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Abstract

Numbers of constructions have emerged due to the continuous urbanization process and the diversity
of building clusters. Meanwhile, frequent global epidemics, such as COVID-19, have raised higher
requirements for efficient urban ventilation. Traditional building design is insufficient to
quantitatively consider the rationality of urban ventilation and corresponding risk assessments. This
study carries out urban safety ventilation research and provides risk assessment models by using
simulation and mathematical induction based on on-site measurement data, to realize accurate
evaluation of disturbance of building clusters in urban environment, taking an Innovation Base in
Chongging as an example. The Amplification Coefficients on Urban Disturbance (ACUD) of the
Innovation Base are respectively 61=0.047 representing safe evacuation distance for ventilation of

new buildings downstream, ©2=0.403 representing origin airflow disturbance retreat of new
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buildings, 63=1.261 representing the control range of skyline design, and 64=4.381 representing
urban canopy ventilation boundary. The Comprehensive Risk Coefficient (CRC) of the Innovation
Base in the horizontal & vertical direction of CRC,=17.88 and CRC,=102.97 is obtained indicating
the infection risk of residents in the vertical direction is 5.76 times greater than that in the horizontal
direction. The Comprehensive Pollution Disturbance (CPD) is 1.70692*10*® kg/m?® which can be
regarded as the quantitative risk assessment index of the Innovation Base under large public health
safety events. This study contributes to effective support of architectural and urban design facing safe
ventilation, providing theoretical support for the risk assessments, the resident control and anti-

epidemic policies for both governments and residents during the worldwide epidemic situation.
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List of symbols

Nomenclature

A Area (m?)

AD Average Deviation

Am*n m * n-order matrix

ATm*n Rank conversion of matrix of order m * n

CPD Comprehensive Pollution Disturbance (dimensionless)

CPDn Comprehensive Pollution Disturbance in horizontal direction (dimensionless)
CPDv Comprehensive Pollution Disturbance in vertical direction (dimensionless)
CRC Comprehensive Risk Coefficient (dimensionless)

CRCh Comprehensive Risk Coefficient in Horizontal Direction (dimensionless)
CRCy Comprehensive Risk Coefficient in Vertical Direction (dimensionless)
CcVv Coefficient of Variation (dimensionless)

D Density (kg/m?®)

D Density of A S (kg/m?®)

E:: Density of A S; in horizontal direction (kg/m?®)




ED
EDc
EDacx
EDacy
EDec:

PMC
PMCec
PMCox
PMCagy
PMCe:
Ti

SD

Si
SKEW
TED
TEDG
TEDox
TEDgy
TEDe:
TKE
TKEG
TKEex
TKEgy
TKEG:

Vu
Vv

Density of A S;in vertical direction (kg/m?®)

Eddy Viscosity (Pa*s)

Eddy Viscosity Gradient (kg/m?s)

Eddy Viscosity Gradient in X dimension (kg/m?s)

Eddy Viscosity Gradient in Y dimension (kg/m?s)

Eddy Viscosity Gradient in Z dimension (kg/m?s)

Kurtosis (dimensionless)

Star masses of Planet i (kg)

Size of the sample

Normalization process

Percentage of area of A S; (m?)

Percentage of area of A S; in horizontal direction (m?)
Percentage of area of A S; in vertical direction (m?)
Foreign Planet into Pg

Ideal Plane Galaxy

Planet i within the ideal plane galaxy

Particle Mass Concentration (kg/m®)

Particle Mass Concentration Gradient (kg/m*)

Particle Mass Concentration Gradient in X dimension (kg/m?)
Particle Mass Concentration Gradient in Y dimension (kg/m*)
Particle Mass Concentration Gradient in Z dimension (kg/m?)
Distance between Planet i and Planet e (m)

Standard Division (dimensionless)

Occupying Areas of Planet i (m?)

Skewness (dimensionless)

Turbulence Eddy Dissipation(m?/s°)

Turbulence Eddy Dissipation Gradient

Turbulence Eddy Dissipation in X dimension (m/s®)
Turbulence Eddy Dissipation in Y dimension(m/s®)
Turbulence Eddy Dissipation in Z dimension(m/s®)
Turbulence Kinetic Energy (m?/s?)

Turbulence Kinetic Energy Gradient(m/s?)

Turbulence Kinetic Energy Gradient in X dimension(m/s?)
Turbulence Kinetic Energy Gradient in Y dimension(m/s?)
Turbulence Kinetic Energy Gradient in Z dimension(m/s?)
Velocity (m/s)

Velocity in X dimension (1/s)

Velocity in Y dimension (1/s)
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Vw
WS
WSk
WSy
WS,
AS

Velocity in Z dimension (1/s)

Wall Share (Pa)

Wall Share in X dimension (Pa/m)

Wall Share in Y dimension (Pa/m)

Wall Share in Z dimension (Pa/m)

Equally divided stars with the same size (kg/ms)

Density of Planet i (kg/m?®)




1 Introduction

The world urbanization rate has risen to 48% at the end of the 20th Century and will eventually
exceed 80% in the next 30 years™. Meanwhile, the coronavirus epidemic in 2019 has cast a great
impact on people's lifestyles with the increased size and density of citiest? . There were 548 million
infections confirmed worldwide by 1st July, 2022 with a total of 6.33 million deaths covering 215
countries and regions, causing a global crisis with profound social impactstl. On this basis, a large
number of relevant studies on safe ventilation in large cities have emerged, especially in combination
with the study on microbial aerosol (MA) diffusion pollution of the COVID-19 virus. Microbial
pollution includes viruses, bacteria, mycoplasma, fungi or their spores adhering to air particles.
Microorganisms suspend in the air in the state of a single cell and connect with dry solid particles
and liquid particles, forming microbial aerosol which can spread to dozens of kilometers with the
airflow! €1, The study on the diffusion form of MA pollution can provide practical measures for the
identification of high-risk groups, evacuation and resettlement of residentials during major public
health security incidents, and the corresponding risk assessment will provide technical support for
the optimization of urban ventilation schemes and the future urban architecture upgrading
guidelinest® 1.

Therefore, the study of urban ventilation mechanisms has become the scientific research frontier of
key institutions worldwide with the spread of the COVID-19 epidemic situation®l. The continuous
revelation of the transmission mechanism of viral aerosol mainly contains the simulation model
researchl* %14 and the project study!® 21,

(1) In the field of simulation model research, simulation model selection and optimization are the
main focus of computational fluid dynamics research®l. Specifically, gauss floating calculation
(SCIPUFF) was used in the fast 3D-CT model to reveal the propagation characteristics by ignoring
the Lagrangian method of vortex shedding!** *°1. The selection of the meteorological model under the

typical LES model (mms/ obs) was also discussed ¢! besides the parameters of air exchange rate and
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reentry ratio®”. Model optimization mainly contains non-CFD (Computational Fluid Dynamics)
methods to solve the problems of large modelling costs!*®l, and replacement of 3D scenes with 2D
simulation aiming at a low computational cost*®l. Studies have been made on the extraction of 13
ventilation indexest® from a total amount of 63 pieces of literatures in recent years as the direct
monitoring parameters of the simulation study.

(2) In the field of project study, the main requirements are the large computing resources support
interfacing with different computational models. Specifically, the combination of CFD and the
Weather Research and Forecasting model (WRF) has been used to simulate the emergency public
safety events in the Central Park in New York™%, while the combination of the Computational Fluid
Dynamics (CFD) model with the chemical reaction model (CBM-IV) was also used. The large-
scale simulation of city security is getting more and more attention as the study on the diffusion path
of pathogenic aerosol in Hong Kong(??l. Besides, the relatively small-scale simulation includes street
canyon level and building level. The semi-empirical multi-layer model®®®! has been established and
the corresponding residential-industrial compatibility principles were analyzed® through urban
canopy layer (UCL) research at the street canyon level. Aiming at the control of urban air quality, the
diffusion of street traffic pollution in Beijing was revealed under the combined analysis of simulation
and onsite testing!®!, while three quantitative indicators were put forward to form the "urban
permeability map"?6l. The diffusion pattern of traffic pollutants around buildings with plant belts
was analyzed under simulation and experimental study[®”] together with the impact of urban
structure on the average air age at the building level®. The LES model with high-velocity spatial
resolution! was used to study the influence of stable layered roughness sublayer on the
transmission of scalar parameters to improve the details of the architectural design. Furthermore, gas
and suspended particle pollutants™? were studied and the intake fraction*”! was used to characterize

the impact of ultra-fine particles on the human exposure of the indoor environment.



In conclusion, The research on the diffusion of urban pollution has become the frontier of research
institutions around the world with the continued development of the COVID-19 epidemic situation*®
31-361 containing wake coupling theory 71, wake vortex shedding phenomenont®® and the disturbance
of spatial building layout!*®l. The current common research models have their suitable application
scenarios. The SCIPUFF calculation ignores the phenomenon of residual vortex shedding to realize
rapid reaction, while CBM-IV is more suitable for simulating the movement of specific fluid
combinations with chemical reactions. Although the Semi Empirical Multi-layer model provides a
convenient computing interface for the analysis of specific flow scenarios and can simplify the
complex layered flow simulation, its core computing capability is limited by empirical calculation
formulas., CFD calculation is still the most flexible, accurate and widely used calculation method at
present.

However, two major problems still need to be further solved based on the existing research although
research in this area has received widespread attention: (1) how to define the horizontal and vertical
climate disturbance boundary on the basis of spatial dimensions to provide a clear and reliable scope
for the urban planning and urban climate management in a quantitative way?2. (2) how to clearly
define the comprehensive risk assessment and pollution indicators caused by the public health
security incidents to the living residents!’]. The comprehensive indicators need to reflect the
spreading characteristics of pollution and the intensity of pollution transmission to provide an early
warning of the residents’ living safety after the emergency pollution break out!®!, and also make an
evaluation of the reliability of the building scheme at the beginning of urban constructiont® 21,

This study will take an Innovation Base under construction as the research objective to carry out a
quantitative study on its urban design scheme relying on the CFD algorithm and onsite resting. The
above problems on quick prediction of urban pollution diffusion and quantitative risk assessment of
urban ventilation will be systematically explained to form: (1) aerodynamic characteristics analysis

and numerical optimization scheme of the urban design, and (2) scientific measures for the
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identification of high-risk groups, the evacuation and resettlement of residentials under epidemic
prevention. Typical characteristics and effective control methods for the diffusion of COVID-19 are
discussed. A series of design indicators containing the Amplification Coefficients on Urban
Disturbance (ACUD), the Comprehensive Risk Coefficient (CRC) and the Comprehensive Pollution
Disturbance (CPD) contribute to the design scheme facing quantitative urban ventilation evaluation

and risk assessment based on traditional architectural design standards.

2 Methodology

The incipient design scheme was provided by the Shenzhen Institute of Building Science based on
traditional architectural design standards. The building scheme and COVID-19 safety ventilation of
the whole Innovation Base were analyzed with the specific monitoring points surfaces around the
building combined with the first-order meteorological parameters and high-order flow parameters.
The research is divided into simulation research, field study and modelling development. The
simulation research was introduced to explore the detailed aerodynamic data of the ventilation
environment in the Innovation Base, and then the on-site measurement of the field study was carried
out to verify the simulation result. The field experimental measurement reveals that the field-
measured data is in good agreement with the simulated data. Finally, the model deducing
Amplification Coefficients on Urban Disturbance (ACUD), Comprehensive Risk Coefficient (CRC)
and Comprehensive Pollution Disturbance (CPD) was carried out based on the detailed data export
of the simulation to provide practical measures for risk assessment and epidemic control under the
microbial aerosol pollution. The specific flow chart of the study on simulation research and field

study is shown as follows in Figure 1.



Simulation

* Meshing under Project
design scheme

* Boundary condition
validation

» Aerodynamic
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preparation for model
deducing

Modeling

» Mathematical and
physical abstractions

» Amplification
Coefticients on Urban
Disturbance

* Comprehensive Risk
Coefficient

* Comprehensive
Pollution Disturbance

Fig. 1. Flow chart for the methodology containing Simulation, Measurement and Modelling

2.1 Project introduction
This work aims to study the mechanism and strategy of urban health ventilation based on COVID-19
aerosol pollution diffusion of the Sichuan-Chongging Gaozhu Innovation Base, the overall planning

is shown in Figure 2.



-

Fig. 2. The project demonstration of this study-Chongging-Sichuan Gaozhu Innovation Base and the current

construction progress

Sichuan-Chongqging Gaozhu Innovation Base was designed as the demonstration area for the
integrated development of industry, city and scenery which integrates complex urban formats
containing residential areas, commercial areas and industrial areas. Typical planning methods namely
determinant, staggered, freestyle and enclosed building layouts are adopted integrating complex
elements such as the interlocking skyline of podium and tower buildings, independent urban air ducts
and mountainous terrain, providing an ideal research platform for the research of urban ventilation.

Its abundant architectural layout forms and multiple functional areas, together with the
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comprehensive production and living functions all contribute to a representative case study for the
research. Basic information on the CAD model of the Innovation Base and the design for the onsite

measurement is shown in Figure 3.

/SN

/ Fixed micro-weather stations

I\ Typical mobile testing points

o 100 20 w0 500 m
L ; i
|

Scale of Innovation Base

E N -

Fig. 3 CAD model of the overall planning scheme of the Innovation Base and the design for the following onsite

measurement points based on Space Label Segmentation Methods!®°]
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2.2 Onsite testing introduction

This study relies on the experimental research platform of the School of Civil Engineering at
Chongging University to conduct relevant meteorological conditions and pollutant concentration
testing onsite to achieve the following objectives: (1) explore the real meteorological boundary
conditions through continuous monitoring of construction sites; (2) verify the accuracy of simulation
research by monitoring key locations within the Innovation Base; (3) determine the boundary
conditions for quantitative research on pollutant concentration. The onsite testing experimental

instruments and testing scenarios are shown in Table 1 and Figure 4.

Table 1 The onsite testing experimental instruments

WWFWZY-1 Wireless JTR04 wet DUSTTRAK |1
ppbRAE 3000 VOC detector
Instrument Universal Wind Speed and black bulb aerosol monitor
PGM-7340
Temperature Recorder thermometer 8532
temperature 0.01°C + 3% of the calibration point for +0.1% or
Resolution 0.1°C
wind speed 0.01 m/s 10-2000 ppm isobutylene +0.001 mg/m3
1 ppb-10,000
10.6 eV
temperature -20-80°C ppm 1 ppb
Measuring 1 ppb-10,000 0.001 - 150
-20~125°C 9.8 eV
range ppm 1 ppb mg/m3
wind speed  0.05- 30 m/s 0.1 ppm-2,000
11.7eV
ppm 10 ppb
Temperature
temperature +05°C -20°C-50°C
range
+0.002 mg/m?
Calibration 0% to 95%
+0.5°C after 24 hours of
accuracy 5% + 0.05 m/s Humidity relative
wind speed use
(0.05-30 m/s) range humidity (non-

condensing)

Record time
2 sec - 24 hour 1-255 min 1-3600 sec 1sec - 1 hour
interval
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The onsite testing of the study was carried out based on the experimental design scheme of the
Chongging Construction Science and Technology Plan (No. 20220184). The experiment design
chose the month and days with the highest frequency of dominant wind direction of the Innovation
Base according to the “Meteorological Database of Major Cities in China” of Tsinghua University.
The onsite meteorological data testing method of the Ruifeng - Eling Project® was introduced in
this study (the three-star certification of Green Building in China and Green-Mark Platinum
Certification in Singapore, the highest level of Green Building Certification in both countries). The
onsite experiment for this study has gone through 60 scenarios of field tests containing 8 fixed
micro-weather stations for long-term environmental parameter monitoring and 35 typical mobile

testing points selected from the field.

ol T L)
W HIRE MONI REAN.AN-R HAMS

TR Tl o e

%, e
te testing scenarios around and within the Innovation Base

' - '/L.. = 'I' -
Fig. 4 The onsi

2.3 Model description

2.3.1 Computational domain

The building coverage area is less than 7% of the entire calculation domain according to the wind
field simulation requirements, and the target building group is set in the center of the airfield.
Parameter H1 is set as the longest horizontal length while H2 is set as the longest vertical length of
the Innovation Base. The three-dimensional size in the XYZ direction is 7500 m, 13627 m and 600 m

respectively according to the architectural design size of the Innovation Base.
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2.3.2 Boundary conditions

In terms of meteorological boundary conditions, the natural gradient wind with an annual wind speed
assurance rate of 10% is selected as the design boundary condition based on the special
meteorological data set for thermal environment analysis of “Meteorological Database of Major
Cities in China” of Tsinghua University°l. The onsite meteorological data testing was carried out for
the meteorological parameter verification and simulation result verification. The boundary conditions
use the combination of velocity-inlet and pressure-outlet in the south and north direction
respectively. The east, west and top surfaces of the air domain were defined as free slip with a shear-
force of 0. Air floating particles at the average size of 10 um with the normal distribution range of [1

um, 100 um] as the releasing source are created which COVID-19 attaches to.

2.3.3 Mesh modeling

The total number of mesh grids of the air domain is 33.69 million with 715 surfaces and 3127 curves,
and 31.28 million tetrahedral cells. Element parts near the ground and the building group are
densified as 2133263 and 17955 respectively to get higher accuracy in the key regions.

The mesh quality is also calibrated by the method of Equi-Size Skew. The best mesh quality is 0.99
while the worst is 0.10 accounting for 4.12% of the total mesh, with the average quality value of 0.74
and the most concentrated area of grid quality is [0.90, 0.95] accounting for 23.36%. The Grid
sensitivity analysis and validation test were also carried out by an extra mesh under the same design

scheme with a total element of 85.82 million.

2.3.4 Calculation settings
This simulation was carried out on the pressure-based model under transient calculation. The gravity
and temperature field are coupled during simulation while the multi-component model and discrete

phase model have interacted. The standard k- ¢ model is selected for turbulence combined with
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Lagrange diffusion mode to ensure the simulation accuracy of particle migration. The residual
monitors of continuity and energy were defined at 1*10° of 1*107° respectively for convergence.

The building design scheme was analyzed on two surfaces referring to China Green Building
Standard (GB/T 50378-2019): (1) the outdoor pedestrian activity region, 1.5m high plane above the
ground, and (2) the building window ventilation region, 0.5m offset from the building facade. A total
of 35 surfaces of pollution source corresponding to the exhaust outlet, pedestrian entrance and exit
based on the building scheme were picked out by the official construction company of the Innovation
Base “Sichuan Provincial Investment Group Company Limited”, where pollution was prone to occur
according to the existing design scheme as shown in Figure 5, together with the mesh image of the
total calculation domain. The comprehensive information of the simulation study is presented in

Table 2 based on the current study on urban ventilation% 44,

Fig. 5 Extraction of typical pollutant diffusion source in the building design scheme shown in the red plane in the

figure and the mesh image of the total calculation domain

Table 2 Comprehensive information of the simulation study

Items Distribution
Length Width Height
Domain
13627m 7500m 600m
Elements Surfaces Curve
Geometry
3369 715 3127

15



Average value Maximum value Minimum value

Quality
0.74 0.99 0.10
Average diameter Maximum diameter Minimum diameter
10pm 100pum lpum
Particle Distribution function
1 (x — p)?
X) = exp|—
f6) = = p[ P
Pressure
Temperature Velocity inlet Wall
outlet
Boundary Air Ground Building South North East West Top
Smooth Smooth Smooth
28°C 30°C 32°C Natural gradient Far-field
wall wall wall
3 Result

3.1 Morphological characteristics of COVID-19 distribution

It is necessary to extract the vortex structure by certain methods to research the vortex structure of
turbulence, where we introduce the definition of vortex core. The vortex core in this study was
extracted under the method of “Q” which represents the second-order invariant of the velocity
gradient VU. The detailed definition is as Equation 1 to Equation 5.

Eg.1-Eq. 5:
1 2 2
Q =S W= 1S

W =

N| =

[vU — (VU)"]
Wl = W:w)/?
w = %[VU + (V)]

S|l = (S:8)1/2
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The formation of a vortex core around the building is the intuitive embodiment of the turbulence
formed under the impact of airflow as shown in Figure 6. The location of the vortex core provides
basic reference criteria for greening design and building overhang design for the architectural
scheme. A vortex core with a maximum speed of nearly 5 m/s is formed around the highest building
of the Innovation Base on the windward side indicating the intensity of the wind speed field formed

around the building.

Vlocity : AL
Contour 16 150.00 450.00

Fig. 6 Distribution of velocity nephogram of vortex cores around buildings

This study uses a vortex shell to capture the COVID-19 virus diffusion route and intensity as shown

in Figure 7. The results showed that the virus particles were concentrated in the vortex shell with a
17



concentration of COVID-19 around [0,10® kg/m®] which is three orders of magnitude lower than the
initial releasing concentration at 1.67*10° kg/m®3. The COVID-19 particles concentrate around the
releasing building facades with the development of the vortex shell under natural meteorological
conditions, within 20 meters around the building according to the vortex nephogram. The hypothesis
on one absolute COVID-19 infection was not adopted in this study, and it is not simply considered
that a person is infected when a single virus appears. The concept of "particle mass concentration”
was introduced in this study based on the "Chongging Municipal Postdoctoral Research Flow Project
Special Grant (No. 2211013357670761)". The COVID-19 virus attaches to the surface of particles
suspended in the air with a normal distribution, and will cause high-risk human infection when the

particle mass concentration rises above 1.0%10° kg/m®in this study.

Parlick Mass Concenlration

0 350.00 700.00 (m)
L IEEEaaaa—— . |

175.00 525.00
Fig. 7 Distribution of COVID-19 particles with vortex shell around buildings

18



3.2 Onsite testing and verification on simulation

The actual meteorological conditions and the particle concentration from the working dust on the
construction site during the testing period are used as input boundary conditions for the comparative
simulation experiment. The 10 monitoring points were selected in the 3D-model space to compare
with their measured data of the corresponding monitoring points on site. The comparison of the
simulation result and the onsite testing are shown in Figure 8. The simulation calculation results
showed good agreement with the onsite test results for the typical environmental parameters (wind
speed, pressure) and particle concentration. The simulation results show consistent changes in both
trend and numerical magnitude with the onsite testing results indicating the simulation represents the

ventilation scenario. The specific experimental test data are shown in Figure 8.

90 10
80 755 7508 78.89 8
70
6
60
4
50
2
40
0
30
-2
20
10 4
5.01 -4.56
5
0 -6
0 2 4 6 8 10 12
Pressure (Pa) Simulation mmmm Pressure (Pa) On-site Testing
Velocity (m/s) Simulation Velocity (m/s) On-site Testing
—0— Particle concentration (mg/m3) Simulation Particle concentration (mg/m3) On-site Testing

Fig. 8 Comparison of the data of the simulation result and onsite testing of corresponding monitoring points where

the X axis represents the type of test data and the Y axis represents the data value
19



This study introduced the Pearson Correlation Coefficient to analyze the parameters in Figure 8 to
reflect the quantitative index of simulation accuracy. In statistics analysis, Pearson Correlation
Coefficient, also known as Pearson Product-Moment Correlation Coefficient (PPMCC or PCCs), is
used to measure the correlation between two variables X and Y. A value of 0 means that there is no
correlation between the two variables, and the closer the coefficient is to 1, the better the correlation
relationship is between the data. The Pearson Correlation Coefficient of the parameters is calculated,
showing that the PCC of the pressure, velocity and particle concentration are 0.9853, 0.8755 and
0.9856 respectively, representing a good correlation between the result of the simulation and onsite
study.

4 Discussion

Numerical research on the building scheme can be divided into two aspects: (1) study on the
aerodynamic characteristics of the horizontal wake area of buildings. Existing studies have shown
that the building wake area is not only the high incidence and concentration area of air pollutants, but
also the formation area of eddy currents in large urban building clusters. The interference between
wake streams endangers the residential safety of downstream residents. (2) study on the vertical
ventilation potential of urban canopies. The purposes of urban air duct design are to improve the
ventilation capacity of the city and to quickly discharge the polluted air generated by the city among
which the vertical emission at the street canopy level is currently considered to be the most effective
way. The key research areas containing the pedestrian plane (1.5m from the ground) and the building
ventilation surface (0.5 m from the building facade) are studied to analyze the concentration
distribution characteristics of the COVID-19 pollutants. The three-dimensional disturbance boundary
of the building complex on the development of the entire urban wind field at the spatial level is
discussed.

4.1 Horizontal disturbance of urban ventilation

The plane 1.5m above the ground is analyzed to study the distribution characteristics of the
20



pollutants with meteorological parameters. The scope of the wake area on the leeward side of the
buildings is defined as shown in Figure 9 showing that the leeward side of the buildings has met the
rapid pressure drop region within the range of Y= [0, 20] and an obvious negative pressure area
appeared in this region due to the influence of the horizontal pressure gradient force on the airflow.
The pressure is gradually increases due to the appearance of the internal primary vortex boundary
within the range of Y= [20m, 70m]. The wake of the building group is formed and the pressure
gradually reduced to 0 When meeting the breakdown of the primary vortex within the range of Y=

[70m, 2800m].

Pressure distribution in building wake region

e

0 TSRS NNEet RNttt et el e it tetesetegees *e el dhvdbvibicfietivdbosiod

Pressure [Pa ]
i

4

[ T T T T T T T T T T T T 1
2,200 2,400 2,600 2,800 3,000 3,200 3,400 3,600

Y[m]
—8— Pressure distribution in buiding wake region

Fig. 9 Pressure distribution in the wake area on the leeward side of the building group where the X axis represents

the distance from the building fagade in the Y direction and Y axis represents the pressure

The leeward side here refers to the large vortex wake area formed by the Innovation Base in the
direction of the wind, which causes not only natural gradient wind disturbance, but also the gathering

of pollutants, making it becomes the focus of modern urban planning research. The practical
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significance of the study on the large vortex wake area lies in the influence of the urban landscape
formed by the building groups on their downstream urban regions, to determine the disturbance
range of the building groups on the urban ventilation, or the retreat of the downstream buildings

during the urban design.

4.2 Vertical disturbance of urban ventilation

The 3D streamlines of 5000 clusters are established for the parameter variables captured in the whole
air domain. The corresponding velocity decomposition of airflow in the direction of height and
horizontal airflow is shown in Figure 10. The selection of 3D streamlines of 5000 clusters is to
capture the fluctuation characters and the changing parameters on the streamlines from a spatial
scale. The amount of data is large enough which can well reflect the parameter fluctuation at
different locations in the space based on the final performance. The location of the urban boundary
layer (UBL) and canopy layer (UCL) can be qualitatively identified through the vertical
decomposition of air velocity. Due to the disturbance of the urban building boundary layer, the
decomposition Uy of wind speed in the horizontal direction is distributed within the range of height
Z=130 m under the UBL boundary. The disturbance of the urban boundary layer UBL to the natural
gradient wind will be terminated and the natural gradient wind will return to the exponential
distribution when the height reaches Z=300 m. Meanwhile, the irregular disturbance scatter
distribution of Uy is concentrated within Z=130 m. The Uy, stratification is higher than Z=130 m due
to the eddy current combined with the building plume at the top of the building. The Uw shows an
exponential gradient attenuation to 0 under the interaction of natural gradient wind when the height

exceeds Z=300 m.
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Fig. 10 Distribution characteristics of air velocity decomposition in the vertical and horizontal direction where the
X axis represents the velocity decomposition and the Y axis represents the height

The space size of the primary vortex zone is small and the parameters change sharply resulting in
serious pollution. The spatial size of the secondary vortex zone is large and the meteorological
parameters are smaller compared to that of the primary vortex zone. However, it is difficult to carry
out direct measurements on the region definition of vortex in practical applications due to their small
changes in parameter values and directions. Thus, it is of great significance to divide the first-order
and the second-order eddy current influence range of the building cluster by an accurate evaluation
method. The following part of the research will establish a serious of design indicators in
combination with the simulation method to the define of primary and secondary vortex zones

accurately.

4.3 ACUD analysis in the horizontal direction

Further study on the fluctuating characteristics of aerodynamic parameters under shield turbulence is
carried out based on the measurable meteorological parameters. the absolute value of typical
aerodynamic parameters is controlled within the range of [0, 2.5] through a unit transformation to
facilitate comparative analysis as shown in the Figure 11. The typical extreme points appear at the
spatial distance of Y=4 and Y=8 through the observation of TED/TKE/V/V.//WS and the
corresponding spatial distance is AY=60 m and AY=120 m respectively. The TKE and TED decrease

rapidly due to the direct influence of wind speed within AY=60 m forming the first-order vortex zone
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behind the last row of buildings. The first-order vortex at AY=120 m breaks under the effect of space
turbulence and TKE gradually increases to a stable state. The flow aerodynamic parameters begin to

oscillate when the distance is further increased to Y=37, that is AY=520 m.
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Fig.11 Fluctuation of the first-order aerodynamic parameters on a pedestrian plane in building wake area where the
X axis represents the distance from building facade in the Y direction and Y axis represents the parameter variation

The aerodynamic parameters of the first-order vortex are further expanded as shown in Figure 12
based on the above conclusions. It is further found from the figure that the concentration of
pollutants decreases rapidly when Y=2 (AY=30 m). The concentration of virus particles decreases
rapidly due to their Brownian motion after release from the pollution source and the virus diffusion
fluctuates rapidly due to the disturbance of airflow. At the same time, the TEDg reaches the
minimum value at AY=60 m, when the corresponding EVs and TKEg also reach their minimum

where the first vortex formed in the wake area of the building finishes.
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Fig.12 Distribution of low and high order aerodynamic parameters on pedestrian plane in building wake area where
X axis represents the distance from building fagade in Y direction and Y axis represents the parameter variation

In conclusion, the length of the building wake region under this design scheme is 1290 m along the
wind direction, so the typical boundary is obtained on (1) AY=60 m, the length of the first-order
vortex formed in the horizontal direction of the wake area, (2) AY=120 m, the transition length from
the first-order vortex to the second order vortex, and (3) AY=520 m, the finishing length of the
second-order vortex.

The amplification coefficients of urban disturbance in the wind speed direction of the Innovation
Base reach 01=0.047 representing a high pollution concentration area and safe evacuation distance
for ventilation of new buildings in the downstream direction), and ¢ 2=0.403 representing a low
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pollution concentration area and ventilation quality retreat of new buildings.

4.4 ACUD analysis in vertical direction

Urban Street Canyon is an important channel for urban sewage discharge and space purification. The
study of aerodynamic parameters of the street canyon can define the urban boundary layer to further
propose specific requirements on the height of new buildings in the building cluster. On the other
hand, the height of urban canopy which plays an important role in urban meteorological research and
urban canopy pollution control can be quantitatively described. The monitoring line of [0, 600 m] in
the height direction of the interval Z is established at the geometric center of the street canyon under
the current building scheme. The low-order and high-order aerodynamic parameters of the street
canyon are studied.

The distribution characteristics of EV/TED/TKE/P in the street canyon are shown in Figure 13. The
maximum negative pressure area is generated and the urban boundary layer reaches its pressure
boundary when Z=21 or AZ=126 m. The urban ventilation passes over the sharp edge of the tallest
building when the upward building plume and the horizontal wind together form a first-order vortex.
The typical aerodynamic parameters as EV/TKE/TED have met the obvious deflection when the
altitude continues rising to Z=73 or AZ=438 m. The disturbance of the building is over and the
boundary of the secondary vortex zone appears under the influence of natural gradient wind.
Furthermore, the high-order aerodynamic parameters produce gradient mutation when the height
continues to rise, and the aerodynamic parameters have experienced sudden changes in the gradient
direction when the height continues to rise to Z=47 or AZ=282 m based on the gradient analysis of
the extract data in Figure 13. The stable flow field in a certain space above the roof is gradually
destroyed under the influence of natural gradient wind and the high-order aerodynamic parameters

gradually transform into natural gradient wind.
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Fig. 13 Distribution of low-order aerodynamic parameters of street canyon in the Innovation Base where the X axis

represents the parameter value and the Y axis represents the height
In conclusion, the maximum building height of the design scheme is Z=99.9 m, so the typical
boundary is obtained at AZ=126 m, AZ=282 m and AZ=438 m corresponds to the amplification
factor. The corresponding values are: (1) the height of the first-order vortex formed in the height
direction, (2) the transition height from the first-order vortex to the second-order vortex, and (3) the
finishing height of the second-order vortex. The Amplification Coefficients are defined as the
disturbance magnitude of the natural wind by the presence of building groups of a certain size in a
particular urban area. Specifically, it represents the ratio between the extension distance of the vortex
boundary of the airflow generated by the building group and the size of the building group (the

length, width and height of the building group) in different directions as shown in Equation 6:
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The Amplification Coefficients of urban disturbance in the height direction of the Innovation Base
are respectively 61=1.26 representing the control range of the skyline of new buildings, and 6.=4.38

representing the urban canopy ventilation boundary.

5 Mathematical Model for Risk Assessment

The main concern in practical application is the distribution of pollution on the contact surface of
people in horizontal and vertical directions in case of public safety incidents in the building complex,
focusing on (1) the expansion and irregular distribution of pollution area, and (2) the random and
uneven distribution of pollution intensity.

Therefore, this study determines the pollution contact plane and provides quantitative evaluation
indicators for the corresponding pollutant concentration. Firstly, the monitoring of COVID-19
particle concentration and contaminated area percentage was carried out on the pedestrian plane of
1.5 m above ground in the horizontal direction. Secondly, the windowed ventilation area of 0.5 m
offset from the building facade was chosen as the research area in the vertical direction, and the
pollutant concentration and contaminated area are monitored simultaneously. The results were shown

in the Figure 14 (a) and Figure 14 (b).
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Fig.14(a) Particle mass concentration horizontally regional analysis in Gaozhu Innovation Base where the X axis

represents the particle mass concentration and the Y axis represents the percentage of area
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Fig.14(b) Particle mass concentration vertically regional analysis in Gaozhu Innovation Base where the X axis

represents the particle mass concentration and the Y axis represents the percentage of area

The COVID-19 particles show complex uneven distribution in space and intensity in both horizontal
and vertical directions as shown in the above figure. This unbalanced distribution can be understood

as the distortion in both spatial distribution and mass distribution due to the outbreak of pollution.
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Thus, the concept of the centroid system is introduced in the following part to research the distortion

of the above two dimensions

5.1 Comprehensive Risk Coefficient

The concentration of pollutants on the surface of the Innovation Base can be measured and justified
at the same time. Those who enter the Innovation Base at random will be affected by (1) the risk of
pollutant concentration, and (2) the risk of pollution range where they are located. Therefore, it is
necessary to make an abstraction on the two elements of random area and random concentration
when studying the risk of human infection.

The hypothesis is made that there is an ideal plane galaxy Py with a fixed boundary in space, the total
area of the plane galaxy is 1 unit, and the total mass is also 1 unit. The ideal galaxy Py is filled with
equally divided stars with the same size ASi, corresponding to the same planet density p. Then each

planet occupies 1/n unit area and 1/n unit mass as shown in Equations 7 and 8:

nxAS; =1

nxp*AS; =1

However, the stars in the ideal plane galaxy Pq are in the process of free random growth in space, and
their respective positions form different planets occupying areas Si, Sz, Ss... Si... Sn, and different
planet densities p1, p2, p3... pi...pn, COrresponding to different masses M1, Mz, Ms... Mi... Mn. The
boundary of the galaxy Pgq has been fixed, resulting in the random increase or decrease of the
occupied area S; of the individual planet P; while the density of the individual planet p; increases, as

shown in Equations 9 and 10:
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n
:E:.Si:: 1
i=1

Eqg. 10:

n n
Mi=ZSi*pi>1
=1 i=1

l

At this time, an alien planet Pe (Mpe =1) will be randomly and mistakenly inserted into the plane
galaxy Pq after variation, and Pe will be constrained to the gravitational action of M1, M2, Ms... Mi...
Mn. The gravitational effect of the mutated plane galaxy Py on the alien planet Pe symbolizes the
double disturbance of Pg on Pe in space and mass. The alien planet P is disturbed by the capture of a

nearby planet Pi, which can be expressed as Equation 11 and 12 where C represents constant value.

Eqg. 11:

M;
Fi=Gg=C0xSxp

Eq. 12:

n n
ZFL':ZC*Si*Pi
1 1

Different planets on the site of the grid areas Si, S», Sa... Si...Sn increases and decreases after galaxy
variation while maintaining the total area of 1 unchanged, and the corresponding mass M1, Mz, Ma...
Mi... My in different grids S; is differentiated. The summation of the perturbations of each planet P; to
the Pe of the alien planet is the comprehensive effect of the galaxy Pq to Pe. The ideal space plane

galaxy Py has become Py’ due to its internal mass and space evolution because of the random location
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of Pe entering Py. The gravitational field of the alien planet Pe is mathematically abstracted as Pg'

gravitational field in the following function F (x) in Equation 13.

Eqg. 13:

The independent variable of function H(x) is transformed to eliminate the influence of the different
dimensions on pi, Si, and ri: (1) the pi * Sj is subject to a standardization process, because a single
COVID-19 virus invasion can be identified as infection risk after the outbreak of a virus health event.
(2) based on this standardization, the dimensionless sample eigenvalue variation coefficient CV,
skewness SKEW, and kurtosis KU are introduced to replace the standardized centroid system and

determine the mapping accordingly™?, related Equations are shown as follows.

Eq. 14:
oV = SD
AV
Eqg. 15:
SKEW = n z (xl- - AV)
T (n-Dn-2) SD
Eq. 16:
n
KU = —1 AN+ -3
_n*SDZZ(xi_ -
i=1
Eq. 17

F(r?) = g(CV? + SKEW? + KU?)
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Therefore, the above formula can be transformed into the I (x) function in Equation 18.

Eqg. 18:

n

F(P,) = I Nor(p;S;)
€ (CV2+SKEW2+KU2)p+(CV2+SKEW2+KU2)5

i=1

The above Eq. 18 can be converted into the following when extracting the corresponding

concentration Dj and percentage area Pci of COVID-19 particles as Equation 19.

NOT(DiPCi)
(Vo))" + (CVp,)" + (SKEW,)” + (SKEW,,)" + (KUp)” + (KUp,)"

In conclusion, based on the above abstraction, introduction and derivation, the flow chart for the
calculation process and parameter introduction of the Comprehensive Risk Coefficient (CRC)

development is shown in Fig. 15.
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Fig. 15 Flow chart for the calculation process and parameter introduction of the Comprehensive Risk Coefficient

(CRC) development (Pictures from the Internet, www. Baidu.com)

The Comprehensive Risk Coefficient is formed by spatial variables and concentration variables when
an individual enters the irregular centroid system Py randomly. In this case, the data of Di and Pci in
the plane 1.5m above the ground are substituted. The Comprehensive Risk Coefficient (CRC) in the
horizontal direction is CRCx=17.88, and the Comprehensive Risk Coefficient in the vertical direction
is CRC\=102.97. The risk of infection of personnel on the vertical contact surface is 5.76 times
greater than that on the horizontal contact surface once the public safety event of the COVID-19
virus spreads in the building cluster. The CRC coefficient can also be applied to the infection risk

assessment of other specific planes and points under the current building design scheme.

5.2 Comprehensive Pollution Disturbance

Health damage caused by different intensities of pollution should also be paid attention to when the
concentration of pollutants is superimposed in practical applications, such as chemical pollution,
nuclear pollution and some biological pollution.
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There are two spatial distortions of pollution concentration and pollution area on the horizontal and
vertical research planes which can be expressed by the introduction of Matrix Exterior Product
decomposition. Matrix is a tool in advanced algebra which is mostly used in applied mathematics
such as statistical analysis. The matrix is also usually applied in circuit science, mechanics, optics
and quantum physics in modern physics study, specifically, an infinite matrix was used to deal with
spatial distribution in planetary theory and atomic theory. The operation of the matrix can be
simplified by the decomposition of the matrix into a simple matrix combination in practical
application.

The evaluation of regional comprehensive risk needs to introduce the n * 2 matrix of COVID-19
mass concentration D; and the corresponding area percentage Pci in the horizontal and vertical

research planes respectively in Equations 20 and 21.

Eqg. 20-21:
D,  Pcp, ) Dp, Pcp,
th Pc,12 th Pch2
A o= D:hl- P;hi , and B o= D:hi P;hi
_D;n Pc:hn_ Dy, Pc:hn

Perform the difference product operation for the above A/B matrix and its inverse matrix to get

Equations 22 and 23.

Eq. 22-23;

A 2 X BT 2n=Cn*n, and A Toxn X B pro=D22
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The values of Dh;, Pchi, Dvi and Pcvi are iterated 2" times and n? times in Cn+n and C « 2 respectively
According to the matrix value calculation method. However, the matrix Cn=n has higher calculation
accuracy than the matrix D2 = 2 when n>2. Therefore, this study chooses the iterative calculation
expression of the matrix Cn«n on different research surfaces taking the calculation significance of
mass concentration and contaminated area percentage into account, and interchanges the BT 2 = n

rows, and the expansion calculation is as follows.

[ Dy, * Pcp, + Dy, * Py, Dh1*PCh(i-1> + D, * Pc,, Dy, * Pcy, + Dy, * Pey, Dy, * Pcy, + Dy, * Py, ]
|Dh(i—1) * Py + Dy, # Py Dhgyy * Peyy_yy + Doy * Plng_y) Dngyy * PCoy + Dy * Peng_yy -+ Dy * Py & Dy, Plngy |

Dy, * Pey + Dy * Pey, =+ Dy * Pey \  + Dy * Py Dy, + Pc, + Dy, % Pcy, -+ Dy, * Pc, + D, *Pcy, |
l Dy, * Pcy, + Dy, *Pcy, -+ Dy, * Pc,,(i_l) + DV(i—l) * Pep, Dy, % Pc, + Dy, % Pcy, -+ Dy, *Pcy, + Dy, *Pcp, J

In this study, the difference product of the horizontal A, =2 Matrix and the Bz = Matrix is used to
obtain the n * n square Matrix. The Comprehensive Pollution Disturbance (CPD) of the horizontal

and vertical coupling Cn~n Matrix can be expressed as follows when n=100:

CPD=1.70692*10"%kg/m?

The CPD represents the comprehensive pollution index of the horizontal and vertical personnel
activity plane under the current building scheme and meteorological conditions. It can be used to: (1)
compare the building and planning scheme at the design stage; (2) evaluate the risk of different
positions in different directions in the completed residential area, and (3) new window ventilation
design in the city reconstruction aiming at the minimum of CPD to generate social and economic

value.

6 Conclusions
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Through the numerical study of the design scheme of Gaozhu Innovation Base, this paper reaches
conclusions on the optimization of the building scheme from the quantitative and qualitative analysis
in combination with the current requirements of the urban healthy ventilation during the undergoing
epidemic situation, providing new design methods for future urban design beyond traditional
architectural design standards. Conclusions can be drawn from the theoretical research and case
analysis as follows.

(1) The amplification coefficients of urban disturbance in the wind speed direction of the Innovation
Base are respectively 61=0.047 representing safe evacuation distance for ventilation of new buildings
downstream, and ©2=0.403 representing origin airflow disturbance retreat of new buildings
downstream in the horizontal direction. The amplification coefficients of urban disturbance in the
height direction of the Innovation Base are respectively 63=1.26 representing the control range of the
skyline of new buildings, and ©4=4.38 representing the urban canopy ventilation boundary in
practical.

(2) The Comprehensive Risk Coefficient (CRC) of the Innovation Base in the horizontal direction is
CRCx=17.88, and the Comprehensive Risk Coefficient in the vertical direction is CRC,=102.97. The
risk of infection of personnel on the vertical contact surface is 5.76 times greater than that on the
horizontal contact surface in the building cluster, so more outdoor activities are suggested rather than
arbitrary window ventilation once the public safety event of COVID-19 breaks out in the Innovation
Base.

(3) The Comprehensive Pollution Disturbance (CPD) of the horizontal and vertical coupling Matrix
Cn = n of the Innovation Base is 1.70692*10°kg/m? representing the safety index of the Innovation
Base in large public health safety events.

In conclusion, this study contributes to effective support of architectural design and urban design
facing safe ventilation in the new era, providing theoretical support for the risk assessments as well

as the resident control and anti-epidemic policies for both governments and urban residents during
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the repeating worldwide epidemic situation.

7 Outlook

Although this study has carried out a series of theoretical studies, field tests and formula derivation
for urban safe ventilation design based on epidemic spread, there is still further improvement which
is required in the future.

(1) Although CFD technology has developed for decades from the last century, each calculation
model still has its limitations in practical application with their development today, there is still
necessity for appropriate models aimed at different research objectives in the future.

(2) Due to the complexity of building facades, greening design, topography and meteorological
conditions, the simulation research cannot fully reflect the urban ventilation environment in reality.
(3) The occurrence of every epidemic situation is accompanied by their inherent toxicological
principles and epidemiology principles with constantly evolving. The urban safety ventilation still
needs to be combined with the biological characteristics of the pollution source in epidemic
prevention strategies in the future.

With the continuous improvement of the urbanization and people's continuous pursuit of a healthy
life worldwide, urban ventilation will still be an important research topic in the field of Human

Sustainable Development.
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