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ARTICLE INFO ABSTRACT

Keywords: Courtyards have functioned as an effective passive architectural design strategy for various climate conditions,
Courtyard environment especially popular in hot-humid climates. Sustainable and delicate designs are necessary to create safe, healthy
Design and comfortable courtyard environment. Most of the available literature focused on thermal comfort for

Infection risk
Airborne disease control
Simulations

courtyard, and the researches towards air pollution/disease control was rare. Further considering the severe
impact of COVID-19 crisis, the current study aims to develop a numerical strategy to optimize physical en-
vironment in courtyard, including distributions of airborne pollutant, drought sensation and infection risk.
Experimental data from literature was used to validate the numerical models. The evaluation indexes were
adopted for the assessment of draft sensation, pollution exposure risk etc. The influences of geometric design
parameters (i.e., courtyard width, height etc.) were investigated, and courtyard width (D) was the most sensitive
parameter. If D increased from 5.8 m to 11.8 m, average air pollutant concentration decreased by 80 %, while
drought sensation increased by 30 %. In static wind conditions, infection possibility (with R value up to 3 %) in
courtyard was comparable to those in indoor environments during the COVID-19 period. This work will be of
great importance for sustainable development of courtyards from the perspectives of airborne diseases control.

1. Introduction

Courtyard space plays an important role in the traditional re-
sidential texture in China for dealing with the local climate and human
comfort need (Hao, Yu, Xu, & Song, 2019), and it is still an essential
activity platform for life habits in some countries (Khalili &
Amindeldar, 2014; Soflaei, Shokouhian, Abraveshdar, & Alipour,
2017). Even though a courtyard space is part of the residential texture,
it may be shared by multiple families, such as traditional quadrangle
courtyard in China. Besides, traditional courtyard spaces are also va-
luable tourism resources (Giorgi, Cattaneo, Ni, & Alatriste, 2020).
Therefore, the courtyard can be treated as a public space, and public
safety (e.g. infectious disease, fire safety) is an important factor in ar-
chitecture design.

With the fast social and economic development, traditional villages
and towns are under the influence of the change of modern lifestyle and
rapid urbanization, facing the various practical problems, i.e., the
contradiction between the living environment with high densities of
buildings and the requirements of higher living standard. Optimal
courtyard design is an efficient and sustainable strategy to improve
thermal and micro-climatic conditions (Zahra, Shahin, & Pirouz, 2018).
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Sustainable courtyard environment should contain the characteristics of
safety, health, comfort and energy-saving, which are closely correlated
with the distribution and dispersion of surrounding parameters
(Teshnehdel, Mirnezami, Saber, Pourzangbar, & Olabi, 2020; Yang, Liu,
Qian, & Niu, 2020), i.e., airflow, temperature, pollutant concentration,
humidity etc. The rapid spread of the infection and the high level of
morbidity associated with the COVID 19 epidemic is calling for ap-
propriate control measures (Xu, Luo, Yu, & Cao, 2020), which also in-
spires and encourages the well design of all functioning living en-
vironments for future prevention of disease-infectious alike crisis. To
the best knowledge, this is rarely concerned in many buildings espe-
cially for courtyards design, i.e., air pollution and airborne disease
control.

Recently, many researchers investigated physical environments in
courtyard, mainly focusing on thermal environment and occupant
comfort. Previous study conducted field experiments in 16 traditional
Chinese shop-houses (Kubota, Zakaria, Abe, & Toe, 2017), it was found
that air temperatures in internal courtyards were significantly influ-
enced by the sky view factor, courtyard height and building height.
These design parameters are very essential in architectural design. Si-
milarly, long-term field monitoring (about two-years) proved that the
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lifespan of courtyard building also influenced the thermal comfort
(Carlos, Eduardo, Carmen, & Victoria., 2019).

Ventilation performances in courtyard environment were also in-
vestigated by numerical and experimental methods (Hao et al., 2019).
Based on opening characteristics, courtyard could be regarded as en-
closed cavities, and a set of large-eddy simulations were utilized to si-
mulate the effects of lateral openings on ventilation in courtyards with
different configurations (Gronemeier & Siihring, 2019). Previous re-
search optimized design of opening level of courtyards by CFD (Com-
putational Fluid Dynamics) simulation and experimental measurement
to improve natural ventilation performance in hot summer and cold
winter (HSCW) climate zones (Hao et al., 2019). To improve natural
ventilation and thermal comfort in courtyards, courtyard layout, aspect
ratio, height-width ratio and southward orientation were optimized by
numerical simulations (Nasrollahi, Hatami, Khastar, & Taleghani, 2017;
Xu, Luo, Wang, Hong, & Fu, 2018). Similarly, the influences of opening
angles/distributions, incoming wind orientations and courtyard height
on ventilation performance and comfort level were also simulated by
using CFD method (Micallef, Buhagiar, & Borg, 2016; Mousa, Lang, &
Auer, 2017; Subhashini & Thirumaran, 2019). Except for architectural
optimization design, numerical simulations were also adopted to design
shading, planting and HVAC devices to improve thermal environment
in courtyard (Li et al., 2019; Taleb, Wriekat, & Hashaykeh, 2020). The
available literature described above mainly focused on thermal en-
vironment and ventilation performance in courtyard. The researches on
airborne pollutant/disease control were insufficient. Reducing air pol-
lutant exposure is very essential in built environment (Hvelplund et al.,
2019), especially in COVID-19 epidemic. Sustainable and delicate de-
signs are indispensable to create safe, healthy and comfortable court-
yard environment.

The current study developed a numerical strategy to optimize
physical environments in courtyard, including distributions of air ve-
locity, airborne pollutant, drought sensation and infection risk.
Experimental data from literature was used to validate the numerical
models. The influences of courtyard width (D), building height (H),
opening status of door were investigated by numerical simulation.
Based on the modeled results of drought sensation and infection risk,
optimal architectural design strategy was provided to create healthy
courtyard environment from the perspectives of pollution mitigation
and infectious disease control.

2. Methodology

This section describes the methodologies, which were used to in-
vestigate the influences of courtyard dwellings design on physical en-
vironment in courtyard. Before conducting numerical cases of court-
yard dwellings, validation case with experimental data from available
literature was simulated to ensure the reliability. Firstly, the geometric
designs of courtyard dwellings were introduced. The geometry of va-
lidation case was also illustrated. Next, the numerical models utilized to
compute the wind/pollutant distributions were described, including
turbulence model, meshing method, boundary condition, computa-
tional domain et al. Lastly, the evaluation indexes were shown, in-
cluding draft sensation, airborne pollution exposure risk etc. Finally,
case setups in the current numerical investigation were summarized.

2.1. Geometric designs

Based on surveying and mapping a large number of courtyards
dwellings with different scales in Tongli (locating in Jiangsu Province,
China) (Wang, 2014), typical prototype of courtyards was summarized
and selected in the current numerical study, as shown in Fig. 1. The
courtyard was surrounded by two residential buildings and walls. The
essential geometric-design factors were described in Fig. 1: width of
building (W), width of courtyard (D), height of building (H), thickness
of wall (T), length of courtyard (L), width of courtyard door (Dy),
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height of courtyard door (Dy). The roof slope was fixed as 30°. This
current study investigated the influences of geometric-design factors on
wind environment and pollutant dispersion in courtyard. Detailed in-
formation of case setup was summarized in “2.4 Case setup”.

In order to validate the numerical models, experimental cases from
previous study were conducted (Santiago, Martilli, & Martin, 2007). In
the validation case, its configuration was formed by a three-dimen-
sional array of cubes: 7 cubes in the stream-wise direction (X axis) and
11 cubes in the span-wise direction (Y axis), as shown in Fig. 2. This
validation case was designed to simulate and understand the physical
mechanisms responsible for wind environment/pollutant dispersion in
urban areas (Santiago et al., 2007). Due to its symmetrical character-
istics, only one cube was simulated in the Y-direction. The cube edge
length was H =0.15 m. The face-to-face spacing in the stream-wise or
span-wise directions was also H. This configuration of cubes in nu-
merical case corresponded to the experiments performed in literature
(Brown, Lawson, DeCroix, & Lee, 2001). In Fig. 2, the dotted lines re-
presented locations of measurement sensors. Except for geometries,
numerical strategies and settings in the validation case and courtyard
case were the same.

2.2. CFD models

For all the numerical cases in the current research, a commercial
program ANSYS Fluent 16.0 was used to conduct numerical simula-
tions. This numerical platform is widely adopted in built environment
simulations (Chen, Feng, & Cao, 2019). The Reynolds-averaged Navier-
Stokes (RANS) equations with a realizable k-¢ turbulence model
(Blocken & Persoon, 2009; Shih, Liou, Shabbir, Yang, & Zhu, 1995) was
adopted to solve turbulent wind flow in computational domain. Based
on the previous literature focusing on outdoor wind environment si-
mulation (Liu et al., 2018), the realizable k-¢ turbulence model could
provide satisfied results with relative errors lower than 15 % compared
with experimental data. Some advanced turbulence models (such as
LES, Large Eddy Simulation) are proven to be able to generate more
accurate results in outdoor simulations (Blocken, 2018). However, the
computation cost is considerate and not suitable for engineering ap-
plication. Based on the trade-off between model accuracy and com-
puting cost, the RANS models are recommended in engineering design
for outdoor simulations (Liu et al., 2018). The finite volume method
(FVM) was used to solve governing transport equations, including mass
conservation, mean velocity, turbulence quantities and airborne pol-
lutant. PISO algorithm was used for pressure and velocity coupling, and
first-order discretization schemes were used for solving all the in-
dependent variables.

To simulate airborne pollutant (such as SARS-CoV-2) distributions
in courtyard environment, species-transport equation was solved, as
described by formula (1). The droplets exhaled by human contain virus,
forming one of the main sources of airborne disease. For fine particles
(or droplets) with relatively small size, they follow air flow patterns and
transport due to air drag force. For coarse particles with relatively large
size, they deviate from air streamlines and deposit on different surfaces
(e.g. ground, facilities, human body). In the current simulations, it was
assumed that the proper social-distance was kept. Therefore, only air
transmission of fine particles were considered in infection risk assess-
ment in the current study. For airborne pollutant simulation, because
the mean diameter of the droplets exhaled by breathing was 0.4 pm
(Gupta, Lin, & Chen, 2010), the effect of gravitational settling on dro-
plet dispersion was negligible (Zhao, Chen, & Tan, 2009). Furthermore,
previous researches have indicated that the transient process from a
droplet to a droplet nucleus due to evaporation is also negligible for
particles with a diameter of 0.4 pym (Chen & Zhao, 2010). Thus, mod-
eling the exhaled droplets as gaseous contaminants is reasonable in
engineering application (Chen et al., 2014). The “User-Defined-Scalar
(UDS)” was used to simulate air pollutant motion in ANSYS-FLUENT.
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Fig. 1. The geometries of courtyards dwellings in the current numerical study.
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Fig. 2. The geometries of validation case in the current numerical study.
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where t is the physical time (s), C is the particle/virus concentration
(#/m?), p is the density of air (kg/m®), x; (i = 1, 2, 3) are the three
spatial coordinates (m), u; is the averaged air velocity components in
the three dimensions (m/s), I is the effective particle diffusivity (Pa*s),
and S. is the particle source term. The effective particle diffusivity has
the following form:

I'=pD+v)=pD+n) 2
where D is the Brownian diffusivity of particles (m?%/s), vp is the particle
turbulent diffusion coefficient ((m2/s), equaling to the air turbulence
viscosity v; according to Zhao et al., 2009). In the User-Defined-Scalar
(UDS) equation, particle size was considered in determination process
of Brownian diffusivity (Zhao et al., 2009). Based on the previous lit-
erature on diameter of droplet nuclei (Ai, Mak, Gao, & Niu, 2020), the
size of respiratory droplet nucleus was set as 1 um in the current nu-
merical simulation.

In order to properly simulate wind environment and airborne pol-
lutant dispersion in courtyard, an external domain around the target
courtyard dwelling was formed, as shown in Fig. 3. Although geo-
metric-design factors of courtyard dwellings varied in different cases,
the external domain sizes were fixed. In Fig. 3, the geometric factors

are: X1 (17 m), X2 (62 m), Y1 (10 m), Z1 (17 m). We have tested dif-
ferent domain sizes (0.2-2 times of the domain sizes in the current
research), and the domain in Fig. 3 was large enough for modeling
physical environment in courtyard. It is unnecessary to continue to
increase the simulation domain. Due to the relatively low simulation-
efficiency of the trial-error method, we will develop an adaptive
method to automatically determine domain sizes for courtyard en-
vironment modeling in our future study.

The platform GAMBIT 2.4.6 was adopted to generate grids in
computational domain. The truncation errors of hexahedral meshes are
lower than those of tetrahedral mesh. Therefore, hexahedral meshes
were generated for discretizing the governing transport equations. In
order to obtain high quality mesh, the whole computational domain
was divided into dozens of sub-regions. Almost 90 % of mesh elements
had skewness values lower than 0.1. The maximum grid size was about
2 m near the boundary of computational domain, and it was gradually
reduced to 0.2 m near the courtyard dwellings. For the inner zone of
courtyard environment, the grid resolution was refined to 0.1 —0.2 m.
The total grid number was about 1.5-2.2 million for cases with different
configurations of courtyard dwellings. In case 2, the grid number was
about 1.8 million. Different grid numbers (1.0/1.8/2.5 million) with
the same meshing strategy were tested, and the numerical results in-
dicated that grid number of 1.8 million was enough. Similar mesh in-
dependent study was conducted in different courtyard cases.
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Fig. 3. The geometries of computational domain in numerical study.
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For boundary conditions of computational domain, the upstream
left surface was set as “velocity Inlet”, as shown in Fig. 3. The top
surface was set as “Symmetry” (Liu et al., 2018). The ground and walls
of courtyard dwelling were set as “Wall”. Other boundary surfaces were
set as “Pressure Outlet”. The vertical velocity profile for the inflow
boundary was modeled as a power law, and the vertical profiles for k,
and ¢, was taking from previous study (Richards & Hoxey, 1993). The
detailed information about inflow boundary conditions could be found
in literature (Liu et al., 2018).

Uz = U, (z/z,)" 3
ke = Usn/[Gu &)
& = Uppr/(k(z + 20)) ()

Where Z is height (m), U, is velocity (m/s) at reference height, Z; is
reference height (m), k is the Karman constant (0.4), a is constant (0.3).
Unag. is the atmospheric boundary layer friction velocity (m/s), and how
to determine friction velocity was illustrated in previous study (Liu
et al., 2018). In Case 2-7, U, and Z, were set as 2.6 m/s and 3 m,
respectively.

In this study, a point pollution source was set in the middle position
of courtyard to simulate generation of airborne droplets, as described
by Fig. 4. The point pollutant source was located at the height of 1.6 m.
The air pollutant concentration was set as zero at the inflow boundary.
The air velocity, PD index (percent dissatisfied due to draft) and air
pollutant concentration were quantitatively evaluated in the target
zone of courtyard, as shown by dashed box in Fig. 4. The target zone
represents the major area of human activity, where the point pollution
source was located. The height and length of the target zone were 2 m
and 12 m, respectively. The width (D) of the target zone varied in
different cases, and was summarized in the following part. Based on
previous study (Buonanno, Stabile, & Morawsk, 2020), the source
strength (droplet generation rate) was set as “1200 (quantum/h)”,
which was defined as high quanta emission rate. The respiratory viral
load emitted is expressed in terms of quanta emission rate (quantum/h),
and a quantum is defined as the dose of airborne droplet nuclei required
to cause infection in 63 % of susceptible persons (Buonanno et al.,
2020). In the previous study (Buonanno et al., 2020), low (<1
quantum/h) and high (> 100 quantum/h) quanta emissions were also
defined. From the perspectives of engineering safety, a high quanta
emission rate (1200 quantum/h) was considered in the current re-
search, which corresponds to extremely high RNA copes (1E + 11
copies/mL). It is assumed that the effect of airborne pollutants on air
flow is negligible, while airflow field and turbulence characteristics
determine pollutant distributions.

2.3. Evaluation index
The following indexes were adopted to evaluate physical environ-

ment in courtyard: air velocity magnitude, draft sensation and airborne
pollutant concentration. Draft sensation is related to human comfort,

L

F_N

Fig. 4. The position of airborne pollution source and target zone in courtyard.
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and air pollution concentration represents exposure to exhaled droplets
(Zhai, Xue, & Chen, 2014). Draft is an undesired local cooling of human
body caused by air movement, and has been identified as one of the
most annoying factors during the cooling. PD (percent dissatisfied due
to draft) represents percentage of the population feeling draft when
exposed to a given mean velocity. Eq. (6) was used to calculate PD
index, which was based on distributions of turbulent air velocity. For
air velocity, PD index and airborne pollutant concentration, the max-
imum, average and minimum values in the target zone were calculated
to compare and evaluate different cases.

PD = (34 — t,)*max(0.05, (V — 0.05))%62(0.37*V*Tu + 3.14) (6)

Where t, is air temperature (°C), V is air velocity (m/s), Tu is turbulence
intensity. If the calculated PD is higher than 100 %, the model assumes
that practical PD value equals to 100 %. The isothermal conditions were
simulated in all the cases in the current study. The V and Tu were de-
termined by numerical modeling results, and t, was assumed as con-
stant value (25 °C).

To determine infection risk/possibility (R, %), the well-known
Wells-Riley equation was utilized, as described by Eq. (7). This quan-
titative index has been widely used in medical surveys (e.g. SARS,
SARS-CoV-2) (Buonanno et al., 2020). In the current numerical study,
the activity time (exposure time, T) was assumed as one hour. In
courtyard, the point source described above represented one infected
patient, who generated droplets containing virus through breathing or
talk. The R value with exposure time of one hour was adopted to assess
infection possibility of different spatial locations in courtyard en-
vironment.

T
R =(1 — exp(—IR* j(; n(t)dt))*100 o

Where R is infection risk/possibility (%), t is physical time (h), T is total
exposure time (h), IR is inhalation rate of exposed subject (m3/h), n(t) is
air pollutant concentration (quantum/m?). The exposed subjects/oc-
cupants were assumed to stand or perform normal exercise, and the IR
value was 0.96 (m3/h) (Buonanno et al., 2020).

The solutions might be considered to be converged when the sum of
the normalized residuals for all the cells became less than 10~ ' for
UDS and 107 for all other variables. Besides, we have monitored air
velocity/UDS values at seven points in numerical iterations. Another
criterion was that the monitored air velocity magnitude/UDS kept
steady.

2.4. Case setup

Table 1 introduces cases setup in the current numerical study. Case
1 was set for model validation, and the detailed information about
experiments could be found in literature (Brown et al., 2001). Case 2
was set as benchmark case, which was compared with Case 3—7. Case
3-4 were conducted to investigate the influences of courtyard width (D)
on wind environment and pollutant dispersion. Case 5 was set to de-
termine the effects of courtyard dwelling height on wind environment.
Case 6-7 were set to compare situations with different door opening
status. The heights of “2.8 m” and “5.6 m” represent buildings with one-

Table 1
Detailed information of Case setup.

Case No. D (m) H (m) Dy (m) Door status

1 N N N N

2 11.8 5.6 10.8 One-side opening
3 5.8 5.6 4.8 One-side opening
4 16.8 5.6 15.8 One-side opening
5 11.8 2.8 10.8 One-side opening
6 11.8 5.6 10.8 Two-sides opening
7 11.8 5.6 10.8 Two-sides closed
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floor and two-floor, respectively. In cases 2-7, the following geometric-
design factors were set as fixed values: width of building (W, 7.8 m),
thickness of wall (T, 1 m), length of courtyard (L, 16 m), width of
courtyard door (Dyw, 1.8 m), height of courtyard door (Dy, 2 m).

The flow patterns of validation case and courtyard case were si-
milar, including atmospheric free-flow, vortex flow near wall surfaces,
et al. There are no available wind tunnel results for courtyard en-
vironment. In future, we will conduct accurate and reliable wind tunnel
experiments for courtyard architecture.

3. Results

The results section was organized as follow: numerical model vali-
dation (Case 1), the influences of courtyard width (Case 2-4), the in-
fluences of building height (Case 5), the influences of door status (Case
6-7). In each case, spatial distributions of wind environment, airborne
pollutant, drought sensation and infection risk were quantitatively
analyzed.

3.1. Case 1: model validation

Fig. 5 shows the numerically simulated and measured velocity re-
sults in Case 1. Detail information about the wind tunnel experiments
could be found in literature (Brown et al., 2001). A reference velocity of
U,r (constant: 3 m/s) was used to present variables in a normalized
form. Vertical profiles of normalized mean stream-wise velocity and
vertical velocity were compared. For stream-wise velocities, predicted
and experimental results agreed well, and normalized mean square
error (NMSE) was lower than 0.02. For vertical velocities, the NMSE
value (0.25) was higher than that of stream-wise velocities. Previous
numerical study also performed the same wind tunnel case and ob-
tained the similar error levels (Santiago et al., 2007). The validated
numerical strategy was used in courtyard cases to investigate the in-
fluences of architectural design parameters on wind environment and
airborne pollutant exposure.

For this validation case, statistic analysis was also conducted to
quantitatively characterize the numerical results. Normalized mean
square error (NMSE) and correlation coefficient (CR) were computed.
The NMSE indicates a value of normalized discrepancies between the
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Fig. 5. Comparison of experimental and simulated results of velocities in case 1:
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Table 2
Computed results of NMSE and CR.
NMSE CR
Stream-wise Velocity 0.013 0.990
Vertical Velocity 0.251 0.921

simulated and experimental values, and CR indicates the relevancy
between these two series of data. Egs. (8 and 9) described the accurate
definition of NMSE and CR. Table 2 shows the computed results of
NMSE and CR. The CR was particularly high, showing that the nu-
merical model was able to correctly reproduce the profiles of experi-
mental data (Table 2).

>, (0; — B)?
NMSE = =————
> (OiR) ®)
CR = 2 (0= 0)P =i P)
[ (0 — OPIM2[Y (B — P)?]2 9)

Where O; and P; are measured and simulated velocity (m/s) values for a
certain point (i), respectively. O and P are measured and simulated
average velocity (m/s) value for all the points, respectively.

3.2. Case 2—4: the influences of courtyard width

Fig. 6 shows the numerically simulated results of dimensionless
velocity magnitude (V/V,) and streamlines in case 2 with courtyard
width of 11.8 m. Physical environments in two vertical planes (XY
plane, Z= * 2 m) were analyzed. In Case 2-7, the reference velocity
magnitude (V) was set as 1.4 m/s. In the courtyard, velocity dis-
tribution (V/V,) was non-uniform, ranging from 0.02 to 0.6. Tow big
vortexes formed near building roof, as shown in Fig. 6(b1-b2). In the
target zone, the average and maximum velocity magnitudes were 0.42
m/s and 1.31 m/s, respectively. The semi-enclosed structure of court-
yard generated complex velocity field, including obvious vortexes and
non-uniformity. The vortexes may negatively influence air pollutant
dispersion, and relatively high air velocity may cause draught sensa-
tion.

Fig. 7 shows the numerically simulated results of dimensionless
airborne pollutant concentration (C/Cy) and PD index in case 2. The
reference pollutant concentration (Cy) was set as 6.67E-04 (quantum/
m®). Airborne pollutant concentrations near the upstream building
were much higher than those in other regions. Turbulent diffusion and
complex vortex structure caused the non-uniform distribution of air
pollutant. Occupants in rooms of the upstream building may suffer from
serious airborne pollution, due to natural ventilation or envelope in-
filtration (Ng et al., 2019; Qi, Cheng, Katal, Wang, & Athienitis, 2019).
In courtyard environment, outdoor spaces near the upstream building
should be controlled by some artificial measures (e.g. air cleaning de-
vice) (Boppana, Wise, Ooi, Zhmayev, & Poh, 2019). Similarly, PD dis-
tributions were non-uniform, ranging from 0 % to 53 %. In previous
literature, design objective is to control average PD to be below 15 %
(Zhai et al., 2014). In the target zone of courtyard, the average and
maximum PD values were 24 % and 53 %, which were higher than
design objective of 24 %. In practical conditions, layout of occupant
activity facilities (e.g. tea table, chair and fitness equipment) should
also be properly designed to reduce pollutant exposure and draught
sensation.

Fig. 8 shows the numerically simulated results of dimensionless air
pollutant concentration (C/Cy) and PD index in Case 3 with relatively
smaller courtyard size. In Case 3, courtyard width was 5.8 m, while it
was 11.8 m in Case 2. Air pollutant concentrations in narrow courtyard
of Case 3 were higher than those in Case 2. More air pollutants accu-
mulated in narrow space, leading to more serious pollutant exposure.
The PD values in Case 3 were smaller than those in Case 2. In the target
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Fig. 6. Simulated results of dimensionless velocity magnitude (V/V,) and streamlines in case 2: (al) distributions of (V/Vy) in Z-plane (Z= —2 m); (a2) distributions

of (V/Vy) in Z-plane (Z= +2 m); (b1) distributions of streamlines in Z-plane (Z= —2 m); (b2) distributions of streamlines in Z-plane (Z= +2 m).

zone of Case 3, the average and maximum PD values were 18 % and 53
%, respectively. Lower air velocities in narrow space will relieve
draught sensation.

Fig. 9 shows the numerically simulated results of dimensionless air
pollutant concentration (C/Cy) and PD index in Case 4 with largest
courtyard. In Case 4, courtyard width was 16.8 m, while it was 11.8 m
in Case 2. Similar to results in Fig. 7, air pollutant concentrations near
the upstream buildings were higher than other regions. Airborne pol-
lutant concentrations in Case 4 were lower than those in Case 2-3. In
the target zone of Case 4, the average and maximum PD values were 31
% and 50 %, respectively. In Case 4, higher air velocities in wide
courtyard space caused more serious drought sensation and lower air
pollution exposure.

Fig. 10 quantitatively analyzes the influences of courtyard width (D)
on wind environment and air pollutant dispersion. Courtyard width
plays an important role in airborne pollutant distributions. When D
value increased (from 5.8 m to 11.8 m), average air pollutant con-
centration decreased by 80 %. Narrow courtyard space is not beneficial
for human health. Courtyard width and average PD value in the target
zone was positively correlated. The average velocity magnitudes in
Case 2-4 were 0.42 m/s, 0.31 m/s and 0.62 m/s, respectively. In large
courtyard space, higher velocity magnitude will intensify drought
sensation. Overall, width of courtyard (D) is a very essential parameter
in architectural and landscape design, from the perspectives of physical
environment.

Fig. 11 quantitatively analyzes the influences of courtyard width (D)
on infection risk (R, %) in Case 2-4. This index indicates infection
possibility in the courtyard environment with one infectious patient.
The R value is positively correlated with airborne pollutant con-
centration, as described by Eq. (7). Increase of courtyard width could
reduce infection risk. The maximum R values in Case 2-4 were 0.3 %,
1.0 % and 0.2 %, respectively. In Case 2 and Case 4 with relatively
longer courtyard width, infection possibility values were higher in re-
gions locating upstream of infectious occupant, which was quite similar
to air pollutant distributions. When D value varied from 5.8 m to 11.8
m, infection risk index decreased significantly. Large courtyard space
led to better natural ventilation performance and pollutant removal
effect. In previous study (Buonanno et al., 2020), the R values in typical

(a1)Z=2m
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natural-ventilated rooms (pharmacy, supermarket, post office, bank)
were from 2.19 to 3.70 before lockdown during the COVID-19 period.
Compared to the R values in indoor environments, the courtyard en-
vironments in Case 2-4 were relatively safe. The “social-safe distance”
from infectious patient (air pollutant source in numerical cases) could
be defined as these with R value lower that 0.1 %. Based on numerical
results, it was concluded that the safe distance of 3 m was enough for
occupants in courtyard environment.

3.3. Case 5: the influences of building height

Fig. 12 shows the numerically simulated distributions of di-
mensionless air pollutant concentration and PD values in Case 5.
Building height in this case was 2.8 m (one-floor), and other geometric
design parameters were the same to Case 2 (two-floor). Airborne pol-
lutant distributions were quite similar to that in Case 2, in which pol-
lutant concentrations near building roof were higher than other regions.
The drought sensation level was slightly lower than Case 2. The average
velocity of target zone in Case 5 was 0.46 m/s, while in Case 2 it is 0.42
m/s. In the target zone of Case 5, the average and maximum PD values
were 25 % and 50 %, respectively. The infection risk distributions in
Case 5 were quite similar to that in Case 2, and the maximum R value
was lower than 0.3.

Fig. 13 quantitatively compares the average dimensionless air pol-
lutant concentrations and PD values of the target zone in Case 2 and
Case 5. When building height decreased from 5.6 m to 2.8 m, average
(C/Cyp) decreased by 18 %. In courtyards with lower building height, air
pollutants generated in courtyard moved out more easily. Similarly, the
maximum (C/Cy) value in Case 5 was slightly lower than this in Case 2.
The average PD value in the target zone increased by 7 % when building
height decreased from 5.6 m to 2.8 m. Compared with courtyard width,
the effects of building height on wind environment and air pollutant
distribution are less critical.

3.4. Case 6-7: the influences of door status

This current research also investigated the influences of door status
on wind environment and airborne pollutant distributions in courtyard,

PD (%)

100

(b1)Z=-2m
—

80 YA(;
(

i » X S

(a2) Z=+2m (b2) Z=+2m

!0,4 - i —— -
' il
L |
¥ \ 00 &
Fig. 7. Simulated results of dimensionless pollutant concentration and PD index in case 2:(al) distributions of (C/Co) in Z-plane (Z= —2 m); (a2) distributions of (C/

Co) in Z-plane (Z= +2 m); (b1) distributions of PD in Z-plane (Z= —2 m); (b2) distributions of PD in Z-plane (Z= +2 m).



J. Leng, et al. Sustainable Cities and Society 62 (2020) 102405
CICy  (@Nz=2m PD (%) (Nz=2m
.1.0 .100 —
N.. "..B
0.6 60 &
» X » X
[l (a2) Z=+2m [ (b2) Z=+2m
0.4 40 T
0.2 ‘f’ L
q
0.0 A I )
Fig. 8. Simulated results of dimensionless pollutant concentration and PD index in case 3:(al) distributions of (C/Co) in Z-plane (Z= —2 m); (a2) distributions of (C/
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Fig. 9. Simulated results of dimensionless pollutant concentration and PD index in case 4:(al) distributions of (C/Co) in Z-plane (Z= —2 m); (a2) distributions of (C/
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Fig. 10. Influences of width of courtyard (D) on dimensionless pollutant con-
centration and PD in target zone.

as shown in Fig. 14. In Case 2 described above, only one-side door was
open. Two-side doors were open in Case 6, and doors were completely
closed in Case 7. The detailed door sizes in Case 6-7 were the same to
Case 2. The architecture designs of Case 6-7 were the same to that in
Case 2, except for door opening status.

Figs. 15 and 16 show the simulated dimensionless air pollutant
concentrations and PD values in Case 6 and Case 7, respectively. For
airborne pollutant field, pollutant concentrations near the upstream
buildings were higher in all the cases with different door opening sta-
tuses (Case 2, 6, 7). If door opening level decreased (from “two-sides
opening” to “one-side opening”, and to “two-sides closed”), the polluted
area with (C/Cy) value higher than 0.1 increased. For PD distributions,
the non-uniformity was very obvious, ranging from lower that 1 %-50
%. In the upper zone (about 2 m in Y-direction), the PD values were
quite low due to the formation of big vortexes in Case 6-7. The R values
were positively correlated with air pollutant field. Infection risk dis-
tributions in Case 6-7 were quite similar to those in Case 2, because of
the similar distributions of (C/Cj).

Fig. 17 quantitatively describes the influences of door opening
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Fig. 11. Simulated infection risk in cases with different courtyard width: (a)
Case 3, (b) Case 2, (c) Case 4.

status on dimensionless air pollutant concentrations and PD values in
the target zone of Case 6-7. The differences of average (C/C,) and PD
values were not obvious among the three cases. Once the door status
was changed, turbulence characteristics and vortex structures varied
complicatedly, resulting in different air pollutant distributions. In the
current research, incoming air flow direction (as shown by Fig. 2) was
parallel to the door surface. Therefore, the influences of door opening
status were not significant. If the incoming flow direction is vertical to
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Fig. 13. Influences of height of building (H) on dimensionless pollutant con-
centration and PD in target zone.

door surfaces, the role of door opening status may be essential, and
doors are commonly to be closed to avoid serious drought sensation in
courtyard environment. In our future work, numerical cases with dif-
ferent incoming flow directions will be conducted to provide more
detailed design suggestions.

4. Discussions
4.1. Infection risk in static wind conditions

In Case 2-7 described above, simulated velocity magnitudes in
courtyard environment were relatively high: the average and maximum
velocities were 0.4—0.6 m/s and 0.7-1.3 m/s, respectively. Strong air
convection intensified air pollutant dispersion and escape out of
courtyard. In static wind conditions with extremely low air velocities,
air pollutants may accumulate in courtyard, resulting in high infection
risk. Fig. 18 shows the simulated distributions of R values in Case 2-3
under static wind conditions. In static wind cases, U, and Z; in Eq. (3)
were set as 0.05 m/s and 3 m, respectively. Weak air motion led to high
infection risk obviously. For example, the R values in Case 3 (static
wind) were about 3 times of that in non-static wind case. In static wind
conditions, infection risks in courtyard were comparable to those in
rooms during the COVID-19 period (Buonanno et al., 2020). Therefore,
the courtyard environment was not always safe for occupants, espe-
cially in static wind conditions. Based on indoor environment control
strategies, some artificial measures (e.g. ventilator and purifier applied
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Fig. 12. Simulated results of dimensionless
pollutant concentration and PD index in case 5:
(a) distributions of (C/Co) in Z-plane (Z= —2
m); (b) distributions of PD in Z-plane (Z= —2

in outdoor) could be considered to create healthy courtyard environ-
ment.

4.2. Limitations and future studies

Optimal design of courtyard environment is a complex and sys-
tematic task, including multiple objectives and design parameters. The
main design objectives are space utilization, thermal comfort, day-
lighting, airborne disease control et al. The design parameters include
climate characteristics, orientation, geometry, construction materials,
landscape and vegetation arrangements (Hong & Lin, 2015). The in-
teraction between indoor and courtyard environments, and the influ-
ence of surroundings on courtyard should also be taken into con-
sideration in design process (Liu et al., 2018; Wang, Karava, & Chen,
2015). Due to its complexity, the multi-objective optimization needs
series of CFD cases and considerate computing effort. The current re-
search conducted optimal design of courtyard with limited number of
cases. Although the numerical results could provide critical support for
engineering application, the optimization potential and computing
speed are not satisfied. To fulfill the complex design and optimization
task, coupling CFD simulations and machine learning (ML)/artificial
intelligence (AI) is a feasible solution. ML/AI method could rapidly
finish multi-objective optimization process by using simulated results
from limited cases (Ren C. & Cao, 2020; Ren J. & Cao, 2020). CFD +
MA/ALI are effective methods for reducing CFD simulation efforts, and
are very popular in indoor environment control (Feng, Yu, & Cao,
2019). With the development of ML/AI, coupling the advanced tech-
niques into outdoor environment design is becoming more and more
promising.

In order to create healthy and comfortable courtyard environment
for humans, the geometric parameters (courtyard width, building
height and door opening status) should be paid attentions in archi-
tectural design, especially for the determination of courtyard width.
Due to the semi-enclosed characteristics of courtyard, complex turbu-
lent airflow field and vortexes were generated, leading to air pollution
accumulation in the courtyard. It is impossible to completely avoid
person-to-person pollutant exposure (e.g. droplets transport under
static wind condition during the COVID-19 period) only relying on
passive architectural design. Therefore, some artificial measures (e.g.
outdoor ventilator, air cleaning device) should be adopted to remove
air pollutant rapidly. Previous studies have proven that outdoor air
cleaning devices were very effective to control air quality in community
environment (Buonanno et al., 2020). In future research, we will in-
vestigate how to apply advanced air cleaning devices in courtyard en-
vironment control (Feng, Yang, & Zhang, 2020), and develop some

Case 6

Case 2 Case 7

Fig. 14. Door opening status in Case 2, 6 and 7.
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intelligent control strategy adaptive to changes of climate conditions
and human behavior (Cao & Ren, 2018; Ren & Cao, 2019).

Courtyard is typical semi-enclosed space, which is different from the
fully enclosed (indoor) and open (outdoor) environments. In enclosed
space, the effective methods for airborne disease control include utili-
zation of building device (e.g. increase ventilation rate by fan) and
keeping proper social-distance (Chia et al., 2020; Xu & Liu, 2018). In
open space, the main method for airborne disease control is keeping
social-distance (Buonanno et al., 2020). For courtyard environment, all
the control methods could be considered, including using portable
ventilation/filtration device, keeping proper social-distance and op-
timal architecture design. In future study, we will investigate how to
couple all the disease control methods in courtyard design/operation
periods, to effectively lower infection risk and economic cost.

In this current study, the PD index was adopted to evaluate drought
sensation in courtyard environment. However, this quantitative index
was developed for indoor environment (Zhai et al., 2014). There is no
available drought sensation index for outdoor environment evaluation.
Actually, the semi-enclosed courtyard is a transitional region between
indoor and outdoor environments. Therefore, it is necessary to develop
suitable drought sensation indexes to properly assess different types of
built environments (e.g. indoor/outdoor/transitional regions).

5. Conclusions

This current study developed a numerical strategy to investigate the
influences of geometric design parameters on wind environment, air
pollutant distribution and infection risk in courtyard. Air pollution
source in courtyard was set to simulate droplets production of human
breathing. The realizable k-¢ turbulence model was adopted, and ex-
perimental results from literature were used to validate the numerical
model. Based on the results, the following conclusions can be drawn:

(1) The width of courtyard (D) is the most essential design parameter
for drought sensation and infection risk in courtyard. If D value
varied from 5.8 m to 11.8 m, average air pollutant concentration
decreased by 80 %. Other geometric design parameters (building
height, door status) also have obvious influences on air pollutant
concentration, but not as significant as the width of courtyard.

(2) In static wind conditions, infection risk increased significantly.
Infection possibility (with R value up to 3 %, static wind conditions)
in courtyard was comparable to those in indoor environments
during the COVID-19 period. In non-static wind conditions, court-
yard environment was relatively safe with R values lower than 1 %.

(3) Optimal architectural design could improve air quality and safety in
courtyard. However, it is of great difficulty to avoid person-to-
person pollutant exposure (e.g. droplets transport in COVID-19
period) only relying on passive design in complex climates. Some

CICo i n

0.0 0.2 0.4 0.6 0.8 1.0

(a)Z=-2m

) z=2m pD (%) I
0 20

40 60 80 100
(e
v ; 1 m).
I i e ‘.
» X

Sustainable Cities and Society 62 (2020) 102405

Fig. 15. Simulated results of dimensionless
pollutant concentration and PD index in case 6:
(a) distributions of (C/Cp) in Z-plane (Z= —2
m); (b) distributions of PD in Z-plane (Z= —2
m).
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Fig. 18. Simulated infection risk in cases under static wind conditions: (a) Case
2, (b) Case 3.

artificial measures (e.g. outdoor ventilator, air cleaning device)
should be adopted in courtyard environment to remove air pollu-
tant rapidly and ensure personnel safety.
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