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Abstract: The wind environment in residential areas can exert a direct or indirect influence on the
spread of epidemics, with some scholars paying particular attention to the epidemic prevention and
control of residential areas from the perspective of wind environments. As a result, it is urgent to
re-examine the epidemic prevention response of residential spaces. Taking high-rise residential areas
in Xi’an as an example, the article defines the air flow field area based on on-site wind environment
measurements, crowd behavior annotation, and CFD simulation. Using the double-effect superpo-
sition of crowd behavior and risk space, the paper undertook a multiple identification strategy of
epidemic prevention space. The identification methods and management and control strategies of
epidemic prevention in high-rise residential areas are proposed. Additionally, the living environment
of residential areas is optimized, and a healthy residential space is created. The transformation from
concept and calls for action to space implementation is made to provide a reference for improving
the space management and control capabilities in high-rise residential areas in China. The results of
this study can be used as a guideline for future residential planning and design from the perspective
of preventing airborne diseases.

Keywords: high-rise residential area; CFD simulation; epidemic prevention spatial identification;
spatial management and control; healthy residential area

1. Introduction

In the context of global urbanization on a super large scale with ultra-high density as
well as high-frequency and large-span flows, new contflicts arise between urban planning
and construction and the prevention and control of diseases and disasters. The concepts of
healthy cities, resilient communities, and healthy residential areas have been successively
proposed. The unexpected COVID-19 outbreak, a sudden public health incident, was a
considerable test for China’s national urban governance system. Communities in urban
areas are the basic unit for epidemic prevention and control, as well as the specific venues
where the epidemic occurs and spreads. As high-density population and high-rise residen-
tial areas are more prone to cross-infection, they have become the focus of communities in
prevention and control [1].

Pedestrian-level wind comfort and the generated danger by wind at a particular lo-
cation need to be comprehensively assessed according to statistical meteorological data,
aerodynamic information, and other important criteria [2]. In recent years, a large number
of high-rise residential areas has emerged, and the “Three High” developments of high
density, high height, and high intensity have aggravated the complexity of air turbulence
inside residential areas [2]. Under the rapid development of industrialization and urbaniza-
tion, many new challenges have arisen, such as increased pollutant discharge into outdoor
environments, resulting in air quality degradation [3]. Some pollutants are not discharged
at high altitudes where they would be effectively diluted; instead, they are spread around
living buildings and distributed in outdoor environments. Because of the complex flow
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around buildings, released pollutants not only re-enter the building from which they were
released, but also affect neighboring living environments. These bad conditions may cause
secondary pollution and pose a threat to the public health of the occupants. To avoid this,
it is necessary and important to understand in depth the airflow and pollutant diffusion in
outdoor public areas. The air flow field formed in high-rise residential areas results in the
differentiation of ventilation possibilities in the outdoor spaces of residential areas with air
pollutants being difficult to disperse in some local spaces, which creates conditions for the
breeding and spreading of viruses and leads to the concentration of pollution sources. To
date, research methods for airflow and air pollutant diffusion in outdoor spaces included
analytical methods, wind tunnel experiments, and numerical simulations by software [4].
The wind tunnel experiment was found to be more convenient than the existing field test
and measurement; however, the wind tunnel experiment is more time-consuming and
expensive [5]. Meanwhile, analytical models use mathematical equations that can forecast
key physical processes to assess and estimate pollutant concentrations [6]. With the fast
development of computer technology, the computational fluid dynamics (CFD) method
has been increasingly used to assess and forecast the airflow and pollutant dispersion in
cities, which can range from a single building to an entire urban block [7]. By improving
Navier-Stokes equations, CFD could provide data for the entire flow field. Previous studies
have proved the effectiveness of CFD in simulating outdoor environments. Computation
efficiency is important in engineering applications so that it can provide rapid and informa-
tive simulations of airflow, pollution dispersion, and airborne diseases. Therefore, it is of
practical significance to understand the transmission path of pollutants and viruses based
on CFD simulation. To date, most previous studies [8—13] have assessed the distribution of
pollution, and only a few have discussed virus transmission. In fact, viruses are not easily
removed from crowds. Additionally, the virus can be spread by droplets, air, airborne dust,
aerosols, etc. [14].

Many cities in northern China are seriously polluted in winter, especially Xi’an city,
which is located in the middle of the Weihe River basin-Guanzhong basin, adjacent to the
Weihe River and the Loess Plateau in the north and the Qinling Mountains in the south. Its
special terrain directly leads to the severity of air pollution in winter (Figure 1).

Figure 1. The location of Xi’an city.

Because of the complex situation, viruses can be easily suspended in the air and flow
with the air in the form of aerosols, and its transmission distance can reach hundreds of
meters or even further, increasing the risk of non-contact transmission [15]. Relevant studies
have revealed that wind is connected to the occurrence, development, and prevalence of
diseases and can directly or indirectly affect the spread of epidemic diseases through the
replication and movement of epidemic microorganisms and vectors [16]. If an epidemic
occurs, the transmission routes between the community and the outside environment
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should be restricted to limit the spread of the epidemic, and the indoor and outdoor spaces
of residential areas will become the main place for the daily activities of the residents.
Therefore, it is necessary to conduct research on the identification and control of epidemic
prevention spaces in high-rise residential areas based on the wind environment.

At present, domestic and foreign scholars have mainly carried out research on op-
timization strategies or the evaluation of wind environments in high-rise residential ar-
eas [17-26], while relevant research on the simulation of wind environments in high-rise
residential areas for epidemic prevention and control are rarely addressed by the scholars.
The planning and response during public health emergencies focus on the change in con-
cept and the call for action while ignoring the implementation of prevention spaces [27-29].
The COVID-19 outbreak reminds us of the importance of epidemic prevention and control
in residential areas. Much work needs to be conducted to transform healthy residen-
tial areas from a concept to a reality, and it is still very difficult to realize the transfor-
mation of the core of residential areas. Planners and designers must accordingly make
forward-looking responses.

Therefore, this article takes high-rise residential areas in Xi’an in winter as an example,
and the identification and control of epidemic prevention spaces, field measurements, and
the investigation and introduction of wind environmental simulation technology are taken
into consideration to expound the characteristics of the wind environment in high-rise resi-
dential areas, the behavior characteristics of the crowd, and the spread of pollutants in the
air flow field in spaces. To divide the area of the air flow field and take into consideration
the double effect of population distribution and risk space for the assessment of risk and
multiple identification of epidemic prevention space, recognition methods for epidemic
prevention space of high-rise residential areas are proposed. Additionally, the spatial
system for the prevention of epidemics characterized using “Spatial Division, Hierarchical
Classification and Type Differentiated and Time Division” was developed to form a “Tar-
geted Epidemic Prevention”-based emergency control scheme for the optimization of living
environments in residential areas as well as to provide reference for improving the spatial
control ability of China’s high-rise residential areas, which offers knowledge into a new
concept in the prevention of epidemics in the case of daily or public health emergencies.

2. Research Design
2.1. Research Content and Objective

As previously mentioned, due to its special geographical conditions, Xi’an has become
one of the cities with the worst air pollution in winter; therefore, the research object has
great value for the population. In this study, a public residential area was selected to
analyze the airflow and transmission mechanism of viruses. The object of this study
is the high-rise residential area of Jingyuan in Xi’an, which is located in the Zhenguan
Section of the Weiyang District, Xi'an city (Figure 2). This residential area is positioned
as a middle- and high-grade residential area that emphasizes space for outdoor activities
and focuses on creating leisure and entertainment. In order to ensure the scientific nature
and representativeness of the research, the selected high-rise residential areas cover a
variety of forms in space, including different building heights and architectural styles,
and different types of air flow fields can be easily generated, which is conducive to the
systematic identification of epidemic prevention spaces in high-rise residential areas and
the construction of accurate control strategies. In order for the calculation results to be
representative, this paper focused on the outdoor wind environment according to the
dominant wind direction and the average wind speed of the dominant wind in winter
in Xi’an. According to the GB 50736-2012 Design Code for Heating Ventilation and Air
Conditioning of Civil Buildings [30] and the local meteorological data, the outdoor wind
environmental parameters of Xi’an city in winter are determined as follows: the prevailing
wind direction is from the northeast to the north and the average wind speed is 1.6 m/s.
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Figure 2. Plan of the residential area of Jingyuan.

2.2. Analytical Framework

Since the 1960s, scholars in social public management have realized that good risk
management can lead to reducing the probability of errors in decision-making processes
and avoiding the possibility of losses. Risk management can be divided into four stages:
risk assessment, risk identification, risk control, and risk record [31]. Emerging public
health events belong to the important content in the research of risk management, which
is conducted by adopting the concept of targeted control for risk management (Figure 3).
The pathogenesis risk can be assessed by the comparison of the associated data of “Flow
Field Distribution-Population Distribution-Risky Space” to put forward a comprehensive
emergency analysis framework from the perspective of spatial and temporal distribution
with the focus of recognizing epidemic prevention space and control strategies, namely, to
follow the logic of “Assessment-Recognition-Control” in epidemic control.

@ The assumption on the air flow field of residential area is
?adc for the division of flow field in condition of ordinary
ow

Flow Field Distribution

©® With the superposition analysis of "Flow Field Division -
Population Distribution Population Distribution - Risky Space”,the pathogenic
risk of different air flow fields is assessed to identify
epidemic prevention in space in multiple ways

@ To make clear of the area that can easily develop risk space in

Risky Space
Y.2p) h1 h-rise residential areas to provide guidance for the construction

Analysis of spatial identification and control of |
epidemic prevention based on wind environment |

of epidemic prevention and control strategies

® To build a space epidemic prevention system with " szm/\l

Control strategies Spatial epidemic Division, Hierachical Classification and Type Differentiated
prevention system and Time Division" to deal with the epidemic prevention work in
daily or public health emergencies

® A "Targeted Epidemic Prevention" emergency management

emergency management P! gency £

:;gd ci)yntrol pglan and wnua'ro% plan was formed to provide reference for improving
the spatial management and control ability of China's high-

riseresidential areas

® Accurate epidemic prevention should be done in the
chfggcnng?];}rlga current high-rise residential areas. In the future, attention
to the impact of wind environment on residents' health
should be paid in the construction of high-rise residential
arcas

Figure 3. Analytical framework for the spatial identification and control of epidemic prevention
based on the wind environment.
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In epidemic prevention, the logic of “Assessment—Recognition—Control” in epidemic
prevention is consistent with the principles followed in space planning. Additionally,
integrated innovation can be made for the subjects in the planning of urban and rural areas
and in prevention science, environmental behavior, public health, and environment as well
as social and public management, so that theoretical research on healthy residential areas
can be transformed into practical application in space as soon as possible. Before designing
the epidemic prevention space, it is necessary to fully understand the characteristics of the
wind environment, human behavior, and the spatial paths of pollutant transmission in the
air flow field of high-rise residential areas so as to carry out an efficient spatial response
from the perspective of precise epidemic prevention.

2.3. Data Sources and Evaluation Methods
2.3.1. Data Sources and Assessment Method

This study adopted the method of “Field Survey + Simulation” to analyze the charac-
teristics of the wind environment, crowd behavior, and the residential area of Jingyuan in
Xi‘an, combined with the spatial channels of pollutant transmission in the air flow field.
This method was adopted by integrating the concept of risk management to respond to
epidemics to the assessment of pathopoiesis risks, the recognition of epidemic prevention
spaces, and the presentation of control and management strategies [20]. These include the
following: (O Field measurement method. A total of 9 measuring points were taken into
consideration and evenly arranged in the main activity space of residents (Figure 1). Typical
winter meteorological days in Xi’an were selected and tested by hot-wire anemometer from
7:00 a.m. to 19:00 p.m. on 8 January 2020 to analyze the variation characteristics of the
wind environment at different times in the space of residential areas of Jingyuan, so as
to demonstrate the differentiated epidemic prevention and response thinking in different
zones by time sharing. (2) Behavior annotation method. The days 8 January 2020 (weekday)
and 11 (weekend) were selected as the time to conduct the research on the behavior of
the crowd in winter by collecting the distribution of the population in the residential area
and numerous photos at 1 h intervals and recording the time of arrival and departure
to gather statistics of the space distribution of activities of the residents, the number of
people, and duration. Moreover, the law of behavior in outdoor spaces can be traced to
provide support in basic data for risk assessment. (3) Simulation method for values. The
3D model for residential areas was built and relevant parameters on residential wind fields
and others were set in PHOENICS 2015 to simulate and analyze the wind environment and
qualitatively divide the air flow field area. The position and distribution of “Potential Risky
Points” were identified by combining the double effect of crowd behavior and risk space.

The speed of the wind was less than 5 m/s as the pedestrian height around the building
was less than 1.5m in the case of the prevailing wind speed and wind direction in winter
by referring to the GB/T 50378-2019 “Evaluation Standards for Green Buildings” [32] and
based on the existing research. Meanwhile, wind speeds greater than or equal to 1.04 m/s
have no influence on the basic requirements for normal walking in outdoor spaces and
dust is not raised to give rise to air pollution, which is beneficial to the disappearance
of pollutants.

2.3.2. Software Simulation

According to Code for Design of Heating Ventilation and Air Conditioning of Civil
Buildings (GB50736-2016), the average outdoor wind speed in Xi’an in winter is 1.6 m/s,
and the prevailing wind direction is north-northeast (67.5°) [1]. PHOENICS is a reliable,
cost-effective CFD program with a proven track record that can simulate fluid flow, heat
or mass transfer, chemical reactions, and combustion for a wide range of applications.
Considering the universality and cost-effectiveness of the engineering application, this
paper used PHOENICS wind environment simulation software and the Reynolds-averaged
Navier-Stokes (RANS) method to assess the wind environment of urban residential areas.
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The basic concept to describe the 3D turbulent flow is described by non-hydrostatic
incompressible Navier-Stokes equations in the Boussinesq-approximated form:

ou ou oy 0%u

at+”‘axi_ax+K’”<axi2> +f (0 —0g) = Su M
v ou  op o%u
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where u; = (u,v,w) and u; = (x,y,z) for i = 1,2,3. Due to air being treated as an incom-
pressible fluid, an additional continuity equation has to be satisfied:

ou Jdv oJw
a+@+g_o 4)

where f (=104 sec-1) is the Coriolis parameter, p’ is the local pressure perturbation, and
6 is the potential temperature at level z. The temperature 6,.¢ should represent average
mesoscale conditions and is provided by a one-dimensional model running parallel to the
main model.

According to the recommendations of the Japanese Architectural Society (Al]), the
size of the computing domain is 1300 (x) x 1300 (y) x 270 (z) (Table 1), setting the radius
of the calculation field as 5 H and the height as 4 H based on the target building. The key
researched area (1.5 m high in the pedestrian area) is the fifth grid above the ground, and
the height of other grid cells are same. The AlJ suggests that each side of the building
should be divided into at least 10 grids, so a horizontal and vertical hierarchy was created:
the grid resolution was settoa 1 x 1 x 2 pixel system, and a sparse grid was set around
with the grid gradient set to 1.3. We also compared the standard k-¢ model and RNG
k-¢ predictability of turbulence in the model. Finding that the standard k-¢ model is in
good agreement with the experimental results for weak wind environment prediction, the
standard k-e model was selected. In this paper, the number of iterations was set as 2000 and
the step size was 1. The calculations were stopped when the solution was fully convergent,
and it was determined that the value of the specified observation point no longer changed
or the root-mean-square residual was less than 10E-4.

Table 1. Boundary conditions and turbulence models.

Computational domain 1300 (x) x 1300 (y) x 270 (z)

Dominant wind speed (m/s) 1.6

Dominant wind direction (deg) 67.5°

Turbulence model Standard k-¢ Model

Inflow boundary conditions U=Uy(Z/Zy)%*, «=0.28,Zg=10m, Uy =2.38m/s

k=15-(Ix U)?1=0.1
e=Cpk¥2/1,1=4(Cpk)V2Z20Z3/* /Uy, C,, = 0.09
Outflow boundary condition Free pressure surface
Calculation convergence conditions Root-mean-square residual error is less than 1 x 107*

Based on the above simulation mode, the software program mentioned above was
employed for the calculation of the wind environment.

2.3.3. Validation of the Measured and Simulated Data

In this step, the process was validated through a comparison between the field mea-
surements and simulation results. The coefficient of determination (R?), a measurement
predicting the difference between the predicted and observed data, was used for assessing
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the accuracy of the software. The final result shows that the R? is 0.646, which also explains
that the software can fully restore the existing wind environment (Figure 4).
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Figure 4. Validation of the measured and simulated data.

2.4. Research Foundation
2.4.1. Characteristics of the Wind Environment

The wind speed at different spatial measuring points in high-rise residential areas
varies greatly (Figure 5), and there are differences in the dispersal ability of air pollutants.
Therefore, precise and efficient epidemic prevention should be carried out in different
spaces. There was no obvious uniform law of wind speed variation in the test period
(Figure 6). However, the wind speeds from 7:00 a.m. to 8:00 a.m. and from 18:00 p.m. to
19:00 p.m. were lower than 1.04 m/s, which is not conducive to the natural dissipation
of pollutants. Therefore, the times mentioned above can be taken as the key periods for
epidemic prevention in daily or public health emergencies.

254
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Figure 5. Wind speed variation box diagram of each measuring point in the residential area of Jingyuan.
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Figure 6. Diurnal variation of wind speed in the residential area of Jingyuan in winter.

2.4.2. Behavioral Characteristics of the Population

(1) Time distribution and activity duration

Through the on-site observation of people flow and activities, the working days and
weekends in the residential area of Jingyuan in winter and the statistical results about
outdoor activities are shown in Figure 7. People flow and activities occurred from 9:00 a.m.
to 10:00 a.m. and from 14:00 p.m. to 15:00 p.m. There were less people performing outdoor
activities from 12:00 a.m.—13:00 p.m. The number of people performing activities in the
morning exceeded those in the afternoon, and the control of people’s behavior should be
conducted in a better way according to time division. There were residents with activity
durations of more than 4 h in measuring point 3 and measuring point 6, which take up the
larger proportion of all the people. Simultaneously, there were relatively more people with
an activity duration of less than 1 h in measuring point 1 and measuring point 5 (Figure 8).
It can be seen that the activity duration in areas with less wind speed in winter is larger
than those in areas with higher wind speed.

100% 1
90% —m— Weekday

80%

70% '/:

60% / \ N
50% / /

40%

y

i \ / \
30% :/ '\ \
20% \ / \
10% ] N\ b e

1173 S— — .
€ 8 8.8 8 88 88 88 8 8 8
e S 8 S =5 @ @ T M & &5 K A

20:00-
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Figure 7. Time distribution for the activities of the residents.

== >4h =32-3h &= 1-2h=3<1h
100%9 —— el =l ==
90% D — = ]
80% - -
70% —
60% S
50% P 7 .
40%
30%-4
20%4 =
10%4

0% —— T T T T T T T
1 2 3 4 5 6 7 8 9

Measuring points

Figure 8. Duration of the activity of the residents in different measuring points.
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(2) Population distribution and space utilization

To annotate and assess statistics for the number of people performing activities in
winter in the residential area of Jingyuan (Figure 9) to analyze the distribution of residents
performing outdoor activities, people at 10:00 a.m. were chosen as the representatives
for daytime and 18:00 p.m. was selected as the time for statistics at night, as during this
period, there is no light outdoors, which leads to a difference compared to the daytime. In
order to facilitate the comparative analysis of the distribution of the number of residents
in the residential space, the square with an equal area of the site was divided into several
parts, and the color of the block varies from light to dark, respectively representing the
change in utilization rate from low to high. As can be seen in Figure 10, the utilization
rates of measuring points 2, 3, 6 and 9 were the highest. Additionally, the overall wind
speed of this space is low, and the residents frequently take shelter from the wind here in
winter. The utilization rates of measuring points 4 and 7 were only second to those of the
above-mentioned measuring points. The utilization of measuring points 5 and 8 was the
lowest in comparison with that of all points mentioned. The wind speed is high in low-
wind environments in winter, which causes greater interference to residents performing
outdoor activities. According to the above analysis, the daily activities of residents are
mainly conducted in areas with a low wind speed.

© 10:00
v 18:00

Figure 10. Space utilization of the residential area of Jingyuan.



Atmosphere 2023, 14, 205

10 of 20

Outdoor

Stagnation point H JE— so_ Ll - k
. 2 Surface settlement ®
Stagnation area 1 ~————%__J] Eddy /aréa —— Shadow area

2.4.3. Spatial Path of Pollutant Transmission in Air Flow Fields

A different air distribution can be generated by different air flow fields, and as biologi-
cal particles are presented in form of aerosols by integrating into airborne pollutants, the
movement in different air distribution patterns is different [33] (Figure 11). There is signif-
icant resistance as the wind flows through the buildings. There are areas with less wind
speed as the wind fails to pass through the side area of the building, namely, the shadow
areas, in which eddy wind can also be easily generated due to the backflow phenomenon
of the wind. These areas form near the building, slowing down or trapping germs in the
swirling air flow and easily exchanging with indoor air to cause cross-infection. In the air
flow field areas with better ventilation in residential areas (windward areas, flowing areas,
corner areas, and corridor areas), air in high eddy wind is capable of carrying viruses in the
upward direction to the downwind area, which is harmful for the health of residents [34].

Flow direction

Backflow

. . Reattachment point ~ Free shear layer
Separation point

HIndoor o=l
% L]  Mechanical ventilation | | 7~
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- — ) N O > g
*o +aWind scq}in\g through g'a}*ﬂ = \
7@ &
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L J
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25

7
Windward stagnation vortex Leeward backflow

Figure 11. Schematic diagram of pollutant movement and propagation mechanism in air flow fields.

3. Spatial Identification of Epidemic Prevention Spaces in High-Rise Residential Areas
Based on the Wind Environment

According to the above-mentioned analysis and in order to facilitate the conduction of
the analysis and identification of the epidemic prevention space from the perspective of the
wind environment, firstly, CFD was used for the simulation of the wind environment of the
high-rise residential area. The air flow field of the residential area was divided according to
the condition of ordinary flow and there were seven areas in total: windward area, flowing
area, corner area, corridor area, stagnation area, shadow area, and eddy area [35]. Secondly,
based on the overlay analysis of “Flow Field Distribution—Population Distribution—Risky
Space”, the risk of pathopoiesis of different spaces in high-rise residential areas can be
assessed in a rational way. Finally, based on the concept of the control of the spatial division
stipulated in “Standards in Comprehensive Epidemic Prevention in Urban Area (GB/T 51327-
2018)”, the spatial division of the area with pathopoiesis can be established so as to build
the foundation for epidemic control in high-rise residential areas (see Figure 12).

Based on the analysis of “Flow Field Distribution-Population Distribution—Risky
Space”, the risks of different spaces in the high-rise residential area were assessed (Table 2):
(1) The overall wind speed of the windward external area of the high-rise residential area
and the area between the buildings gables in the front row is greater than 1.04 m /s, which is
conducive for the natural dissipation for pollutants. Due to the diminishing velocity of the
wind in the flow direction, the safety of the external fresh air should be ensured to prevent
the input of air carrying a virus from the outside, resulting in the accumulation of the virus
in the downwind area. However, the utilization rate of the space in the two regions is the
lowest and the air flow field can hardly cause a negative influence on the indoor air quality,
so the risk of pathopoiesis is relatively lower. (2) The wind speed of the corner of the
windward side of the high-rise residential area and the area of the wind corridor between
building crosswalls is about 1.04 m/s, which is conducive to the natural dissipation of
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Velocity, m/s

pollutants. However, the dissipation level is limited, and the speed of incoming flow can be
strengthened in the upwind direction of the corner and corridor areas, which is beneficial
to the transmission of virus to the downwind direction, and thus the virus in the upwind
direction is diluted. As the wind speed diminishes in the downwind area, the virus can
accumulate and the utilization rate of the downward space by the residents is high, which
increases the possibility of virus infection with certain risk of pathopoiesis. (3) The wind
speed of the windward side of the front row of high-rise buildings and the leeward side of
buildings is less than 1.04 m/s, which is not beneficial to the natural dissipation of outdoor
pollutants and is more likely to cause cross-infection. The utilization rate of such areas by
residents is the highest, which will definitely increase the hidden danger of cross-infection
with a high risk of pathopoiesis. Above all, the pathopoiesis risk is relatively low in the
windward external area of high-rise residential areas and the area between the gables of the
front row of buildings. There are certain risks in the downwind direction of the corner of the
windward side of high-rise residential areas and the wind corridor between the crosswalls
of buildings, which is acknowledged as an area with moderate risk of pathopoiesia. The
windward side of the front row of buildings of high-rise residential areas and the leeward
side of buildings are considered to carry a risk of cross-infection with high pathopoiesis.

In view of the temporal and spatial distribution of populatio
analysis of "Flow Field Distribution - Population Distribution -

the space control straf
from the shift of conc

in response to emergnt epidemics in hi
and calls for action to the implementatic

Flow field distribution Population distribution Risky space
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Figure 12. Identification of epidemic prevention spaces based on the wind environment.
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Table 2. Spatial identification of epidemic prevention in high-rise residential areas based on the
wind environment.

Identification of

F.lo“.’ Fle.l d Location Distribution Wind Speed P.o Pl.llah?n Space Risk Epidemic Prevention
Distribution (m/s) Distribution Space
Windward area The wmdvx.rard gxternal area of 1.33-2.38 Lowest space utilization rate Downwind of partition Area with 10‘.N r'1sk
residential area of pathopoiesis
Flowing area The area bemeen the buildings 1.06-1.78 Lowest space utilization rate Downwind of partition Area with 1°.W r_1sk
gables in the front row of pathopoiesia
Corner area The corner of the Wmdward 0.92-1.66 Relatl\{e_ly h_1gher space Downwind of partition Area with mods‘erate
side of buildings utilization rate risk of pathopoiesia
Corridor area The qu cgrrldor area 0.74-2.38 Relatlee'ly hlgher space Downwind of Partition Area with mode.zra.te
between building crosswalls utilization rate risk of pathopoiesis
Stagnation area The windward side of <1.04 The highest space Whole partition + Area with high risk
& buildings in the front row : utilization rate Indoor of pathopoiesia
Shadow area The leeward area of buildings <1.04 The'}'ugh'e stspace Whole partition + Area with hlgh .rlSk
utilization rate Indoor of pathopoiesia
Eddy area The leeward area of buildings <1.04 The highest space Whole partition + Area with high risk
utilization rate Indoor of pathopoiesia

4. Spatial Control Strategies to Respond to Emerging Epidemics in High-Rise Residential Areas

Scientific epidemic prevention and control should be conducted by the building of a
hierarchical, dynamic, and detailed prevention and control plan, so that a scientific and
timely response to the disease can be achieved at the lowest cost, and the comprehensive
goals for epidemic prevention and control and social and economic development can be
coordinated [36]. This research was conducted with the construction of a spatial system for
epidemic prevention in high-rise residential areas based on the “Spatial Division, Hierarchical
Classification and Type Differentiated and Time Division” by considering the spatial system
of comprehensive disaster prevention, which includes spatial division, risk classification,
classification of measures, and time division for control (Figures 13-16, and Table 3).
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Figure 13. Spatial division for epidemic prevention in high-rise residential areas.
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Classification of risk level of epidemic prevention
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Figure 14. Classification of the risks of epidemic prevention in high-rise residential areas.
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Figure 15. Classification of epidemic prevention measures in high-rise residential areas.
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7:00 a.m. to 8:00 a.m

_| Routine disinfection

12:00 a.m. to 13:00 p.m

18:00 p.m. to 19:00 p.m

ﬂ Behavior control

From 9:00 a.m. to 10:00 a.m

Time division for control of epidemic prevention

From 14:00 p.m. to 15:00 p.m

Figure 16. Time division for epidemic prevention and control in high-rise residential areas.

Table 3. Overview of the targeted spatial system for epidemic prevention in high-rise residential areas.

Classification of

Time Division for

Spatial Division Risk Classification Measures Control
A system for assessing According to the wind
and identifying the According to the risk of In order to prevent environment and

infection in indoor and

characteristics of the

2 pathogenic risk in epidemics, measures for
5 high-rise residential areas outdoor spaces, the risk spatial epidemic behavior of the residents
§ should be established, conditions of different prevention and spatial at different time periods,
g with high-rise residential spatial divisions for behavior control should the key control time for
5 areas as the main body of epidemic prevention are define the targeted space daily disinfection and
‘2? epidemic prevention, and defined to establish for virus elimination and resident behavior control
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4.1. Spatial System for Epidemic Prevention for High-Rise Residential Areas Based on “Spatial
Division, Hierarchical Classification and Type Differentiated and Time Division”

(1) Spatial division for epidemic prevention in high-rise residential areas

For epidemic prevention, zones can be created to provide emergency guidance. Ac-
cording to the risk assessment of pathopoiesis of high-rise residential spaces, the high-rise
residential area is regarded as the main body for epidemic prevention, and the spatial divi-
sions are created for epidemic prevention. The leeward side of buildings of the high-rise
residential area and the windward side of the front row of buildings are regarded as the
first level of spatial division for epidemic prevention. The corner of the windward side of
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the buildings and the wind corridor between the building crosswalls are classified as the
second level of spatial division for epidemic prevention. Moreover, the external edge of the
windward side of the residential area and the area between the building gables of the front
row are known as the third level of spatial division for epidemic prevention.

The outdoor activities of residents should be conducted according to the different spa-
tial divisions for epidemic prevention and the corresponding warning signs, and epidemic
prevention and control centers in residential areas should be set up to clarify the rights
and responsibilities of different epidemic prevention zones so as to facilitate the unified
management of spatial rights and responsibilities. Epidemic prevention and sanitation
facilities will thus be improved in residential areas, and successful epidemic prevention for
daily or public health emergencies can be conducted.

(2) The classification of the risks of epidemic prevention in high-rise residential areas

Risks are classified to strengthen precise epidemic prevention. Hierarchical control should
be conducted by considering indoor and outdoor risk conditions based on construction plans
for high-rise residential areas: As the residence is the main place of living for people, the
shadow area, eddy area, and stagnation area formed in the periphery of the building are
not conducive to the dissipation of pollutants. As a result, air carrying viruses can enter the
indoor environment and the virus can lead to a more polluted area by returning air with a
strong infectivity once the outbreak has emerged. Therefore, the leeward side of the high-
rise building and the windward side of the front row of the building can be implemented,
operating first-level control with the purpose of preventing it from spreading indoors. The
wind speed in the upwind direction of the corner area and corridor area is fast, which is
conducive to reducing the concentration of the virus to safety levels. However, the flowing
air can carry the virus from a neighboring area to the downwind area, and as a result, the
residents in the downwind area can become prone to infection. Therefore, a second level of
control can be conducted in the corner area of the windward side of the building and the area
of wind corridor between the building crosswalls to prevent wind circulation from the outside.
As the air in the windward and flowing areas moves with ease, pathogenic bacteria cannot
accumulate with ease. The quality of the indoor air can be influenced by the outdoor air, and
the third level of control can be enforced to prevent the input of external pathogenic bacteria.

(8) Classification of epidemic prevention measures in high-rise residential areas

Multiple measures can be applied and classified simultaneously. In high-rise residential
areas, measures should be undertaken to improve the system of measures for epidemic pre-
vention at the two levels of spatial epidemic prevention and spatial behavior control. In terms
of the spatial epidemic prevention degree, a specific targeted space for elimination should be
defined to carry out precise epidemic prevention. In the leeward side of high-rise buildings and
the windward side of buildings in the front row, daily key cleaning and disinfection should
be conducted, which should be taken as the key epidemic prevention areas in the case of
public health emergencies. Daily cleaning and disinfection work should be conducted in the
corner area of the windward side of the building and the wind corridor between the building
crosswalls, which should be taken as key epidemic prevention areas in the case of public health
emergencies. Daily cleaning and disinfection should also be carried out at the windward edge
of residential areas and between the gable walls of buildings in the front row, and the areas
should be used as common epidemic prevention areas in the case of public health emergencies.
In terms of spatial behavior control, it is necessary to make clear that residents cannot stay
in the space and to adopt corresponding outdoor activity space control, which is a necessary
response strategy to control the spread of the epidemic. The windward side of buildings in
the front row, the leeward side of high-rise buildings, and the downwind area with large wind
speeds are the main spaces in which residents should not stay. Pollutants in these areas cannot
dissipate with ease. When the concentration of the virus in the air reaches a certain level, it will
lead to the infection of residents exposed to this air for a long time. On the basis of ensuring
human comfort, the spaces with sound ventilation (including the upwind area of the windward
corner area, the windward external area of the high-rise residential area, the gables of the front
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row of buildings, and the corridor area) are conducive to reducing the concentration of the
infectious virus below the safety level in the air, which can be used as residential spaces suitable
for activities. Thus, the epidemic prevention of individuals can be conducted well.

(4) Time division for epidemic prevention and control in high-rise residential areas

Time-division-based control should be implemented efficiently. According to the field
measurements of the wind environment and the investigation of crowd behavior, the wind
speed is lower than 1.04 m/s from 7:00 a.m. to 8:00 a.m. in the morning and from 18:00 p.m.
to 19:00 p.m. in the evening, which is not conducive to the natural dissipation of pollutants.
In winter, the main times for outdoor activities on weekends and working days are at
9:00 a.m.—10:00 a.m. and 14:00 p.m.-15:00 p.m., and the number of residents for outdoor
activities is the lowest between 12:00 a.m. and 13:00 p.m. In order to ensure the health and
safety of residents for outdoor activities in daily or public health emergencies, disinfection
should be carried out in the morning from 7:00 a.m. to 8:00 a.m., from 12:00 a.m.-13:00 p.m.,
and from 18:00 p.m. to 19:00 p.m., and space behavior control should be carried out from
9:00 a.m.-10:00 a.m. and 14:00 p.m.-15:00 p.m.

4.2. The Establishment of a “Targeted Epidemic Prevention”-Based Emergency Management and
Control Plan

The outbreak of the novel coronavirus at a large scale has attracted the concern of many
scholars working in emerging health events with a focus on the transformation of concepts
and calls for action. However, there is inadequate concern regarding the control plan for
epidemic prevention in spaces, and maneuverability is not displayed. Therefore, the targeted
emergence response plan was formulated from the perspective of the wind environment and
the different spaces of high-rise residential areas (Figures 17 and 18). To be specific, spatial
divisions for air flow can be made as a basis, space identification for epidemic prevention can
be regarded as the driving factor, and targeted management can thus be guaranteed.
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Figure 17. A “Targeted Epidemic Prevention”-based emergency management and control plan for

high-rise residential areas.
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Figure 18. Schematic diagram of control strategies for epidemic prevention spaces in high-rise
residential areas.

(1) Air flow can be made as the basis. CFD technology was adopted to simulate the
wind environment of high-rise residential areas; as a result, the spatial division of air
flow was not the only factor considered. The location and distribution of the people
and risk spaces were also taken into consideration, including temporal distribution
and duration of activities, the distribution of people and space utilization, and the
transmission channels in the space of pollutants in the air flow field, which provide
basic data support for the prevention and control of all kinds of emergency planning.

(2) Space identification for epidemic prevention is the driving factor. Based on the
spatial division of the air flow field and the double effect of “Population Distribution-
Risk Space”, the multiple identification and evaluation of “Pathogenic Potential Risk
Points” were conducted, which can accurately describe the pathogenic risks of differ-
ent spatial environments in high-rise residential areas, establish multilevel areas with
pathopoiesis, provide spatial information support for the establishment of epidemic
prevention systems, and assist the decision-making processes for spatial control.

(3) Targeted management should be guaranteed. The establishment of a spatial system
for epidemic prevention based on “Spatial Division, Hierarchical Classification and
Type Differentiated and Time Division” is conducive to the establishment of spatial
rights, facilitating emergency organization and management, ensuring the implemen-
tation of epidemic prevention measures, and enhancing the epidemic prevention and
response capability of high-rise residential areas in a dynamic and diversified way.
The intensification of concept in control was developed to avoid rigid controls based
on “One Size Fits All” approaches. Additionally, it is conducive to preventing relaxed
attitudes toward epidemic prevention and control, and the main contents include
spatial division, risk classification, classification of measures, and time division for
control. The accurate control of spaces in the case of daily or public health emergencies
can be achieved through the space layout with various elements.
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4.3. Optimization of the Living Environment of High-Rise Residential Areas for Healthy
Living Spaces

Infectious diseases seriously affect the health of residents in high-rise residential
areas and that of the living environment of high-rise residential areas, and to a certain
extent, the living environment in the high-rise residential area will exacerbate the spread
of the disease. Therefore, the construction and improvement of the living environment in
high-rise residential areas is conducive to curbing the spread of infectious diseases [37].

In view of the current situation of epidemic prevention in high-rise residential spaces
and daily or public health emergency management and control, the spatial division for
epidemic prevention, the layout of control points for epidemic prevention, key elimination
spaces and the staying spaces not suitable for residents, and the key times for control
of epidemic prevention should be clarified to effectively protect the health and safety of
residents. In terms of the improvement of human living environments, it is necessary to set
up complete emergency service facilities, mainly including command, medical treatment,
material storage, shelter, and a sign guidance system, and a daily test system should be
implemented for residents in high-rise residential areas.

For the construction of new high-rise residential areas in the future, attention should
be paid to safety and health in addition to the requirements for the basic living, and the
natural ventilation and circulation of fresh air should be considered in the layout design of
buildings. For example, landscape design for residential areas can be made by considering
the poorly ventilated spaces, which can not only improve the environmental quality of
residential areas, but also prevent residents from staying there for a long time to prevent
virus infection. By designing, e.g., stilt buildings, the ventilation of the residential area near
the ground can be promoted on the premise of ensuring the floor area ratio.

5. Conclusions

In our study, based on the residential area of Jingyuan in Xi’an from the perspective
of the wind environment, methods of spatial recognition of epidemic prevention are
proposed in high-rise residential areas and a spatial system for epidemic prevention in
high-rise residential areas was constructed to form the “Targeted Epidemic Prevention”-
based emergence response control plan in high-rise residential areas so as to optimize the
spatial control strategy in response to emerging outbreaks.

The fluctuating, unsteady air flows at the pedestrian level were calculated and can
be used to understand how the virus spreads in the air. The requirements for epidemic
prevention should be considered in the entire process of planning, construction, and
management of current high-rise residential areas and newly built high-rise residential
areas in the future so as to deal with daily or emerging public health events and to provide
reference for improving the spatial control ability of China’s high-rise residential areas.
Thus, new ideas for epidemic prevention and control under emerging health events can
be proposed.

Our final results can be a strong guideline to obtain in-depth knowledge about the
transmission of viruses in the air. In future studies, we will continue to study the transmis-
sion mechanism of viruses in the air.

6. Limitations and Outlook

In our study, we only considered the impact of wind on the transmission of viruses.
Thus, the heat balance between the building and surface is beyond our scope, but in our
future studies, we will continue to research the influence of heat balance on air flows.
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