmann-Multi-Relaxation Time (LBM-MRT) method can be
combined with a Large Eddy Simulation (LES) subgrid model [27]. In this paper, the commonly used Smagorinsky eddy viscosity
model is adopted. The viscosity coefficient is adjusted by adding the subgrid scale viscosity v, to the laminar viscosity vy, as described
by equation (4). The turbulent viscosity v, is determined by the Smagorinsky parameter C;, the modulus of the strain rate tensor |S|,
and the filtering scale A, as described by equation (5).

V=Vvo+W “4)
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Vsgs = (CsA)%IS] )

The zero- and first-order moments of f; are the fluid density p and velocity u, respectively, as described by equations (6) and (7).

p(x= t) = Zfi(xvt) (6)

pu(x,t) = Z cifi(x, t) 7

i

2.2. Drift flux model for aerosol calculation

We use a drift flux model developed based on the Euler method and apply it into LBM method to numerically describe the migration
of aerosol in indoor environments [28]. The transport equation (8) considering the removal mechanisms of turbulent diffusion,
sedimentation rate of aerosol in the air can be written as:

aC;

g + V- [(u + vs,i)C,«} =V- [(Dl + gp.i) VCJ + Sd,i (8)
where C; is the concentration of aerosol i, v, ; is the aerosol settling velocity, &p; is the aerosol eddy diffusivity, D; is the Brownian
diffusion coefficient, and Sg; is the sink term for the deposition of aerosol i and it is expressed as:

MCM 9)

cell i

Sai=—

where the summation in parentheses is over all wall faces of the first layer grids near the wall; v4; is the local deposition velocity, which
was evaluated using the method suggested by Lai and Nazaroff [29]; A, is the face normal vector; V. ; is the grid cell volume; and C,,,;
is the local concentration of the near-wall cell. The deposition of bacteria onto the wall surface has been included in the deposition sink
term (Eq. (9)).

In the model, heat and humidity, air temperature, and relative humidity within the test chamber were assumed constant, and heat
and moisture transfers were not included.

2.3. Wilcoxon rank-sum test and Cliff’s delta

We use the Null Hypothesis Significance Testing (NHST) to evaluate the impact of different operating scenarios (door opening and
closing and different ventilation rates) on pollutant release during the experiment [30]. The analysis depends on the sample size and
the size of the effect. This study uses two non-parametric statistical tests to analyze the differences in concentration of the flow field
specific regions between different ventilation scenarios and the door opening process: (i) Wilcoxon rank-sum test (i.e. U test); (ii) Cliff’s
Delta. The U test is used to compare if the overall mean ranks of two samples are different [31]. A p-value <0.05 indicates rejection of
the null hypothesis (i.e. no difference) and acceptance of the alternative hypothesis. Cliff’s Delta is a measure of effect size used to
quantify the difference between two populations beyond the interpretation of the p-value [32]. The results of the effect size are
interpreted by the absolute value |d|, including negligible (|d|<0.147), small (0.147<|d|<0.33), moderate (0.33<|d|<0.474), and
large (0.474<|d)).

Table 1
Variables and Parameters in Dose-response model.
Parameters ~ Description Specific Value or
Equation
c Pathogen content in the saliva or phlegm produced by respiration, obtained from large-scale patient samples. It’s 10° TCIDso/ml
measured in units of TCID50, which is the average dose causing infection in 50 % of the population through tissue culture
[36].
f() Viability function representing the changing activity of viruses or bacteria in the aerosol over time [37]. f(t) = 0.0351e 0201t
m Number of spatial divisions in the fluid. -
Jj A certain segment in the space -
B; Size-specific settling rate of the aerosol in the respiratory tract for the j-th division [38]. p=0.6
T Fitting parameter that makes P;(ty) = 0.5 when the infection dose is ID50, representing the infectiveness of the aerosolin ~ r = 0.385
the respiratory tract for the j-th division [38].
q Exhalation frequency -
p Pulmonary ventilation rate of the susceptible person, assumed to be a relatively inactive group with a metabolic rate of -
1.2 [39].
to Exposure time. -
v(t); Volume density of the aerosol, normalized with the average initial aerosol concentration measured at the mouth [40]. 0.092/cm?®
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2.4. Infection risk assessment: dose-response model

A dose-response model is a statistical model used to link exposure to a treatment or intervention to the response or outcome [33]. It
is widely used in fields like pharmacology, toxicology, and environmental health to study the impact of substances on living organisms.
To build a dose-response model, large-scale experiments are needed to determine the relationship between the pathogenic dose and
infection risk of a pathogen. The ID50, or the dose at which 50 % of the population is infected, is used to define this relationship [34].
improved the basic dose-response model by including factors like aerosol size and spatial heterogeneity. They developed a formula to
predict the time-varying infection risk of individuals in different states (stationary or moving).

m

P1<ro)—1—exp<2 ri6,cpato / ’ V(t)f(t)dt> (10)

=1

This paper calculates the time-varying infection risk based on the more mature model for influenza A, with specific parameter
values taken from Ref. [35]. Please refer to Table 1 for specific value.

In this study, a risk matrix is established to evaluate the infection risk by incorporating both the likelihood of the risk event and its
potential impacts. The risk, probability, and consequence levels are expert-determined and categorized into five intervals based on a
score range of 0-10. The consequence of the event is quantified through the average infection probability among susceptible in-
dividuals in indoor environments, which serves as the basis for classifying the level of consequences, as presented in Table 2 [41].

3. CFD setups in numerical modeling
3.1. Simulation setup

3.1.1. Typical residential layouts selection

This study applies architectural typology principles to analyze residential unit layouts in Wuhan, Hubei Province, China, spanning
2014 to 2024. Initially, a survey was conducted to assess housing preferences across various age groups, focusing on internal living
area, room types, and environmental factors. The analysis identified three popular layouts: two-bedroom with one living room, three-
bedroom with two living rooms, and four bedroom with two living rooms, with a particular demand for south-facing three-bedroom
units.

Images of these units were collected across 13 administrative districts and 77 neighborhoods in Wuhan, totaling 198 units, of which
63 met the survey criteria and were included in the dataset. Urban residential designs tend to show significant similarities due to
standardized design methods, reflecting a maturity in layout configurations.

The study employs similarity theory to systematically select typical unit types based on a mathematical statistical analysis of
features like geometric dimensions, form indices, the number of bays and depth units, and total floor area. This approach uses the mean
as a similarity parameter to gauge the distribution of features across units, identifying those with the most concentrated similarity for
further analysis. The findings are summarized in Table 3.

This study utilized clustering algorithms to analyze residential layouts in recent year constructed residence buildings in Wuhan,
aiming to identify representative types for urban planning and design. During the data preprocessing stage, collected layout data were
standardized to ensure balanced influence across each feature dimension. Feature selection focused on key factors affecting comfort
and spatial functionality, such as interior living area, orientation, unit depth, and the number of partitions. The K-means clustering
algorithm [42] was employed, involving random selection of K cluster centers and iterative updating of these centers based on
minimizing the Euclidean distance between each point and its cluster center, until the clustering results stabilized. Multiple experi-
ments determined that K = 5 is the optimal number of clusters, as it adequately reflects the diversity and inherent patterns of the
housing types.

The clustering revealed common characteristics: interior areas ranging from 89 to 127 square meters, 2-3 bays on both the north
and south sides, and unit depths of 2-3. Room distribution included two rooms along the depth (west outer wall) and a total of 3-4
rooms in depth, with 1-2 partitions in the living and master bedrooms. These findings reflect market demands and contemporary
design trends, emphasizing aspects such as sunlight, ventilation, and privacy.(see Fig. 1)

3.1.2. Computational domain description
Based on the clustering analysis described previously, this study identified the fundamental characteristics of typical residential
units in Wuhan. A residential layout that exhibits these characteristics was selected as the subject of our study (see Fig. 2(a) and (b)).

Table 2

Consequence level and score based on infection probability.
Infection probability P/% Probability level Acceptable level
<15 Extremely Low Probability of Occurrence Negligible
15-30 Low Probability of Occurrence Partially Acceptable
30-60 High Probability of Occurrence Unacceptable
>60 Extremely High Probability of Occurrence Unacceptable
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Table 3
Similar characteristics of unit types to be surveyed.
ml m2 m3 m4 mS mé m7 m8 m9
Interior North- South- Unit North-facing Depth-direction Depth-direction Living Room Master Bedroom
Area facing Bay  facing Bay = Depth Bay Number Rooms (west outer Rooms (all bays) Openings Count Openings Count
(m?) wall)
Start
Overview of MRT-LBE Method Statlstica{Anal}'sls
Lattice Boltzmann-Multi-Relaxation Time Method Drift Flux Model for Aerosol Calculation Wilcoxon Rank-Sum Test and Cliff's Delta Infection Risk Assessment: Dose-Response Model
Equations for LBM-MRT Transport Equation for Aerosol Effect Size Interpretation Calculation of Time-Varying Infection Risk
Large Eddy Simulation with Smagorinsky Model Aerosol Deposition Equation Establishment of Risk Matrix

Fig. 1. Methodology diagram.

This layout is a well-regarded residential unit situated in Wuhan, Hubei Province, China. Notably, it was acclaimed as one of the top ten
residential designs in 2022. The residential unit is south-facing and adjacent to a street, consisting of three bedrooms, one dining room,
one living room, and two bathrooms, with a total floor area of approximately 100 square meters. The master bedroom, situated on the
southern side, has an en-suite bathroom, making it suitable for home isolation [43].

To simulate a realistic home isolation scenario, this study assumes the presence of an individual infected with influenza A, who
remains in a prone position on the bed in the master bedroom for an extended period. The individual’s mouth serves as the source of
pathogens; however, the geometric complexity of the human body is not considered in the calculations.

A sliding window is present on the southern wall of the residential unit. Assuming a constant outdoor wind speed, the patient can
control the ventilation rate inside the room by adjusting the opening size of the sliding window. It is assumed that the door to the en-
suite bathroom within the master bedroom remains closed, and there is only a small gap between the master bedroom and the
bathroom. When the door between the master bedroom and the dining room/living room is closed, the two rooms are connected
through a small gap, which is the main focus of this study.

The computational domain is set within the red boundary shown in Fig. 2(a), including the master bedroom (excluding the
bathroom), the living room, and the dining room. The living room is connected to an open balcony through a floor-to-ceiling sliding
door, which can only be opened up to 50 % of its total area. This study assumes that the door remains half-open on the western side for
an extended period.

In this research, particular attention is given to the area enclosed by the blue dashed lines (0.7m < z < 1.6m), which corresponds to
the commonly occupied and active regions, commonly referred to as the breathing zone. These areas, including the living room
(Livingroom), dining room (Diningroom), the vicinity of the master bedroom door (Neardoor), and the overall outside area of the
master bedroom (Outroom), constitute the main focus of our study investigation. To further analyze and understand individual
exposure and infection risks within different regions, three sensors are placed in various locations inside and outside the bedroom. By
collecting data from these sensors, This study can conduct in-depth research and quantification of potential infection risks in different
environmental and spatial settings.

3.2. Boundary conditions and case setting

Within the computational domain, there are two windows on the same side of the building. Typically, the wind pressure on the
same wall side remains relatively consistent; however, in this layout, due to the balcony’s influence on airflow disturbance [44], the
sliding doors in the Livingroom experience a relative negative pressure compared to the sliding windows in the bedroom. Conse-
quently, the overall airflow direction within the home is from the bedroom towards the living room. To validate this conclusion, the
residential unit was placed in an idealized urban block for CFD simulation, which confirmed the scientific validity of these results [45].
Additionally, the average pressure difference between the two windows was used to estimate an entrance wind speed of approximately
0.1012 m/s (Appendix B).

Additionally, based on the study by Xiong et al. [50], the window airflow velocity in a single-sided ventilated room adjacent to a
street canyon in Wuhan, under strong outdoor wind conditions (wind speed of 3 m/s), was found to be 0.1008 m/s, which is very close
to the wind speed calculated based on the pressure difference between the inlet and outlet (0.1012 m/s). Therefore, this study believe
that this inlet boundary condition is in line with physical reality. This airflow velocity is considered as a constant value for the master
bedroom window in this study. According to the "Code for Design of Civil Buildings Heating, Ventilation and Air Conditioning ( GB
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(b) 3D Schematic Diagram

Fig. 2. Schematic diagram of the computational domain.

50736-2012 ) ," the air exchange rate in a bedroom should not be less than 0.75 air changes per hour (ACH). Moreover, previous
research suggests that an air exchange rate of more than 6 ACH per hour can effectively reduce the persistence of the coronavirus in
indoor spaces [16]. Therefore, the indoor air exchange rate is set within the range of 0.75-6 h™!. The mouth and nose are simplified as
a 3 cm diameter circle, and the breathing velocity at the mouth is modeled as a sine function. To simulate realistic breathing

Table 4
Standard calculation conditions.
Items Content
Number of grids 0.68 million (approximately)
SGS model WALE [46]
Inflow Velocity inlet; U = 0.1008 m/s
Outflow Zero-gradient condition
Pollution source Velocity inlet; U = 1.66 * sin (2 * pi *t/15) m/s [27]; ¢ = 0.092/cm?® [40]
Aerosol size Dp =10"°m [47]
Wall & Ground No-slip wall with wall function [23]
Relaxation time scheme MRT [48]
Collision model D3Q19 [49]
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conditions, the maximum exhalation velocity is set to 1.66 m/s [51], the aerosol concentration at the mouth is 0.092/cm3 [40], and
the breathing frequency is 15 breaths per minute [39]. There are two outlet boundaries, namely, the door gap connecting the master
bedroom and the bathroom, and the western half of the sliding door in the living room, which are set as outflow boundaries. The door
gap size connecting the master bedroom and bathroom is 0.8 * 0.03m, and the door gap size connecting the living room, dining room,
and master bedroom is 0.6 * 0.03m. Specific computational parameters are provided in Table 4.

In certain scenarios involving a series of actions such as opening, staying, and closing the door, they are set as uniformly opening
the door (with a duration of 4 s and an angle of 45°), staying for 7 s, and closing the door (with a duration of 4 s and an angle of 45°).
The specific scenario settings are shown in Fig. 3 [17]. The initial flow field for cases 2 to 9 is obtained from the computation result of
case 1. Taking case 2 as an example, the calculation starts from all windows closed and natural breathing of the human body (natural
aerosol transmission) and continues for 12 h until the flow field reaches a steady state (case 1). Subsequently, the master bedroom
window is opened to ensure an air exchange rate of 0.75. A series of open-stay-close door actions (approximately 15 s) are performed,
and the computation continues for 2 h. The other scenarios are conducted in a similar manner.

4. Result and discussion
4.1. Door gap leakage with no ventilation

Under conditions of prolonged ventilation absence, the leakage of aerosols through the door gap is negligible compared to the
aerosol exhaled from the mouth, as shown in Fig. 4(a), and Inroom refers to the space within the quarantine room and Outroom refers
to spaces in dining room and living room (outside the quarantine room). In this case, the primary manifestation in the isolation room is
the accumulation effect of aerosols. Throughout this period, the average relative aerosol concentration outside the isolation room
remains at a low level (<0.04).

Compared to the Diningroom and the Neardoor, the accumulation effect of aerosols in the Livingroom area begins earlier, as
depicted in Fig. 4(b). This earlier accumulation is attributed to the Livingroom’s proximity to large wall surfaces, which facilitates
aerosol deposition and retention. The walls create a barrier that limits airflow, allowing aerosols to settle more quickly in this area.

However, in the Neardoor space, the airflow diffusion direction is more open, which hinders aerosol accumulation. The open
airflow in this region promotes dispersion and reduces the likelihood of particles settling, delaying the accumulation effect.

Although different regions exhibit variations in the initiation time of aerosol accumulation, the aggregation rate remains similar
across all areas. This consistency in the aggregation rate indicates that while initial accumulation times vary due to local airflow
conditions and physical barriers, the overall dynamics of aerosol aggregation follow a comparable pattern once initiated.

Based on the time-averaged analysis of the aerosol concentration in the flow field, Fig. 5(a)-(d) show the streamlines and con-
centration distribution in different planes, significant aerosol accumulation effects are observed on the west wall and floor. Specif-
ically, the central region of the west wall exhibits the highest relative aerosol concentration in the external isolation room. This
phenomenon is primarily attributed to the airflow discharged through the door gap, which generates a clockwise perturbation flow
field outside the isolation room. Simultaneously influenced by wall surfaces and gravity, the airflow velocity in this region decreases.
From a planar perspective, the airflow forms a clockwise and counterclockwise vortex motion in the north and south sides of the dining

Start relcasing Window Door Door

(window closed) Aicrosolaccumulation opened opend closed End
Case 1
ACH=0.75
Case 2
I
Case 3
IR I
Case 4
I I
Case 5
I N
Case 6
IS N I
Case 7
IS N N
Case 8
IR I
Case 9
0 43200 46800 46815 54000
Time (s)

Door and window closed (12 hours)

P Door closed and window opened, maintaining a certain ACH
[ Door opening and closing proccess (15 scconds)

Fig. 3. Case settings.
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room and living room, respectively. At the intersection of these two vortices, the airflow velocity is relatively slow in the central region
of the west wall, leading to aerosol accumulation in that area.

4.2. The impact of natural ventilation rates

4.2.1. The impact of ventilation rates on door gap leakage

Fig. 6(a)-(d) presents the average concentration in different respiratory zones under different ventilation rates, the t = 0 here
represents t = 43200s as shown in Fig. 3, which means adding different ventilation rates (without opening or closing doors) after
43200s without ventilation. During the initial period of window opening, the sudden increase in ventilation rate results in a pro-
nounced aerosol transport effect, leading to one or more peaks in the outside aerosol concentration. A higher ventilation rate results in
an earlier occurrence of peaks in aerosol concentration, and when the ventilation rate is kept constant, the peaks and troughs are more
closely aligned with the ventilation rate.

In cases with higher ventilation rates (such as case 5, case 7, and case 9), the peaks in aerosol concentration end before 4000s,
followed by a gradual decrease in concentration, indicating that ventilation primarily acts as a means of aerosol clearance. When the
ventilation rate is set at 3 or 6 air changes per hour (case 7 and case 9), the leakage through the door gap in different zones exhibits
similar characteristics, with aerosol concentrations stabilizing around 0.04. This suggests that when the ventilation rate exceeds 3, the
aerosol leakage through the door gap starts to exhibit similar features. However, under lower ventilation rates (such as case 3), the
peak in aerosol concentration is less prominent, indicating that aerosol leakage through the door gap in the Outroom continues to
accumulate, showing a gradual increasing trend.

It is evident that, in the presence of ventilation in the isolation room, there is a certain degree of aerosol leakage from the outer
environment. The average peak relative concentration of outdoor pollution is approximately 0.075, which occurs briefly after window
opening and gradually dilutes to around 0.04. Under higher ventilation rates, both the accumulation and clearance cycles of aerosols
are relatively short. However, under lower ventilation rates, the outer environment can maintain a relatively high aerosol concen-
tration over an extended period. Based on our findings, when designing isolation rooms for epidemic prevention purposes, it is crucial
to minimize the size of the door gap to reduce aerosol leakage. Our simulations suggest that even small gaps can lead to significant
aerosol transfer, especially at lower ventilation rates. To optimize door gap sizes, it is recommended to keep gaps as narrow as possible,
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Fig. 6. The average concentration in different respiratory zones for different ventilation rates with time variety (The start time corresponds to the t
= 43200 in cases above).
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ideally less than 3 mm, while ensuring that the door can still function properly. Additionally, maintaining a ventilation rate of at least 3
air changes per hour within the isolation room can help mitigate aerosol accumulation and reduce infection risk.

4.2.2. The impact of ventilation rates on door opening leakage

By comparing the effects of door opening and closing under the same ventilation rates, this study observed significant differences in
the manner and magnitude of their impact on the airflow field, the t = 0 here represents t = 43200s as shown in Fig. 3, which means
adding different ventilation rates without opening or closing door after 43200s without ventilation. Among the sensors, sensor 1,
which is located closer to the door, exhibited the highest sensitivity to changes in the airflow resulting from door operations. Therefore,
our study analysis was primarily based on the data collected from sensor 1. To mitigate the potential influence of consistent data before
performing door operations (prior to 3600s), This study focused on statistical analysis within the timeframe of 3600s-10800s.

In cases 2 and 3, the door operations initiated at 3600s resulted in significant indoor aerosol leakage, with sensor 1 exhibiting
multiple distinct peaks in aerosol concentration, approximately three times higher than the leakage value through the door gap. The
aerosol leakage caused by door operations took approximately 3000s to be cleared. Therefore, under lower ventilation rates, the door
operations have a substantial impact on the airflow field (p < 0.05, |d| > 0.474). Individuals from the outdoor environment should
avoid approaching the isolation room door during the short period following door operations when the ventilation rate is low (as
shown in Fig. 7(a)).

When the ventilation rate is set at 1.5 air changes per hour (as shown in Fig. 7(b)), the door operations have a significant impact on
the airflow field, but the magnitude of the impact is moderate (p < 0.05, |d| < 0.33). At a ventilation rate of 3 air changes per hour (as
shown in Fig. 7(c)), opening the door results in aerosol dilution, leading to a temporary and pronounced decrease in aerosol con-
centration at the monitoring point. This is because, under higher ventilation rates, the aerosol concentration inside the isolation room
is similar to that of the outdoor environment, and opening the door allows the aerosols accumulated near the door to disperse rapidly,
resulting in a transient dilution effect (p < 0.05, |d| < 0.147). When the ventilation rate is set at 6 air changes per hour (as shown in
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Fig. 7. Impact of Ventilation and Door Conditions on Relative Average Concentration at Sensorl (The start time corresponds to the t = 43200 in
cases above).
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Fig. 7(d)), the door operations have no significant impact on the airflow field (p > 0.05, |d| < 0.147).

In the study of airflow characteristics, the opening and closing process of doors have a significant influence on the airflow behavior.
Considering case 2, Fig. 8(a) illustrates the situation during the 4-s period when the door transitions from a closed state to a 45-degree
open state. During this period, the airflow velocity increases, and a low-pressure region is formed in the area after the door is opened,
promoting the movement of airflow from high-pressure areas to low-pressure areas. A large amount of indoor airflow flows out of the
isolation room through the open door, creating a vortex that appears in the area outside the bedroom opposite to the direction of door
opening, with the main airflow direction being westward and southward. Fig. 8(b) depicts the situation during a 7-s period when the
door remains open. During this time, the outflow of indoor airflow decreases, and the previously formed vortex migrates and expands
towards the exit boundary, while a new vortex forms on the northern side. Fig. 8(c) presents the situation during the 4-s period when
the door transitions from the open state to the closed state. Due to the obstruction of the airflow outlet, the indoor air pressure
correspondingly increases, and the vortex on the southern side continues to expand. Therefore, this study can infer that the opening
and closing actions of the door significantly affect the organizational morphology of the airflow field, further influencing the dispersion
and distribution patterns of aerosols.

4.3. Infection risk assessment

Fig. 9 depicts the infection risk in various regions outside the bedroom during an extended 12-h period of indoor non-ventilation.
The results indicate that the overall infection risk in the monitored regions is exceptionally low and can be disregarded. While there is a
slight elevation in infection risk near the proximity of the bedroom door, the likelihood of infection remains exceedingly low.
Consequently, under conditions of inadequate indoor ventilation in the isolation room, the extended presence and activities of in-
dividuals in the outdoor environment pose a highly minimal risk of infection.

The infection risk in different regions for cases 2 to 9 was computed and presented in Figs. 10 and 1(a) to (d) show the infection risks
of ACH = 0.75, 1.5, and 3.6 in different regions. Through hypothesis testing, this study observed statistically significant differences in
the impact of door opening and closing actions on the infection risk, although the effect size was relatively small when considering the
same ventilation rate (p < 0.05, |d| < 0.2). Consequently, when evaluating the infection risk in diverse regions, this study selected
representative cases that encompassed door opening and closing actions, namely cases 2, 4, 6, and 8, for subsequent analysis. The
infection risk was calculated using a dose-response model as detailed in Section 2.4. This model links pathogen exposure to infection
risk by considering factors such as aerosol size, spatial heterogeneity, and time-varying infection probabilities.

From an overall perspective, when considering the same ventilation rate, there are minimal differences in the spatially averaged
infection risk among various regions (p < 0.05, U test; |d| < 0.2). Increasing the ventilation rate leads to a slight elevation of
approximately 10 % in the infection risk across all regions and reduces the duration of low infection probability from an average of
5000s to an average of 4500s. In cases where the bedroom maintains a specific ventilation rate, the average infection risk for in-
dividuals who partake in prolonged activities in the external regions of the bedroom amounts to approximately 60 %, indicating a high
probability of occurrence. Therefore, in scenarios where there are isolated patients residing in the bedroom for extended durations
while healthy individuals conduct activities in the surrounding communal areas, it is not advisable to maintain ventilation within the
bedroom to mitigate the influence of the bedroom door on infection risk. However, in situations where ventilation is upheld within the
master bedroom and healthy individuals require engagement in activities within the shared spaces outside the bedroom, it is rec-
ommended to limit the duration of continuous activity to no more than 75 min to uphold a lower infection risk.

Among the four designated regions, the living room (Livingroom) area demonstrates the highest susceptibility to infection, fol-
lowed by the dining room area (Diningroom), whereas the near-door area (Neardoor) outside the bedroom exhibits the lowest sus-
ceptibility. The overall infection risk in the vicinity of the bedroom is comparable to that observed in the dining room area. This

(a) Flow field during door (b) Flow field during door (c¢) Flow field during door
opening process opening closing process

Fig. 8. Flow field during the opening and closing process at a height of z = 0.7m in case2.
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Fig. 10. Impact of Ventilation Rates on Infection risk.

observed phenomenon can be attributed to the living room area’s position in the downwind direction of the airflow and its proximity to
expansive wall surfaces, which facilitate aerosol accumulation. Despite the near-door area outside the master bedroom being in close
proximity to the pollution source, its open spatial configuration enhances aerosol clearance efficacy.

In cases with lower ventilation rates, such as case 2 and case 3, there is a significant disparity between the infection probabilities at
sensor 2 and the infection probabilities based on spatially averaged regions. This disparity is not observed in cases with higher
ventilation rates, indicating that at lower ventilation rates, the aerosols in the airflow do not achieve uniform mixing, and the infection
risk is strongly influenced by an individual’s location. Therefore, a more precise analysis of overall infection risk needs to consider
individual behavior trajectories. However, at other monitoring points, the infection risk is highly similar to the overall infection risk in
their respective nearby regions. This suggests that, under limited measurement conditions, utilizing the infection risk at monitoring
points as representative of the infection risk for a specific region is feasible.
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5. Conclusion and limitation

This research employed numerical simulations to delve into the characteristics of aerosol transmission inside and outside isolation
rooms, as well as the risk of infection posed by individuals in home isolation to healthy individuals outdoors. Initially, this study
conducted an analysis of the spatial distribution of aerosol concentrations outside the isolation rooms based on time-averaged data,
along with an investigation of airflow patterns. Subsequently, this study examined the influence of ventilation conditions, door
leakage, and door opening/closing operations on aerosol concentrations and infection risks in different regions of the airflow.
Furthermore, this study explored the correlation between aerosol concentrations in various areas and their corresponding infection
risks, while also assessing the variations in infection risks under different ventilation conditions. Ultimately, this study derived
practical recommendations based on our study findings and proposed potential avenues for future research. In essence, this study
contributes significant insights in the following aspects:

1. Overall, under specific ventilation conditions, both door leakage and door opening/closing actions can lead to varying degrees of
indoor aerosol transmission into the adjacent area neighboring the isolation room, thereby posing a certain level of exposure risk to
individual. The magnitude of the risk mainly dependents on the ventilation rate in the isolation room and the duration of in-
dividuals’ stay.

2. In the absence of ventilation, door leakage has minimal impact on aerosol concentrations in the adjacent area neighboring the
isolation room, resulting in infection risks lower than 2 x 107>

3. Under ventilated conditions, the infection risk of people in adjacent room was significantly correlated with residence time. If in-
dividuals spend more than 3 h in that area, the average infection risk in the adjacent area may exceed 60 %.

4. Overall infection risk is minimally influenced by ventilation rates. For example, when ventilation rate increases from 0.75 to 6 air
changes per hour, the infection risk rises from 55 % to 65 % after 3 h. This may seem counterintuitive, since higher ventilation rates
do help disperse aerosols, but they also allow infected aerosols to spread more quickly into adjacent Spaces.

5. At lower ventilation rates, door opening/closing actions have a significant impact on the airflow, potentially causing transient
peaks in aerosol concentrations. However, when the ventilation rate is equal to or greater than 1.5 air changes per hour, it di-
minishes. And aerosol leakage between adjacent rooms primarily occurs through door gap instead of door actions. This finding
aligns with previous studies which have also found that door gaps are major pathways for aerosol leakage. Studies by Pantelic et al.
have shown that even small gaps around doors can allow significant aerosol transfer, especially at low ventilation rates [52].

6. With ventilation, the area near downwind walls opposite the door in the adjacent room has the highest aerosol and infection risk;
without ventilation, it’s the area close to the door.

In summary, this study extensively investigates the characteristics of aerosol transmission between indoor and adjacent areas in
isolation settings, as well as its implications for infection risk. The findings provide valuable insights for the development of practical
control measures. Based on the results, the following recommendations are suggested for real-world scenarios:

1. Setting up an isolation area within a confined space is a secure method for home isolation. Under such circumstances, the risk of
infection for individuals in the adjacent area can be considered negligible.

2. When the isolation room is ventilated, in order to maintain the infection risk below 30 %, it is advised to avoid prolonged stays in
the adjacent area exceeding 75 min. To reduce the infection risk to 15 %, it is recommended to avoid prolonged stays in the adjacent
area exceeding 35 min.

3. In the scenario of home isolation where frequent opening and closing of the isolation room door is necessary, it is recommended to
ensure a ventilation rate within the isolation room of equal to or greater than 1.5 air changes per hour in order to ensure the safety
of individuals in the adjacent area.

4. In the context of home isolation, individuals in the adjacent area should preferably engage in activities in open spaces, avoiding
areas near downwind walls.

5. When designing isolation rooms for epidemic prevention purposes, the size of the door gap is crucial. It is advisable to select
isolation room doors with better sealing performance.

However, to facilitate numerical simulations, this study has simplified the aerosol transmission process between the isolation room
and the outside environment to some extent. For example, it assumed uniform distribution of aerosol particles and neglected the
impact of indoor furniture, human presence, and other objects on the airflow field. These simplifications may affect the accuracy of the
simulation results. Furthermore, this study only considered a common household layout in Wuhan. Additionally, the study assumes
constant outdoor wind speed, a significant simplification given that variations in wind conditions can substantially impact aerosol
dynamics and ventilation strategies. Higher wind speeds might enhance ventilation, reducing indoor aerosol accumulation, while
lower wind speeds could lead to less efficient ventilation and higher concentrations. In real-time applications, these dynamic envi-
ronmental conditions can influence the effectiveness of aerosol management strategies. Recognizing this, future studies should
incorporate variable wind conditions and more diverse building layouts and climatic factors to better understand how these variables
influence aerosol transmission. This approach would make the simulation results more applicable to a broader range of scenarios and
more reflective of real-time environmental changes.

Moreover, using a dose-response model for influenza A to calculate infection risk for COVID-19 has limitations due to differences in
pathogen characteristics, transmission dynamics, and infection mechanisms. While the influenza A model provides a framework, it
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may not fully capture the specifics of COVID-19 transmission. The assumption that the characteristics of influenza A are comparable to
those of COVID-19 simplifies the modeling process but introduces inaccuracies. Future work will focus on developing dose-response
models specific to COVID-19, incorporating data on its aerosol behavior, infectious dose, and transmission characteristics. Addi-
tionally, validating these models with experimental and epidemiological data specific to COVID-19 would enhance their accuracy and
reliability. Exploring multi-pathogen models that can adapt to various respiratory diseases could also be a valuable direction for
improving infection risk assessments.

Lastly, these simplifications could lead to inaccuracies in predicting aerosol behavior, as real-world scenarios often involve non-
uniform particle distributions and complex interactions with furniture and occupants. Such factors can create localized airflow pat-
terns and areas of higher or lower aerosol concentration that are not captured in the simulations. Future research can improve the
accuracy and applicability of the simulation results by incorporating more realistic factors, such as the presence of furniture, varying
occupant activities, and different room layouts. Experimental validation with real-world data can also help refine the models and
improve their reliability, bridging the gap between theoretical simulations and practical, real-world applications.
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Appendix A. Validation of the LBM-LES model

The two-room model used in this study was derived from the experiments conducted by Alvin [53] and has been previously
employed to validate other indoor air quality issues. As shown in Figure A1, the model has dimensions of 0.8 m in length, 0.4 m in
width, and 0.4 m in height. The large opening divides the room into two sections, with spatial symmetry on either side of the opening.
The opening is centrally symmetric about the center plane, with a width (y) of 0.08 m and a height (z) of 0.24 m. The inlet and outlet
sizes are identical and positioned 2 cm away from the ceiling and floor, respectively. The inlet velocity is set at 0.225 m/s, and the air
change rate (ACH) is 10’1, based on a Reynolds number of 600 calculated from previous research by Posner in 2003, which serves as
the scaling standard for Reynolds number. The room air is initially clean, and particles are continuously supplied at a constant rate
along with the inlet air. The particle size is 10 pm, with a particle density of approximately 1550 kg/m"3. The simulation time using the
lattice Boltzmann method (LBM) and finite volume method (FVM) is 900 s, followed by a 100-s time averaging process.

15



X. Wu et al. Heliyon 10 (2024) e37967

Fig. AlSchematic Diagram of the Computational Domain

In order to compare the particle velocities and concentrations within the two-zone model indoor environment, the concept of
relative concentration is introduced in this chapter, with the concentration at the inlet set as 1. Figure A2 presents a comparison
between measured and predicted values of velocity and particle concentration along the x-direction. The simulation predictions
exhibit a similar overall trend to the experimental data and show a good agreement, except for the region near the floor where the
measured velocity is nearly zero. The overall trend of particle concentration matches well with the predicted trend from the numerical
model. In the second zone of the two-zone indoor environment, only a small number of particles is detected, indicating that the
concentration in these areas is nearly negligible. The Lattice Boltzmann Method (LBM) simulation generates higher relative con-
centrations near the bottom of the indoor environment, which can be attributed to the influence of particle density and the strong
settling effect observed in the particles. Overall, both LBM-LES and FVM-LES demonstrate consistent performance, effectively
capturing the flow characteristics. The simulation data in this study closely aligns with both the experimental and simulated data,
indicating that the lattice Boltzmann method can accurately simulate the flow field and particle distribution in a ventilated indoor
environment. Our model validation is based on previous study, where the FVM method was validated against experimental data using
FLUENT. Given that the FVM method is widely used and accepted, this provides a strong basis for validating our LBM-LES approach.
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Appendix B. Boundary condition determination

Fig. B1. Computational domain of street block
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Fig. B2. Target building facade and doors and windows numbering

Static pressure of each pair of doors and windows on the facade
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ID static pressure (D) static pressure (W) Difference D static pressure (D) static pressure (W) Difference
1 —1.95253 -1.71727 —0.23526 19 0.709587 0.724362 —0.01478
2 0.087732 0.02428 0.063452 20 —1.68719 1.208817 —2.89601
3 0.155611 0.059741 0.09587 21 —0.46868 —0.30679 —0.16189
4 1.064238 0.745515 0.318723 22 —0.72756 —0.50309 —0.22447
5 0.010251 0.071786 —0.06154 23 —0.80788 —0.63612 -0.17176
6 —0.22118 0.43837 —0.65955 24 —0.79882 —0.68825 —0.11057
7 —0.04239 —0.03741 —0.00498 25 —0.90486 —0.68718 —0.21768
8 —0.6091 —0.41631 —0.19278 26 —0.80946 —0.70875 —0.10071
9 —0.7027 —0.5951 —-0.1076 27 —0.84801 —0.71665 —0.13136
10 1.797581 —0.50901 2.306586 28 —0.8815 —0.59483 —0.28668
11 0.285931 —0.28006 0.565995 29 —0.92275 —0.56649 —0.35626
12 —0.12317 —0.05169 —0.07149 30 —1.05548 —0.77934 —-0.27614
13 —-0.27972 —0.07229 —0.20743 31 —1.14952 —0.92155 —-0.22797
14 —4.05484 —6.96414 2.9093 32 —1.20437 —0.99347 —-0.2109

15 —5.35899 —6.14732 0.78833 33 —1.15386 —1.11992 —0.03393
16 —0.06215 —0.05461 —0.00754 34 —0.95443 —1.16742 0.212986
17 —0.07006 —0.05198 —0.01809 35 —1.05104 —0.93286 —-0.11817
18 —0.07594 —0.07448 —0.00146 36 —0.88193 —0.95278 0.070856

As mentioned in Section 3.2, to clarify the impact of the balcony on airflow disturbance, this study positioned a residential building

in the center of a homogeneous urban block. All units within the building adhere to the typical layout found in Wuhan, as identified
through clustering methods. Considering the prevailing southerly wind direction in Wuhan [54], the computational domain’s inlet is
oriented due south with an adequate wake area. The simulation utilized approximately 1.6 million grids and employed the RNG k-¢
model. Both the building surfaces and the ground are treated as wall boundaries, the sky is modeled with moving wall boundary, and
the lateral boundaries are symmetric. The inlet uses an urban gradient wind boundary, and the outlet is set as an outflow boundary.
The specific dimensions of the computational domain are shown in Figure B1.

Figure B2 presents the facade of the building, with all the sliding doors connected to living room balconies (facing west) and
bedroom windows (also facing west) labeled and numbered. The naming convention for the sliding doors is "D’ (door) followed by a
numerical identifier, and for the bedroom windows, it is "W’ (window) followed by a numerical identifier, as detailed in Table B1.
Among the 36 units, 28 units show lower static pressure at the sliding door side compared to the bedroom window side, suggesting that
airflow enters through the bedroom windows and exits through the living room sliding doors. This airflow pattern is likely influenced
by turbulence caused by the balcony, allowing us to model the bedroom window as a relatively positive pressure inlet boundary. With
an average pressure difference of 0.006253pa across the 36 pairs of windows and doors, the ideal flow velocity under this pressure
differential can be calculated using Bernoulli’s equation (equation (B1)) :

2AP
V= /— (B1)
p

In equation, v represents the fluid’s velocity, AP is the static pressure difference between two points, measured in Pascals (Pa), which
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serves as the driving force for fluid movement from one location to another. The density of the fluid, p is measured in kilograms per
cubic meter (kg/m®). Under standard conditions, the density of air is approximately 1.225 kg/m>. Using equation (B1), the inlet
velocity of air through the bedroom window is approximately 0.1012 m/s. This result is remarkably close to the findings by Xiong et al.
[551, who observed an airflow velocity of 0.1008 m/s at a window of a single-sided ventilated room near a Wuhan Street canyon under
strong wind conditions (wind speed of 3 m/s).
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