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ARTICLE INFO ABSTRACT

Keywords: During the ongoing COVID-19 pandemic period, the airborne transmission of viruses has raised
COVID-19 widespread concern as daily activities are resumed in public buildings. It is essential to develop
Natural ventilation mitigation strategies of infection disease transmission (e.g., increase of ventilation rate) in
Classroom different scenarios to reduce the infection risk. For classrooms in schools, natural ventilation is

Window-integrated fan

generally used to provide outdoor air into rooms. However, the supply air volume depends
Infection risk

strongly on the local conditions, e.g., window opening size and outdoor wind speed. In this study,
the optimal design of classroom window openings is investigated, based on which low-cost
window-integrated fans are then employed to enhance the efficiency of natural ventilation and
infection disease control. Taking infected students as pollutant sources, numerical simulations are
carried out to predict the pollutant concentration under various scenarios of pollutant sources and
window opening modes (with/without fans), and to calculate the infection risk. It is found that by
redesigning window openings, the airflow distribution performance index (ADPI) can be
increased by 17% with corresponding infection likelihood decreased by 27%. The window-
integrated fan has a significant effect on improving ventilation performance and prevention of
infection disease transmission, leading to an ADPI of 99% and minimum infection probability of
11% for students sitting near the windows. This work can help to develop low-cost and effective
mitigating measures of infection disease in classrooms by using hybrid ventilation systems.

1. Introduction

The outbreak of Coronavirus Disease 2019 (COVID-19) is still attracting worldwide attention [1]. As of August 2021, a cumulative
total of 186 countries have been hit by this pandemic, which results in over 210 million confirmed cases and 4 million deaths with a
mortality rate of 2.1% (https://covid.cdc.gov/covid-data-tracker/#global-counts-rates). It has been agreed that COVID-19 transmit
primarily through close human-to-human contact as well as respiratory droplets [2]. Of these, smaller virus-containing droplets and
particles (known as aerosols with the diameter less than 1 pm) can be suspended in the air over long distances [3]. In this context, the
Centers for Disease Control and Prevention [4] and the World Health Organization [5] are calling for considerable attention to
airborne transmission of COVID-19 and mitigation strategies especially in public spaces, such as restaurants, offices, movies, schools,
etc.

In order to limit indoor airborne transmission, it is necessary to adopt additional layers of interventions like increasing air
ventilation, adopting high efficiency filtration and air cleaning systems like germicidal ultraviolet air disinfection (UVGI), controlling
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the air distribution patterns within indoor space, and modifying heating, ventilating and air conditioning (HVAC) systems and their
operation strategies [4,6]. In mechanically ventilated buildings, the dilution of airborne contaminants is done by increasing supply
airflow rate. The effectiveness of this approach highly depends on the distribution of supply air in the room, and its ability to remove
the contaminants from the breathing zone efficiently [7]. The distribution of supply air and efficient removal of contaminants depends
on number of factors including the location and type of supply diffusers, airflow rate and temperature, etc. [8]. Increasing outdoor
airflow rate will increase the building energy consumption and it is not sustainable [9]. Hence, series of low-cost and energy-efficient
ventilation measures for removal of indoor air borne contaminants have been investigated, such as physical barrier [10],
occupant-density-detection based ventilation system [11], UV + filtration [12], etc.

However, the huge challenge is how to control the dispersion of air borne contaminants in a naturally ventilated building, such as
school, office building, etc., where the outdoor wind and indoor/outdoor temperature difference are the main driving for air exchange.
The distribution and pattern of airflow in naturally ventilated building strongly depends on the location and size of the ventilation
openings [13]. Xu et al. estimated the airborne infection risk in U.S. schools and analyzed the impacts of different intervention
strategies, which illustrated the validity of increasing natural ventilation rate for reducing the infection risk [14]. Chen et al. indicated
that the natural ventilation can reduce indoor pollutants originating from outdoor sources in the range of 5%-20% [15]. The
wind-driven cross ventilation is considered as an efficient approach for ventilating public buildings [16]. Liu et al. investigated the
significant effect of natural ventilation paths on the pollutant dispersion and airflow characteristic [17]. A maximum reduction of 50%
in pollutant concentration was quantified for a cross-ventilated scenario commonly used in schools. The fallout of COVID-19 pandemic
has demonstrated that the current cross-ventilation design schemes (e.g., number and area of doors and windows) of most buildings
may be insufficient to provide the required ventilation rate to avoid the transmission of infection diseases [18]. Especially in public
buildings (e.g., classrooms), the ventilation levels based on existing opening modes of windows and doors are apparently lower than
the suggested ventilation standards towards COVID-19 [19]. Therefore, it is strongly suggested that the ventilation rate should be
increased to 2 air-changes per hour with a mask when staying in a classroom for more than 2 h [20]. Therefore, on the basis of
suggestions of social distancing ranged from 1 m to 2 m, optimizing the openings design of cross-ventilated rooms can help in the
prevention of COVID-19 spread in public shared spaces.

It is important to note that various environmental factors (including season, rain, outdoor wind speed and pollutant concentration
level) are major challenges in the design of naturally ventilated building [15]. Due to the unpredictability, uncertainties and stochastic
nature of outdoor weather, it is necessary to combine some types of mechanical systems (i.e., hybrid ventilation system) to maintain
optimal air exchange rate [21]. According to the guidance for building operations published by the American Society of Heating
Refrigerating and Air-conditioning Engineers (ASHRAE) [22], the use of fans is regarded as effective strategy. Omrani et al. reviewed
the vital effect of hybrid ventilation by integrating natural ventilation and ceiling fan under different scenarios on indoor air quality
during pandemics [23]. The indoor air distribution is greatly influenced by the fan location and speed and the room layout [24].
conducted the air speed measurements in various commercial buildings with different room configurations, fan types and locations,
and reported that the diagonal layout of ceiling fans can increase the average air velocity and uniformity. While in the case of
cross-ventilation rooms (e.g., classrooms), adding fan in the window (known as window-integrated fan) is prioritized among the
various schemes [4]. This approach guarantees the minimum required outdoor airflow rate and air distribution within a room. In
addition, the required air distribution can be achieved by adjusting the fan speed even when the windows are closed. However,

Typical classroom design
for safe indoor environment

Object

simulation | cross

validation | ventilation

Ensuring safe social distance
(occupant location & number)
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ventilation &

. o distance=1 m
infection risk

Optimizing window openings
(size & location & number)

Step 2 >

ventilation &

infection risk optimal mode

Installing window-integrated
fans (location & fan speed)
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Fig. 1. Flowchart of this work aimed at typical cross-ventilated classroom design for safe indoor environment, including ensuring safe social distance, optimizing
window openings and installing window-integrated fans.
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systematic research is needed to comprehensively study the air distribution in a naturally ventilated classroom, and to investigate the
influence of window size, location and number on the mitigating transmission of infectious diseases. A numerical simulation approach
is utilized to predict the airflow and pollutant concentration distributions under different infected sources and modes. The indicators of
ventilation efficiency and infection risk are used to evaluate the overall performance of various window opening modes and use of fans.

The outcome of study can be used as the best practice by designers for improving the airflow distribution in a naturally ventilated room
and prevention of air borne disease.

2. Materials and methods

A comprehensive numerical work is carried out to study the airflow and airborne distribution in a naturally ventilated room, where
wind driven outdoor air enters the room through window opening. The flowchart of this work is shown in Fig. 1. First, experiments are
performed to compare the measured data for model validation. The results of numerical simulation and grid independence are vali-
dated respectively based on the computational domains using indoor boundary and outdoor boundary. Through ensuring a safe social
distance in the classroom (i.e., at least 1 m), the location and maximum number of occupants are determined. Then, the size, location

and number of openings are redesigned for an optimal mode by considering ventilation efficiency and infection probability. The
impacts of window-integrated fans are investigated and discussed.

2.1. Classroom model

In this study, a naturally ventilated classroom was selected. The class room is located on the 2nd floor of a university building in
Nanjing [25], as displayed in Fig. 2. The classroom is 14.0 m (X) x 8.5 m (Y) x 5.0 m (Z) with a volume of 595 m3, and it is
cross-ventilated through opening doors and windows on the opposite side. There are 2 doors and 6 windows (a maximum of 2
openings) used for ventilation on the corridor side of the classroom, and 4 push-pull windows for ventilation and 4 sealed windows for
daylighting on the exterior wall side. A push-pull window is consisted of fixed area and movable area (i.e., movable window), and one
movable window can be opened at a time, i.e., a maximum of 4 openings for 12 push-pull windows. The dimensions of north and south
window used for ventilation are 0.8 m (X) x 0.7 m (Z), and 0.8 m (X) x 1.1 m (Z), respectively. The size of south fixed window for
daylighting is 2.4 m (X) x 0.55 m (Z). The door is assumed to be 1.1 m (X) x 2.1 m (Z). The classroom is set up with a front platform and
10 rows of desks, which can accommodate a maximum of 71 occupants (including 70 students and 1 lecturer) with each row of desk
can accommodate 7 students. The desks on both sides of the classroom are measured as 0.30 m (X) x 1.55m (Y) x 0.75 m (Z), and the
middle desks are 0.30 m (X) x 3.10 m (Y) x 0.75 m (Z). Moreover, the distance between each row of desks is 1 m (i.e., minimum safe

distance).
2.2. Experiment and simulation setups
2.2.1. Experimental monitoring

The experimental data from Ref. [25] are used for model validation, including outdoor meteorological parameters (e.g., wind
speed) and indoor environmental parameters (e.g., CO2 concentration). The experimental monitoring was performed based on a

push-pull
windows

| £ fixed area
movable area
X [ overall area

movable window

Fig. 2. Schematic diagram of a typical cross-ventilated classroom.
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Fig. 3. Sketch maps of computational domains using (a) indoor boundary and (b) outdoor boundary for a cross-ventilated classroom with current mode.

cross-ventilated classroom from October 2012 to December 2015. The instrument utilized for outdoor wind speed monitoring was
DAVIS portable weather station with the measurement range of 1-67 m/s, resolution of 0.1 m/s, and accuracy of +5%. The experi-
mental data were recorded at 1-min intervals. After obtaining the average CO, concentration in the classroom at three monitoring
points, the corresponding values of air change rate per hour (ACH) are calculated using the CO, tracer gas decay method assuming the
outdoor concentration remained constant during the experiment. The measured data of indoor and outdoor parameters are presented
in Table 1.

2.2.2. Numerical simulation

The commercial ANSYS Fluent 16.0 software is adopted for numerical simulations in this study. Note that the simulation work
about natural ventilation is generally carried out on the basis of the computational domain using outdoor boundary, which requires a
larger grid number. In this regard, the feasibility of the computational domain using indoor boundary should be investigated for wind-
driven natural ventilation (e.g., average velocity or pressure at the window openings based on the computational domain using
outdoor boundary is employed as indoor inlet boundary condition), in order to simplify simulation geometry and reduce computa-
tional intensity. The driving force of temperature is not considered due to the potential negligible temperature difference between
indoor and outdoor in the transition seasons (e.g., spring and autumn) that is more favorable to the usage of natural ventilation.

Fig. 3 shows the sketch maps of computational domains using indoor boundary and outdoor boundary, respectively. With regards
to the indoor computational domain in Fig. 3 (a), two doors and six windows (i.e., two north and four south windows) are opened in the
classroom, which is called, current mode. Of this mode, the south windows are set as the inlets and the doors and north windows are set
as the outlets. For outdoor domain in Fig. 3 (b), the inlet is at a 5H distance upstream and the outlet is at a 15H distance downstream (H
is the height of second-floor of building, H = 10 m). The lateral and top boundaries are at 5H distances away from the targeted
classroom on the second floor. Table 2 indicates the boundary conditions assigned to the computational domains using the outdoor
boundary. The inflow profile of wind speed (U,) follows the power-law type wind model with a power-law exponent (a) of 0.25, and
reference wind speed (Uy) is taken as 0.23 m/s at a height of H. The outlet is associated with the boundary condition of outflow, and
top and lateral boundaries are modeled with symmetry boundary condition. The geometric roughness height for the ground is 1.3 m
with a roughness height constant of 7. Table 3 displays the boundary conditions of computational domain using indoor boundary. The
south windows for ventilation (indicated as red color in Fig. 3) are set as the velocity-inlet with the average velocity of 0.12 m/s, which
can be obtained from the mean velocity magnitude at the window openings when using outdoor computational domain. The doors and
north windows (blue color in Fig. 3) are modeled as the pressure-outlet. The wall and desk surfaces are non-slip walls.

An incompressible and steady-state Reynolds-averaged Navier-Stokes (RANS) model, Re-Normalization Group (RNG) k-e¢ model, is
adopted for simulation of indoor environmental parameters, e.g., airflow velocity, pollutant concentration, etc. [26]. The general form
of governing equations can be written as:

V- (pug)=V- (FVIVW) +3S, 1)

where, p is density; u; is velocity vector; ¢ represents each of three velocity components, kinetic energy of turbulence, dissipation rate
of kinetic energy of turbulence, air temperature and pollutant concentration; I'y is effective diffusion coefficient; and Sy is source term.
For the simulation of pollutant distribution (droplets or aerosols produced by an infected student), the assumption of gaseous pol-
lutants is made in this study. According to ASHRAE [22], viruses mainly spread by means of droplets and aerosols when an infected
person coughs or sneezes. Droplets will fall to the ground within a spacing less than 1 m, while aerosols behave like gas spreading to

Table 1
Measured indoor and outdoor parameters of ACH, outdoor air volume and wind speed.

The openings: 2 doors, 2 north windows and 4 south windows (ref., Fig. 3)

ACH (b)) Outdoor air volume (m®/h) Average wind speed (m/s)
1.63 969.85 0.23
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Table 2
Boundary conditions of computational domain using outdoor boundary.
Boundary Type Conditions
Inlet velocity-inlet U; = Upy - (2/H)"
Outlet outflow
Ground rough surface roughness height of 1.3 m with a roughness height constant of 7
Top and laterals symmetry
Classroom wall non-slip wall
Table 3
Boundary conditions of computational domain using indoor boundary.
Boundary Type Conditions
Inlet (south windows) velocity-inlet 0.12m/s
Outlet (doors and north windows) pressure-outlet
Walls and desks wall non-slip wall

longer distances. In this work, a safe social distance of at least 1 m is ensured between the students. By assuming the negligible impact
of pollutant diffusions on indoor velocity field, user-defined scalar (UDS) is used for the simulation of pollutant concentration. From
the previous study [10], the source intensity of an infected student (with a mask) can be assumed as 0.0001 (quantum/m?), which is
further used as a reference value for pollutant concentration (Cref).

The governing equations are discretized into algebraic equations by the finite volume method. The standard wall function is
employed to resolve the flow close to the wall surfaces. The SIMPLE algorithm is utilized to couple pressure and velocity fields. The
convection and diffusion terms are discretized by second-order schemes. The convergence of governing equations is assumed when the
residuals are less than 10~. On the basis of geometric models presented in Fig. 3, the computational domains using indoor and outdoor
boundaries are discretized into medium grids with 2,282,709 tetrahedral cells and 7,288,548 tetrahedral cells, respectively. The grid
independence analysis is conducted by combining a coarser grid and a finer grid for two types of computational domains. The cell
numbers for the coarse, medium and fine grids is separately given in Table 4. The boundary conditions are consistent with ones in
Tables 2 and 3. The dimensionless airflow velocity (U/Upqy) values at the vertical line of a validation point inside the classroom (X=
7.0 m and Y = 2.4 m) are displayed in Fig. 4, on the foundation of computational domains using indoor boundary and outdoor
boundary, respectively. The results of velocity field predicted by medium and fine grids are agreeing well to each other. The average
differences between the velocity magnitudes of medium grids and fine ones are approximately less than 5%. Therefore, the medium
grid setting is selected for the further simulations.

2.3. Study design

Following the three steps given in Fig. 1, this study design starts with a safe indoor environment in the classroom, i.e., a safe social
distance. The current mode of window openings is given from the perspective of size, location and number of openings due to the
insufficient air volume, as shown in Table 1. The installation of window-integrated fans is further considered to potentially reduce the
infection risk. The evaluation models used for current mode (see Fig. 3) and renewed modes (see Fig. 7) are discussed in the next
section.

2.3.1. Layout of safe social distance and pollutant sources

In this cross-ventilated classroom with current mode (Fig. 3), the maximum number of occupants is 71. With a safe indoor envi-
ronment as a precondition, the social distance between students should be maintained as at least 1 m which results to 40 students, as
illustrated in Fig. 5. Two students are sitting at each desk in the middle and one sitting at each desk on the lateral sides. The spacing
between students in the y-direction is about 2.4 m, and the distance in the x-direction is about 1 m. In Fig. 5, the manikin model for a
student remains seated by assuming the total height of 1.28 m. According to ergonomics [27], the dimension of a head (including neck)
is 0.20 m (length) x 0.18 m (width) x 0.30 m (height), and the mouth is 0.02 m (length) x 0.02 m (height).

The COVID-19 infected students (wearing the masks) are considered as pollutant sources, who generate virus-carrying droplets or
aerosols by coughing. Fig. 6 demonstrates the locations of three single pollutant indoor sources (S1, S2 and S3), which are respectively

Table 4
Overview of simulation cases for grid independence analysis.
Case No. Grid type Grid number Conditions
1 coarse grids 747,007 computational domain using indoor boundary, and boundary conditions as same as Table 3
2 medium grids 2,282,709
3 fine grids 4,708,534
4 coarse grids 2,659,497 computational domain using outdoor boundary, and boundary conditions as same as Table 2
5 medium grids 7,288,548
6 fine grids 16,419,830
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Fig. 4. Grid independence analysis for dimensionless airflow velocity (U/Upnqy) respectively based on computational domains using (a) indoor boundary and (b)
outdoor boundary.
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Fig. 5. Layout of indoor seated students with a safe social distance (>1 m) in a typical classroom.

at different lines of desks with the horizontal distances of 0.69 m, 3.09 m and 7.81 m from the south wall. It is assumed that the infected
student is continuously coughing with the speed of 13 m/s downwards at 27.5° [28]. The human body temperature and average
breathing rate for students are respectively considered to be 36 °C and 0.7 m/s for simulations (with the area of mouth opening of 4 x
10" m?). As above, the source intensity for infected student is set as 0.0001 (quantum/m?®) in the simulation. By multiplying the
coughing airflow velocity and source intensity, the release quantum of pollutant per unit area (m2) and per unit time (s) can be ob-
tained. Based on current mode and three scenarios of pollutant sources, 4 cases (No. of 7-10) are considered for indoor ventilation
performance as well as infection possibility, as shown in Table 5.

2.3.2. Optimization of different modes of window openings

As can be seen from Table 1, the outdoor air volume under current mode (i.e., 969.85 m>/h) is not enough for minimum ventilation
requirement in a typical classroom, which should be corresponding to 30 m>/h per student or above [20,29]. Thus, the size, location
and number of existing windows for ventilation are need to be modified, without any change to the locations of doors and north
windows (see Fig. 2). A minimum of 1200 m>/h airflow rate is needed to provide a safe indoor environment for 40 students in this
classroom. Then, the total window openings area for ventilation should be increased from 3.5 m?(0.8m x 1.1 m x 4) to 5.2 m? or more
(with window opening ratios about 33%), corresponding to the fact that required outdoor air volume is increased by around 1.2 times
(from 969.85 m®/h to 1200 m*/h).
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Fig. 6. Locations of three pollutant sources (infected students) of S1, S2 and S3 in a typical classroom.
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Fig. 7. Diagrams of current mode and different renewed modes of mode al, mode a2, mode b1, mode b2 and mode b3 for window openings in a typical classroom.

Fig. 7 shows the current mode as well as renewed modes al, a2, b1, b2 and b3 for window openings in the classroom (red color for
ventilation inlet and blue color for outlet). The size of a south window for ventilation in renewed mode al and renewed mode a2 is the
same as current mode. The number of south windows for ventilation is set as 8 under mode al and mode a2. The distances of lower
edge of the south windows opening from the floor are 1 m and 1.55 m for renewed mode al and mode a2, respectively. Regarding
renewed modes b1, b2 and b3, the opening size for a south window is designed as 0.8 m (X) x 0.55 m (Z) and the window number is 12.
For renewed modes b1, b2 and b3, the heights of lower edge of south windows opening are 1 m, 1.55 m and 2.1 m, respectively. Based
on five cases of renewed modes and three different scenarios based on three locations of pollutant sources, a total of 20 cases (No. of
11-30) are considered to evaluate the ventilation performance and infection risk for the optimal mode, as shown in Table 5.

2.3.3. Implementation of window-integrated fans

As depicted in Fig. 8, window-integrated fans are adopted to enhance indoor air circulation and potentially improving the removal
efficiency of contaminant (virus). The number of fans is 4 with the size of 0.5 m (length) x 0.5 m (height). In order to directly deliver
air to breathing region, the fans are fixed at height of 1 m from the floor. The range of fan speed is from 0 m/s to 1.98 m/s (based on 6
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Table 5
Overview of simulation cases.
Case Opening modes Auxiliary device Pollutant sources Notes
No. location
7 Current mode Window-no fans Evaluation of ventilation performance
8-10 Current mode Window-no fans S1, S2 and S3 Evaluation of infection risk
11-15 Renewed modes al, a2, bl, b2, b3 Window-no fans Evaluation of ventilation performance for
optimal mode
16-30 Renewed modes al, a2, b1, b2, b3 Window-no fans S1, S2 and S3 Evaluation of infection risk for optimal
mode
31 Optimal mode among current mode and renewed Window-integrated Evaluation of ventilation performance
modes al, a2, bl, b2, b3 fans
32-34 Optimal mode among current mode and renewed Window-integrated S1, S2 and S3 Evaluation of infection risk
modes al, a2, bl, b2, b3 fans

measurement points by using a hot-wire anemometer of Swema 03) and a maximum speed is used [30]. The maximum power con-
sumption is 40 W that is in the range of conventional low-cost fans. Based on optimal mode of window openings, one fan location and
three scenarios of pollutant sources, four cases (No. of 31-34) are considered for a comprehensive evaluation of ventilation and
infection risk, as listed in Table 5.

2.4. Evaluation models

2.4.1. Ventilation index

The Air Diffusion Performance Index (ADPI) model is utilized to evaluate the airflow distribution performance under different
modes of window openings (Fig. 7). ADPI is defined as the percentage of zone (below 1.2 m) that meets the acceptable indoor velocity
and temperature region determined by Effective Draft Temperature (EDT) [31],:

M
-~ (Pg);
%x 100% @
i=11i

where, P; is measuring point in the occupied area (i =1, 2, ...N, and N is total number of P;); and Pg is measuring point falling into the
acceptable velocity and temperature region by calculating the EDT value (j = 1, 2, ...M, and M is the number of Pg). The EDT (°C) can
be written as follows [31].

ADPI =

EDT(i)= (1, — 1,) — 8.0(v; — 0.15) 3

where, t; (°C) is air temperature at the measuring point of i; t, (°C) is average air temperature in the occupied region; and v; (m/s) is
local air velocity. Since the temperature factor is not considered in this study, the value of (t; —t,) in equation (3) can be assumed to be
zero, i.e., the temperature distribution approximately achieves uniformity. Then, equation (3) can be rewritten as follows.

EDT(i) = — 8.0(v; —0.15) “@

The criterion range of EDT is between —1.7 °C and 1.1 °C with velocity less than or equal to 0.35 m/s [32]. With the lower limit of
EDT (i.e., —1.7 °C), 80% of occupants can feel comfortable according to Houghten’s data [33]. Thus, ventilation performance is
generally accepted when ADPI value is greater than 80%.

2.4.2. Infection risk
In order to discuss the infection risk among students under different modes of window openings and scenarios of pollutant source
locations, an evaluation model of infection risk based on Wells-Riley equation is employed [34]:

T
R=|1—exp| —IR* /C(t)dt *100% 5)

0

where, R represents infection risk (%); IR is inhalation rate of exposed student (m3/h); tis time (h); T is total exposure time (h); and C(t)
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Fig. 8. Location of window-integrated fans (number is 4) in a typical classroom.
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represents pollutant concentration (quantum/mB). The IR value is defined as 0.96 (m3/h) for indoor students [34], and the total
exposure time is set as 1 h for the assessment of infection risk.

3. Results

In this section, indoor distribution pattern and infection likelihood are analyzed under different modes of window openings and
locations of infected students in the classroom. First, based on the computational domains using indoor boundary and outdoor
boundary, the simulation results of air velocity field are compared. The simulation results are also validated by the experiments. Then,
the ADPI values and infection risks for various pollutant sources for current mode and five renewed modes scenarios (see Fig. 7) are
obtained and compared. Finally, further simulation are carried out to obtain ADPI and infection risk for the listed scenarios for
window-integrated fan case.

3.1. Model validation

The validation of simulation results from different computational domains is carried out using indoor and outdoor boundaries,
respectively. Fig. 9 displays the streamlines of air velocity field at planes of Z = 1.5 and 6.5 m, and X = 7.0 m under scenario of current
mode. This figure shows the distributions of indoor velocity are approximately the same for two computational domains, especially for
the mainstream areas at the plane of X = 7.0 m. In some regions, the simulated results of air velocity and turbulence based on indoor
boundary are not as ones from outdoor boundary. However, the averaged velocity difference for the computational domains using
indoor and outdoor boundaries is regarded to be negligible. Fig. 10 also presents the air velocity at the vertical lines of various
validation points (P1, P2 and P3) under scenario of current mode, respectively based on the computational domains using indoor and
outdoor boundaries. The coordinates (X, Y) of P1, P2 and P3 are corresponding to (3.0, 2.4) m, (7.0, 2.4) m and (7.0, 4.2) m. The curves
of air velocity mostly show good agreement between indoor and outdoor boundaries apart from some areas close to the floor (at P2)
and the occupied zone (at P3). The main reason could be that the variation of wind direction at the windows may have an impact on
indoor velocity under outdoor boundary condition, while the direction is assumed to be constant for indoor boundary condition. The
mean difference between time-averaged velocity fields of using indoor and outdoor boundaries is less than 7%. It can be concluded the
computational domain using indoor boundary can guarantee an acceptable accuracy for indoor velocity distribution, as compared to
the case using outdoor boundary.

Fig. 11 compares measured indoor and outdoor average velocity and ACH between experiment and simulation results on the basis
of computational domains using indoor boundary and outdoor boundary. The prediction deviation of indoor average velocity between
the domains respectively adopting indoor and outdoor boundaries is around 4%, further proving the validity of indoor boundary. The
difference of outdoor air average velocity (at the location close to the 2nd-floor classroom at a height of 10 m) between experiments
and simulation results (using outdoor boundary) is less than 5%. Compared to the experimental data, the deviations of ACH acquired
from the simulation using outdoor and indoor boundaries are about 2% and 7%, respectively. Hence, the reliability of numerical
simulation method is well verified especially for utilizing indoor boundary to study the impact of different opening modes on the
airflow distribution and infection risk.
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Fig. 9. Streamlines of air velocity in cross-ventilated classroom under current mode of window openings: (a) plane of Z = 1.5 m with computational domain using
indoor boundary, (b) plane of Z = 6.5 m with computational domain using outdoor boundary, (c) plane of X = 7.0 m with computational domain using indoor
boundary, and (d) plane of X = 7.0 m with computational domain using outdoor boundary.
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Fig. 10. Comparisons of air velocity obtained from the computational domains using indoor boundary and outdoor boundary at the vertical lines of three validation
points of P1: (X, Y) = (3.0, 2.4) m, P2: (X, Y) = (7.0, 2.4) m and P3: (X, Y) = (7.0, 4.2) m in cross-ventilated classroom with current mode of window openings.
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Fig. 11. Comparisons of indoor average velocity, outdoor average velocity and air change rate per hour (ACH) between experimental and simulation results from
computational domains using indoor boundary and outdoor boundary around a cross-ventilated classroom with current mode of window openings.

3.2. Influence of different window openings scenarios on airflow distribution and infection risk

On the basis of current mode as well as various renewed modes of window openings scenarios, the airflow distribution performance
is analyzed by using indoor boundary condition. Fig. 12 illustrates the streamlines of velocity field at the plane of Z = 1.1 m for current
mode and renewed modes of al, a2, b1, b2 and b3. This figure shows that significant jet appears at a height of 1.1 m (i.e., breathing
zone of students) for current mode and renewed modes al and b1, a. Among these scenarios, renewed mode b1 provides the largest
coverage area of jets as the corresponding location of window openings is parallel to the plane of breathing region. For renewed modes
a2, b2 and b3, the supply airflow in the respiratory area is weakened as compared to renewed modes al and b1. The explanation is
that the height of south windows used for ventilation has increased from the floor (from 1 m to 1.55 m or above), leading to the vertical
moving of the mainstream areas.

In order to quantify the ventilation performance, Fig. 13 indicates the ADPI values for current mode and renewed modes of al, a2,
b1, b2 and b3, respectively. It can be seen that the ADPI values for renewed modes al and b1 are significantly increased by 17.7% and
16.4% compared to the current mode. The ADPI values for renewed modes a2 and b2 are respectively about 61.9% and 58.6%, which
represents a slight increase in comparison to the current mode of 52.6%. For renewed mode b3, the ADPI is approximately equal to
current mode, indicating that the effect of this renewed mode is negligible on improving the airflow distribution performance. As
described in subsection 2.4.1, the ventilation performance can be satisfactory when ADPI is equal to 80% or above. Therefore, it can be
summarized that all renewed modes are insufficient to ensure safe and healthy environment for a cross-ventilated classroom with the
precondition of lower outdoor wind speed. For the sake of delivering more air to classroom, the employment of additional equipment
used for ventilation appears to be of great necessity.
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Fig. 12. Streamlines of air velocity at the plane of Z = 1.1 m between current mode and different renewed modes of mode al, mode a2, mode b1, mode b2 and mode
b3 for window openings in a cross-ventilated classroom (red color for inlets and black color for outlets). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 13. ADPI values between current mode and different renewed modes of mode al, mode a2, mode b1, mode b2 and mode b3 for window openings in a cross-
ventilated classroom.

Further simulation was performed to investigate, the effect of airflow patterns under different modes of window opening on the
distributions of pollutant concentration for various locations of infected source. Fig. 14 shows the relative pollutant concentration
fields (C/Cref), at Z = 1.1 m, for current mode and renewed modes al, a2, b1, b2 and b3 with pollutant source of S1. When the infected
source is in the front area of the classroom and close to the inlets, the pollutant level in the first half of the classroom is significantly
greater than one in the second half. In the current mode, the pollutant concentration in the front area mostly exceeded 3%. The
renewed modes al, a2 and b1 can exert better pollutant removal performance by reducing the relative concentration to less than 2% or
even lower value (except for the area close to the pollutant source). The renewed modes b2 and b3 are less effective in mitigating the
dispersion of pollutant with the relative concentration values around 3% in some regions. In particular, the areas of concentrated
contamination appear under renewed mode b3, which may further exacerbate the spread of infection diseases. With the same modes as
Fig. 14, the distributions of pollutant concentration at the plane of Z = 1.1 m with pollutant sources at location S2 and S3 are
respectively displayed in Figs. 15 and 16. When the source is located in the center and second half of the classroom, the directions of
contaminant dispersion are diversified due to the backflow (recirculation and stagnation), which may lead to increased exposure risk

11
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Fig. 14. Pollutant concentrations (C/Cyef) at the plane of Z = 1.1 m with pollutant source of S1 between current mode and different renewed modes of mode al, mode
a2, mode b1, mode b2 and mode b3 for window openings in a cross-ventilated classroom (red color for inlets and black color for outlets). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

for students (in comparison to the infected source located at S1). With the pollutant source at S2, the total coverage of pollutant is
greater than those at S1 and S3 under current mode. The airflows under renewed modes al and b1 have positive influence on lowering
the pollutant concentrations. Nevertheless, renewed modes a2, b2 and b3 are less efficient in the removal of contaminant. This
phenomenon seems to be worse when the pollutant source is located at S3. In addition to renewed modes al and b1, other modes can
also result in accumulation of pollutants in some regions (leading the relative pollutant concentration above 5%), which can be highly
detrimental (infecting more students). Besides, it should be notice that as regards current mode, renewed modes al and b1, some
airflow pattern may be remained undistributed in the plane of Z = 1.1 m due to the airflow directly traveling from inlets to outlets
without mixing with indoor air. For other renewed modes a2, b2 and b3, the location of inlets is away from the plane of Z = 1.1 m,
resulting in weakened and less undistributed airflow at the breathing plane due to both recirculation and entrainment of indoor air. To

current mode mode al mode a2
C/Cref

5%
4%
3%
2%

1%

Fig. 15. Pollutant concentrations (C/Cpef) at the plane of Z = 1.1 m with pollutant source of S2 between current mode and different renewed modes of mode al, mode
a2, mode b1, mode b2 and mode b3 for window openings in a cross-ventilated classroom (red color for inlets and black color for outlets). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 16. Pollutant concentrations (C/Cyef) at the plane of Z = 1.1 m with pollutant source of S3 between current mode and different renewed modes of mode al, mode
a2, mode b1, mode b2 and mode b3 for window openings in a cross-ventilated classroom (red color for inlets and black color for outlets). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

summarize, renewed modes al and b1 can contribute to effective removal of pollutant rather than renewed modes a2, b2 and b3.
Next, the infection probabilities under a variety of modes of window openings and locations of pollutant source are calculated
utilizing the infection risk assessment model. Regarding a single source of S1, S2 and S3, the average infection risk among students is
calculated (excluding the infected one). In order to estimate the infection risk in the case of coexistence of three sources, linear
ventilation model (LVM) is adopted to effectively predict the pollutant concentration fields through linear superposition method.
Fig. 17 depicts the infection likelihood (at exposure time of 1 h) under various scenarios based on pollutant sources of S1, S2, S3 and S1
& S2 & S3 for current mode and different renewed modes al, a2, b1, b2 and b3. For current mode, the infection risk with the pollutant
source at location S1, S2, S3 and S1 & S2 & S3 are 54.9%, 64.9%, 54.9% and 66.8%, respectively. Under the condition of single infected
source, the maximum probability of infection occurs in the case where the location of source is S2, which should be attributed to large
coverage area of pollutants. When multiple sources coexist, the indoor infection likelihood is as high as about 70%, further giving rise
to an extremely serious cross-infection. For scenario renewed mode al and b1, the average infection risk for a single source is
effectively reduced with the maximum percentage of 24.6% and 26.7%, respectively. The probability of infection under three pollutant
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Fig. 17. Infection risk (exposure time is 1 h) with pollutant sources of S1, S2, S3 and S1 & S2 & S3 between current mode and different renewed modes of mode al,
mode a2, mode b1, mode b2 and mode b3 for window openings in a cross-ventilated classroom.
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sources (S1 & S2 & S3) can also be decreased by 17.7% and 22.2%, compared to current mode. With respect to renewed modes a2, b2
and b3, the calculated infection probability of students is slightly changed as compared to current mode, indicating that these renewed
modes play negligible roles in mitigating the infection disease transmission. Besides, it can be noted that in all cases with single source,
when the location is at S1, the infection risks are the lowest. The reason is that the source location is closer to window with more
significant influence of the jet (from inlet to outlet), which can facilitate the discharge of more pollutants to the outlet. As the distance
between source and inlet increases, the effect of the jet diminishes. Under the impact of backflow, there is a tendency for pollutant to
recirculate/stagnate, which results in an increase in concentration field and infection risk. The validation of the potential impact of the
spacing between infected source and window is discussed in Supplementary A on the variation of infection probability in a cross-
ventilation classroom.

In general, the ADPI values fail to reach the expected target of 80% for current mode as well as renewed modes. Nevertheless,
renewed modes al and b1 can exhibit favorable performance in improving the airflow distribution and reduction of infection risk
compared to current mode. Among them, the ADPI under renewed mode a1 is slightly greater than that of renewed mode b1, whereas
the infection likelihood of renewed mode b1 is lower than that of renewed mode al. Taking the infection possibility as a priority,
renewed mode b1 is selected as the best candidate for fans integration.

3.3. Influence of window-integrated fans on airflow distribution and infection risk

The performance of window-integrated fans is further investigated on the airflow distribution in the classroom considering
renewed mode b1. The installation location of fans can be referred to Fig. 8, with a maximum supply air velocity of 1.98 m/s. Fig. 18
presents the velocity streamlines at Z = 1.1 m and X = 7.0 m under renewed mode b1 with window-integrated fans. Fig. 18 (b) shows
the jets generated at the openings can move directly through the classroom to the outlets. The average air velocity in the breathing
region (with the height of less than 1.2 m) can reach about 0.3 m/s, which is within the acceptable air velocity of 0.35 m/s that
occupants can tolerate according to ASHARE Standard. However, the velocity of the mainstream area is larger than 0.5 m/s, which
may increase the discomfort level and cause the potential draught risk especially when outdoor air temperature is low. The discussion
on the usage situation of fans will be displayed in section 4. An ADPI of renewed mode b1 with fans is calculated to be 99.7%, which is
higher than the target requirement of 80% for safe and comfortable indoor environment.

It is of necessity to discuss the impact of window-integrated fans on the infection likelihood under different pollutant source
location. Fig. 19 shows the pollutant concentration fields (C/C;.f) at the plane of Z = 1.1 m for various pollutant source location of S1,
S2 and S3 for renewed mode b1 integrated with fans. The values of pollutant concentration can be greatly minimized by installing fans
as compared to without fans. The average concentration in the breathing zone is respectively about 0.4%, 0.6% and 0.6% for source
location at S1, S2 and S3, respectively. This result indicates by adding fans to the windows can improve the air distribution and
decrease the spread of airborne infection viruses.

Furthermore, Fig. 20 illustrates the infection risk (for exposure time of 1 h) for pollutant source at location S1, S2, S3 and S1 & S2 &
S3 for current mode, renewed mode b1 without fans and renewed mode b1 with fans (number is 4). In the situation of single source, the
infection probability for renewed mode b1 with fans can be largely reduced from 64.9% to 17.1% by 47.8% for pollutant source of S2
(compared to current mode) and reduced from 41.6% to 17.1% by 24.5% for pollutant source of S3 (compared to renewed mode b1
without fans). The minimal infection risk is attained as 11.1% when the pollutant source is at S1. The infection risk increases
marginally to 17.1% as the infected sources are located at S2 and S3, which is due to large distance between pollutant source and
window. With the number of pollutant source increases to three, the infection risk increases slightly by 3%. Thus, the implementation
of window-integrated fans can be effective for the mitigation of infection diseases.

4. Discussion

The outbreak of COVID-19 pandemic has brought up the importance of designing a healthy and safe indoor environment, such as
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Fig. 18. Streamlines of air velocity at (a) Z= 1.1 m and (b) X = 7.0 m for renewed mode b1 with window-integrated fans (number is 4) in a cross-ventilated classroom
(red color for inlets and black color for outlets). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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Source: S1

Source: S3

Fig. 19. Pollutant concentrations (C/Cr.f) at the plane of Z = 1.1 m with pollutant sources of S1, S2 and S3 for renewed mode b1 with window-integrated fans (number
is 4) in a cross-ventilated classroom (red color for inlets and black color for outlets). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

| I
70 66.8 | N\
64.9 | Y s1
SO
: kXX 52
>
607 54083 !
9IRS |
S I
§§0
3
< 50 ol !
N K5 |
= §§ I
= 40+ 5% I
S K | 33.4R
s R I <KX
@ 30 5 AN
“ R I KRS
f=4 ‘0.0 700‘0‘
= S >
S BN
R | RIS
20+ %o K55
KK ! (XA
XX ! KK
KR I ~\\$§®
107 N AN
RS RS
S 1S
K ! XN
0 SR I R

T T
current mode mode b1 without fans mode b1 with fans
Modes of window openings

Fig. 20. Infection risk (exposure time is 1 h) with pollutant sources of S1, S2, S3 and S1 & S2 & S3 for current mode, renewed mode bl without fans and renewed
mode bl with window-integrated fans (number is 4) in a cross-ventilated classroom.

increasing the delivery of outdoor air to dilute pollutants (viruses). This is challenging task especially in the case of naturally ventilated
building where the outdoor weather is unpredictable. In this circumstance, the usage of cost-effective ventilation interventions is of
great necessity, to improve air distribution performance and mitigate the spread of infection diseases. This study focuses on rede-
signing window opening modes (i.e., size and position) and integrating with fans. By using the optimal window openings and installing
the window-integrated fans, the ventilation efficiency can be further enhanced along with the infection risk decreased.

As shown in Supplementary B, the mild weather conditions (such as in transitional seasons) are more favorable to the usage of fans
in a naturally ventilated room, leading to the effective mitigation of infectious diseases transmission and potentially not affecting
indoor thermal comfort. If the windows are closed in rainy days, the required healthy and comfortable indoor environment can be
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achieved by adjusting the fan speed. However, in cold, hot or humid weather, this auxiliary ventilation measure may result in a large
sacrifice in thermal comfort as well as related health risks, which is not recommended in the practical applications. In such cases, an
electrical heater can be integrated with system. In occasion of highly polluted outdoor area, the system can be integrated with filtration
system. A simple calculation of weather conditions (such as airflow rate, temperature, humidity and pollutant level) and draught risk
may provide a guide for the usage of fans.

This study showed that a healthy and safe indoor environment can be provided in naturally ventilated room by integration of a
supply fan in the window opening. The fan can be design by considering a 2.9 hr'! air change as was suggested by Ref. [20]. This
method is cheap and can be easily installed in almost all existing school classroom in developed and developing countries. However,
the potential impact of noise from fans should also be focused on in real-life application.

The limitations of this work should be considered as well. In the simulation of pollutant concentration field, the gas contaminant is
considered instead of using tracer mass and particle matter. The evaporation of liquid droplets (from large particles to small ones) is
negligible as well as the impact of pollutant diffusion and heat generated by the student (air plume) on airflow distribution. For a real-
life environment, more detailed setups of numerical simulation should be considered, including models and boundary conditions (such
as temperature, humidity and particle pollutant). As regards poorly designed and ventilated rooms, the feasibility of low-cost pre-
vention approaches (e.g., fans) need to be validated from the perspective of engineering application, based on the relationship of
weather conditions (such as airflow rate, temperature, humidity and pollutant level) and risk (e.g., infection risk and draught risk).
Regarding more types of rooms with different window openings lay out (such as single side), student numbers and spatial layouts, it is
necessary to discuss the overall performance of airflow pattern and application of prevention approaches like fans (ceiling fans) [35],
air purification devices [12], personalized ventilation [36], physical barriers [10] as well as additional control tools such as intelligent
ventilation systems [37,38]. This can be future work.

5. Conclusions

This work investigates the impact of window designs (including optimization of window openings and implementation of window-
integrated fans) on airflow distribution performance and infection risk in a naturally ventilated classroom. The current mode and
various renewed modes of window openings are proposed and compared. Through installing the fans at the windows, the ventilation
efficiency is further enhanced with the reduced infection risk. The results of this study can be applied in transitional seasons with
conditions of mild outdoor temperature. This study can provide a reference for the design and renovation of public buildings (e.g.,
classrooms) using natural ventilation during the epidemic phase. The main findings are shown as follows.

(1) The numerical simulation utilizing indoor boundary can show acceptable performance for cross ventilation with the prediction
errors of indoor average velocity around 4% (compared to using outdoor computational domain) and ACH value about 7%
(compared to experiment).

(2) The current mode and five renewed modes of window openings fail to reach the targeted requirement of 80% for ADPI. The
renewed mode b1 (with 12 parallel openings at the height of 1 m from the floor) is regarded as the optimal one with ADPI
increased by 16.4% and infection risk mostly reduced by 26.7% in comparison with current mode. The lower infection risk is
noticed when students sitting near the windows in a cross-ventilation classroom.

(3) With the implementation of window-integrated fans based on the optimal renewed mode b1, the ADPI can be increased to
99.7%. Under scenario of single source and multiple sources, the infection probability can be largely decreased to about 11%
and 20%, showing the effectiveness of installing low-cost fans in a cross-ventilation classroom.
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