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ARTICLE INFO ABSTRACT
Keywords: Courtyards, a historical architectural feature surrounded by buildings, are common in urban housing and resi-
Courtyard building dential complexes. These spaces, often open-air and with rooms facing them, are crucial for daylight and natural

Indoor-outdoor pollutant cross-transmission
Air quality

Wind tunnel experiments

Computational fluid dynamics (CFD)

ventilation. While courtyards are essential for introducing fresh airflow into adjacent indoor areas, the effec-
tiveness of natural ventilation may be compromised due to potentially poor air circulation from limited openings.
This raises a significant concern: could the design of courtyards inadvertently facilitate pollutant cross-
transmission? Despite a wealth of research focused on airflow within courtyards, the indoor spaces in prox-
imity to these courtyards have often been neglected in previous works, particularly concerning the exchange of
pollutants between the indoor and courtyard environment. This research investigates the dynamics of indoor-
outdoor pollutant cross-transmission in courtyard buildings, assessing factors like external wind flow patterns
and internal pollutant sources. Wind tunnel experiments were conducted to measure internal pressure and COy
concentration and to validate a computational model of the courtyard with 12 rooms. The validated Compu-
tational Fluid Dynamics (CFD) models were used to simulate the dispersion of pollutants from internal rooms
under different wind conditions. The results showed that the k-epsilon Realizable model accurately simulated
internal surface pressure distribution and pollutant dispersion in the courtyard building. It was observed that
when pollutants were released from the downwind east-facing ground floor room, CO5 concentrations in adjacent
side rooms on the same floor were significantly higher, increasing from the baseline of 400 ppm and reaching up
to 3211 ppm in the north-facing room at a wind speed of 4.51 m/s and wind direction of 0°. Conversely, when
pollutants originated from north- and south-facing side rooms, pollutants were minimally dispersed to adjacent
rooms. Furthermore, at a wind direction of 45°, pollutants from wind-exposed rooms predominantly dispersed to
downwind rooms, with peak concentrations exceeding 2400 ppm in downwind rooms. These findings demon-
strate that pollutant dispersion is highly dependent on wind direction and the location of the pollutant source.
The study concludes that while courtyards enhance indoor environmental quality through natural ventilation,
their design must be carefully considered to prevent unintended pollutant cross-transmission, particularly under
varying wind conditions and pollutant source locations.
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1. Introduction and literature review
1.1. Background and motivation

Courtyards serve as vital social spaces, fostering community in-
teractions and enhancing urban environments [1,2]. Beyond their social
benefits, they are also recognized for facilitating natural light, promot-
ing natural ventilation, and providing passive cooling within dwellings
[3]. However, the aspect of pollutant accumulation and dispersion
within these spaces remains underexplored [4]. Courtyard buildings,
through their unique structural design, create distinct airflow patterns
[5-8] that can inadvertently transport indoor pollutants across rooms
via the courtyard.

In considering the dynamic relationship between architectural form
and environmental flow in these semi-enclosed spaces, it becomes
apparent that courtyards play a more active role than previously un-
derstood. Unlike isolated structures, the design of courtyards creates a
unique microclimate. Here, air movement is primarily dictated by the
courtyard’s geometry rather than merely reacting to external wind
conditions [9]. This complex interaction between architecture and
airflow is often underappreciated, yet crucial in understanding how it
may amplify or mitigate pollutant levels in these environments.

To contextualize the discussion, consider a practical scenario: an
individual cooking on the upwind side of a courtyard building. The
process not only releases culinary aromas but also potentially hazardous
cooking emissions. These are not confined to the immediate vicinity;
rather, they are likely to be carried across the courtyard by prevailing
winds, infiltrating neighboring living spaces (see Fig. 1). This situation
leads us to ask some important questions: When it comes to the design of
courtyards, which side — the sides sheltered from the wind (downwind),
or the sides exposed to it (upwind)—is less likely to facilitate the transfer
of pollutants from one unit to another through the courtyard? And
conversely, which side is more prone to unintentional pollutant ex-
change? Additionally, how does the height of rooms within the court-
yard affect the dispersion of pollutants? Which floors are most impacted
by such pollutant transfer? Gaining insight into the answers to these
questions is crucial for resolving the complexities of how pollutants
disperse within architectural layouts like courtyards. Furthermore, this
understanding can guide design strategies aimed at reducing the health
risks that can inadvertently arise from an architectural style intended to
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improve urban living conditions.

1.2. Literature review

Considerable research has been conducted on various aspects of
microclimates within courtyards. Previous works have discussed the
influence of geometry, orientation, wall materials, and landscape ele-
ments such as ponds, trees, and grass on courtyard microclimates
[10-16]. Courtyard buildings, with their unique airflow characteristics
that differ from various other architectural forms, potentially create a
stack effect in courtyards depending on specific indoor-outdoor condi-
tions. This phenomenon is driven by temperature differences between
the interior and exterior [6]. This architectural feature imparts a
distinctive capability for passive microclimate regulation, allowing
courtyard structures to adeptly adjust and harmonize with their sur-
rounding environment.

Recent studies have shown the significant role of courtyard design in
enhancing air quality and managing pollutant levels. Specifically, these
studies emphasize how the geometry and orientation of courtyards
impact the internal airflow dynamics and discuss the effects of these
design elements on air quality and pollutant concentrations within
courtyard architecture. The investigations by Ref. [4] assessed the im-
plications of courtyard design on disease transmission. Their simulations
underscored that well-designed courtyards can effectively reduce the
risk of respiratory infections by enhancing airflow and diluting con-
centrations of airborne pollutants. Similarly, the work by Ref. [17]
explored the effects of courtyard design on airflow and pollutant
dispersion. Their findings underscore the critical function of courtyard
configurations, especially central and internal courtyards, in mitigating
pollutant concentrations at pedestrian levels. Simulations of various
architectural layouts revealed how courtyard spaces can influence
pollutant dispersion by modifying airflow. While these studies mainly
address the impact of courtyard design on air quality and pollutant
movement, emphasizing how courtyard shape affects respiratory in-
fections and pollution at pedestrian levels, the present study focuses on
the specific issue of pollutants re-entering through the courtyard. This
aspect is vital for enhancing courtyard architecture to improve air
quality and health outcomes.

You et al. [18] demonstrated the impact of courtyard shape and
elevation on the vertical and horizontal dispersion of cooking-related

Fig. 1. Cross-transmission of pollutants between naturally ventilated courtyard units.
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pollutants within high-rise residential buildings. Their simulations
suggested that certain courtyard designs facilitate the upward move-
ment of pollutants and thereby lower contamination. This insight is
invaluable to our study as it provides information on the optimization of
air movement and pollutant control through courtyard design. Lozhkin
et al. [19] conducted a detailed analysis of pollution issues caused by
vehicular exhaust in the enclosed courtyards of St. Petersburg, indi-
cating significantly higher concentrations of pollutants in enclosed
courtyards compared to their open counterparts, particularly on days
with low wind speeds. These results highlight that it is essential to
consider ventilation and pollutant dispersion in courtyard design,
acknowledging potential pollutant accumulation even in open court-
yards. Nosek et al. [20] further corroborated the influence of courtyard
architecture on street canyon ventilation through wind tunnel experi-
mental simulations. Their studies indicated that courtyards, particularly
those with pitched roofs, can significantly enhance ventilation effec-
tiveness within urban canyons, directly affecting pollutant distribution
and cross-transmission within the courtyard. Moonen et al. [21]
employed CFD to assess the ventilation potential of courtyards and
urban canyons, with a particular emphasis on wind orientation and flow
angles. Their research, using both Reynolds-Averaged Navier-Stokes
(RANS) and Large Eddy Simulation (LES) methodologies, outlined the
important role of courtyard dimensions and geometry as a facilitator for
air renewal and pollutant dispersion. The systematic investigation
encompassed various urban block types.

1.3. Research gaps and novelty

Previous studies have primarily focused on the aerothermal envi-
ronment, comfort, and the impact on urban microclimates of courtyard
architecture, showing limitations in exploring the relationship between
courtyard structures and pollutant dispersion. These studies tend to
emphasize the inherent features of courtyards, such as geometric
structure and orientation, and their impact on airflow dynamics and air
quality. Although they discuss the relationship of pollutant dispersion,
cross-ventilation, and accumulation within courtyards, they often
overlook the significant impact of the courtyards’ unique enclosed or
semi-enclosed nature and their connectivity with surrounding buildings
on pollutant dispersion. Simultaneously, these studies have not fully
explored complex mechanisms of inter-unit pollutant transmission.

Moreover, in the context of pollution dispersion in the courtyard,
integrating wind tunnel experiments and CFD simulations is rarely
employed to study these complex phenomena. Existing research usually
focuses on pollutant dispersion near an isolated cubic building [22-26]
or urban blocks [27-31]. Studies on indoor and outdoor pollutant dis-
tribution also primarily concentrate on external pollution, particularly
how pollution near street canyons affects indoor air quality [32-38].
Research on the movement, dispersion, and distribution of pollutants
inside and outside enclosed courtyard buildings is still in its early stages,
especially lacking studies on the pathways of pollutants spreading from
within courtyard structures to the outside and back indoors.

1.4. Aim and objectives

The aim of the current study is to evaluate the design of courtyard
buildings to reduce the spread of pollutants and enhance the overall
environmental health standards within urban living spaces. Our study
addresses the shortcomings in the literature by investigating the dy-
namics of wind-driven pollutant dispersion in courtyard buildings
through a combination of wind tunnel experiments and CFD simula-
tions. This is achieved by meeting the following research objectives.

1. Validate the results obtained from ANSYS Fluent CFD simulations
using wind tunnel experiments data. This validation process is crit-
ical to ensure the findings are reliable and applicable across various
scenarios.
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2. Integrate wind tunnel experiments with CFD analyses. The use of
complementary techniques offers richer insights, focusing on how
different wind directions and speeds influence the dispersion of
pollutants within courtyard architectures. Understanding these dy-
namics is crucial for accurately assessing the impact of environ-
mental conditions on air quality in these spaces.

3. Examine the effects of varying external conditions, such as wind
direction and speed, on the movement and concentration of pollut-
ants within courtyards. This understanding is essential for predicting
and managing air quality in urban living environments.

4. Analyze the impact of pollutant source locations. Investigating how
the location of pollutant sources within the courtyard affects
dispersion patterns and concentration levels of pollutants like CO,
will provide deeper insights into the spatial dynamics of air quality
within these enclosed spaces.

5. Evaluate optimal and adverse scenarios that improve natural venti-
lation and pollutant removal in courtyards, thereby enhancing in-
door air quality.

This study employs an idealized model to simulate the courtyard
geometry and environmental conditions. While the model provides a
controlled framework to investigate pollutant dispersion, it does not
encompass all real-world complexities, such as simultaneous pollutant-
generating activities. Nevertheless, this analysis emphasizes the com-
plex dynamics of pollutant dispersion in courtyard buildings and high-
lights the necessity of such studies for practical applications.

The paper is set out as follows. Section 1 provides the context for the
study and establishes the aim and objectives. Section 2 describes the
wind tunnel experiment, while Section 3 presents the CFD approaches,
including the evaluation of different turbulence models, a mesh refine-
ment study, and validation of the selected model. Section 4 presents the
numerical simulation outcomes for diverse pollutant sources under
varying wind speeds and directions. Finally, Sections 5 and 6 discuss the
study’s results and limitations, provide a conclusion, and outline po-
tential future work.

2. Experimental method
2.1. Physical model and wind tunnel experimental setup

The experimental study employed a courtyard model at a 1:50 scale.
This model was constructed from acrylic panels with a thickness of 3
mm. As presented in Fig. 2 (b), the dimensions were 300 mm x 300 mm
x 180 mm (L x W x H). The model comprises 4 three-story buildings that
face the courtyard, each measuring 100 mm x 100 mm x 60 mm. These
buildings are interconnected by walls, creating a closed courtyard
structure. Each courtyard-facing room within these buildings features
two windows measuring 20 mm x 15 mm to facilitate crossflow venti-
lation, as shown in Fig. 2 (c) and 2 (d).

As depicted in Fig. 2 (a), the experiments were conducted in the
atmospheric boundary layer (ABL) wind tunnel laboratory within the
Department of Civil Engineering at the University of Nottingham. The
test section of this wind tunnel has dimensions of 3.1 m in length, 2.4 m
in width, and 1.9 m in height. Preceding the 2 m diameter circular
turntable is an 11.5 m long fetch. The wind direction can be modified by
rotating this turntable. Given the dimensions of the 1:50 model and the
wind tunnel section, the blockage ratio attributed to the scaled-down
courtyard model in the wind tunnel is 1.18 %. No adjustments were
made to the measurements derived from these configurations, as rec-
ommended by Mercker [39].

In our wind tunnel experiments, similarity criteria are essential to
ensure that our scaled model accurately represents full scale conditions,
particularly fluid dynamics. A key aspect of these criteria is the estab-
lishment of dynamic similarity. In this study, we did not match the
Reynolds number because of the wind tunnel speed limitations,
although we did exceed the threshold highlighted by previous works.
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Fig. 2. (a) The courtyard model positioned on the turntable within the ABL wind tunnel. (b) Overall dimensions of the courtyard building model. (c) Single building
model and connection of pressure tubes. (d) Dimensions of a single building and windows. (e) Arrangement of pressure measurement points on the side wall within
the indoor domain.

For our experiments, reference wind speeds were measured at the height
of the building. Two different values were used: Ues = 4.51 m/s and Uyf "
= 8.86 m/s. At these speeds, the Reynolds numbers calculated using a ref
characteristic length (the height of the courtyard model) of 180 mm 0.0 0.5 1.0 1.5
were 5.49 x 10% and 1.08 x 10°, respectively. These values exceeded the 50 oe
threshold (Reynolds number = 3.3 x 10% indicated by Ref. [40] for ?
achieving Reynolds number independence in similar studies. 4.0 =
Q
)

‘o‘?

This independence from the Reynolds number suggests that the flow °
characteristics around the model are comparable to those in the actual
environment, thus satisfying the criteria for dynamic similarity. Cui o UU
et al. [41] highlighted the importance of Reynolds number indepen- ) O
dence in indoor flow and pollutant dispersion studies. This research 2.0 ° > o I
supports our approach by showing that flow characteristics remain .
consistent within a specific Reynolds number range, confirming our ? &

&

3.0 ° o

Z/Z,
¢
©

1.0
model’s reliability. By achieving and verifying these Reynolds numbers, 9

our model under both wind conditions accurately represents full-scale P
scenarios, adhering to the essential similarity criteria for modeling 0.0
and analysis.

An ABL velocity profile was established utilizing a combination of u/u
spires and surface roughness elements. Average velocity and turbulence
intensity were precisely measured using the Testo 450i thermal
anemometer. The instrument has a measuring range from 0 to 30 m/s, a
high-resolution capability of 0.01 m/s, and an accuracy of + (0.1 m/s +
5 % of mv) for speeds up to 2 m/s and + (0.3 m/s + 5 % of mv) for

0.0 0.5 1.0 1.5

ref

Fig. 3. Measured average velocity and turbulence intensity of wind profile.
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speeds up to 15 m/s. The profiles of inlet velocity and turbulence in-
tensity at the centre of the turntable in the absence of the building
models are shown in Fig. 3 respectively.

2.2. Wind tunnel experimental setup for the pressure measurement

To assess the pressure distribution within the courtyard building, 2
pressure taps were located inside each of the rooms, as illustrated in
Fig. 2 (e). In total, 48 pressure taps were employed to measure the in-
door pressure coefficients. Pressure taps were connected to a 64 channel
Scanivalve MPS4264 digital pressure transducer using vinyl tubing with
an external diameter of 0.001 m and a length of 1.2 m. The digital sensor
array has a full-scale measurement range of 995.4 Pa with an accuracy of

(@)
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+0.06 % FS. The backing pressure was taken from the static port of a
Pitot-static tube positioned at the reference height of 180 mm in line
with the front of the model. The Pitot-static tube was also used to
measure the mean wind speed. Pressure data were collected for 200 s at
a sampling rate of 50 Hz.

2.3. Wind tunnel experimental setup for the CO, measurement

The study also included CO, measurements for four test scenarios:
the model oriented at 0° with wind speed of Uyes = 4.51 m/s and Uyef =
8.86 m/s, and the model positioned at 45° with wind speeds set at Uyes =
4.51 m/s and U,es = 8.86 m/s.

To simulate the dispersion of an indoor source of gaseous pollutants,

CO, cylinder with 6= 6mm tube

(b)

Fig. 4. (a) Wind tunnel CO,, dispersion measurement setup. (b) The courtyard model with CO, sensors in the wind tunnel.
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the tracer gas CO, was released from the CO; cylinder. As shown in
Fig. 4 (a) and 4 (b), CO; concentration sensors were placed on the sec-
ond floor of both the upwind and downwind sides of the model building.
The CozIR®-LP CO; sensor, which employs NDIR solid-state LED optics
and has a measurement precision of 30 ppm, was employed to measure
the CO, concentration. These sensors can monitor CO5 concentrations
up to 5000 ppm and feature an automatic calibration mechanism. A
polyurethane tube, 6 mm in outer diameter, was positioned on the same
floor of the upwind building, and it was connected to a 1 L aluminum
CO3 cylinder under the wind tunnel. This cylinder was equipped with a
control valve to ensure a consistent release of CO.

Throughout the experiment, varying CO, emission rates were
established based on wind speeds and model orientations to guarantee
accurate readings by both sensors while ensuring that the CO5 concen-
tration did not exceed the sensor’s maximum limit of 5000 ppm. Spe-
cifically, with the model at 0°, a steady release rate of 2.8 ml/s was
maintained for Up,s = 4.51 m/s and U, = 8.86 m/s wind speeds.
Conversely, when the model was at 45°, the release rates were set at
0.45 ml/s and 0.8 ml/s for wind speeds of Uy = 4.51 m/s and Uer =
8.86 m/s, respectively. This adjustment was necessary because, at a 45°
wind angle, the transmission of pollutants across rooms caused COy
levels in the source room (RWF) to approach the sensor’s maximum
capacity of 5000 ppm. Therefore, the emission rates were reduced
through careful calibration to maintain accurate and reliable readings.
Following sensor calibration, a consistent CO, release was initiated, and
data recording ceased once readings from both sensors stabilized.

It should be noted that the experimental setup utilized an idealized
model of courtyard buildings with simplified geometry and uniform
window sizes to focus on the fundamental aspects of pollutant disper-
sion. This approach does not account for all real-world complexities,
such as simultaneous pollutant-generating activities or the impact of
surrounding buildings. These simplifications were necessary to isolate
specific variables and control the experimental conditions.

3. CFD method
3.1. Numerical methods and solver settings

This research employs the control volume method, using the soft-
ware ANSYS Fluent 18.1, to conduct steady-state RANS calculations for
flow and mass fraction equations. 3D CFD simulations were run,
assuming a fully turbulent and incompressible flow. The RANS equa-
tions are solved using the k-epsilon Realizable model. The employed
CFD program adopts the Finite Volume Method (FVM) with a semi-
implicit velocity-pressure coupling algorithm (SIMPLE) for the second-
order upwind discrete pressure correlation equations. Solution conver-
gence is established when the typical convergence thresholds are
established at 10~ for Uy, Uy, U, reaching 107°, and for k and epsilon
set at 10~ and 107>, respectively. For the concentration variable, the
threshold was set at 1077,

This study also evaluates the predictive capabilities of three turbu-
lence models: the k-epsilon standard model [42], the k-epsilon RNG
model [43], and the k-epsilon Realizable model [44] for pressure dis-
tribution and CO; dispersion in wind tunnels. Based on the results (refer
to Figs. 7 and 8), the k-epsilon Realizable model was chosen for further
in-depth analysis. The turbulent Schmidt number (S.) is vital in
dispersion simulation. For all cases, an S.; value of 0.7 was adopted.
Tominaga et al. [45] found this value to align well with experimental
results when comparing experiments and simulations for air pollution
dispersion around a building. This selection is further supported by
Ref. [46], based on the comparison between wind tunnel and CFD re-
sults. The species transport equations and k-epsilon Realizable equations
employed in this study are unchanged and fully detailed in Ref. [47].
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3.2. Courtyard geometry, computational domain, and boundary
conditions

As demonstrated in Fig. 5 (a), for both modeling and wind tunnel
experiments, the dimensions of the courtyard building model and the
computational fluid domain were replicated at a 1:1 scale. The model’s
dimensions are 300 mm x 300 mm x 180 mm. Each floor comprises four
test rooms in the east, west, north, and south corners. Rooms adjacent to
the courtyard were distinctly labeled based on floor and orientation to
facilitate the analysis across different rooms, as presented in Fig. 5 (b).
Fig. 5 (c) illustrates nine sampling points strategically positioned at the
mid-height of each test room, ensuring uniform distribution for the
collection of CO5 concentration data. Fig. 5 (d) shows the fluid domain’s
dimensions, which mirror those of the test section, measuring 2.4 m x
19mx3.1m.

In the computational domain, both side and top walls were desig-
nated as symmetry walls. The spacing between the courtyard and the
two side symmetry walls was set at 1050 mm, while the distances from
the courtyard to the velocity inlet and pressure outlet were 950 mm and
1850 mm, respectively. The distance between the courtyard and the
domain’s top wall was 1882 mm. In all CFD simulation scenarios, the
pollutant source is modeled as a cylindrical volume. The cylinder hasa 6
mm diameter cross-section and a height of 1 mm, with the top face set as
a carbon dioxide inlet. The source is positioned 20 mm above the floor
(as shown in Fig. A.1), and the release rate of CO; is consistently set at
2.8 ml/s. For both the inlet and outlet, the initial configurations are
maintained with a CO, concentration of 400 ppm and a temperature of
300K.

The inlet wind profile was consistent for all simulation scenarios. The
average wind speed was derived using the power law formula given by:

U(Z) = Ures ( z )a @

Zref

where u(z) is the mean velocity at height z (m/s), a = 0.145, which is the
power law exponent found by curve fitting the wind tunnel data, 2. =
180 mm is the reference height corresponding to the height of the
courtyard model, and u,¢ is the reference velocity at height z..¢ , which
are 4.51 m/s and 8.86 m/s. Given these velocities, the Reynolds
numbers were calculated to be approximately 5.49 x 10* and 1.08 x
105, respectively.

3.3. Grid and sensitivity analysis

The accuracy of the numerical simulation and computation time are
influenced by the quality of the mesh used in modeling. The mesh for the
fluid domain was generated as a tetrahedral mesh in ANSYS Meshing.
Near the courtyard building’s walls, windows, and floors, a finer grid
was employed. The mesh resolution for both window areas and the CO2
source area were set to 1 mm, and for building areas, it was set to 5 mm,
while a coarser grid (50 mm) was chosen for areas further away. The
expansion ratio between the two adjacent cells was kept below 1.2. To
optimize computational efficiency and reduce processing time, the
tetrahedral mesh in the fluid domain was transformed into polyhedral
mesh within ANSYS Fluent. To ensure the accuracy of the numerical
model, a mesh sensitivity analysis was conducted to assess the results’
variation across different mesh sizes. The uncertainty arising from dis-
cretization was evaluated using the grid convergence index (GCI)
method, which was introduced by Ref. [48]. The specifics and param-
eters of the analysis are provided below.

The calculation, first need to define the grid size h, AV; is the volume,
N is the total number of cells used for the computations.

h—{ S (aw)

1/3

| =

(2)

=
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Fig. 5. (a) The courtyard building model for the CFD modeling. (b) Distribution of nine monitoring points inside the test room. (c¢) Orientation and naming of each
test room for analysis. (d) The dimensions and boundary conditions of the computational domain.

As shown in Fig. 6 and Table 1, three distinct grid sizes—fine, me-
dium, and coarse—were selected. Simulations were conducted to
ascertain the values of pivotal variables (¢, ¢, ¢3) pertinent to the
study’s objective. It is recommended that the grid refinement factor,
denoted as [48]r = h coarse/ h fine €xceeds 1.3 [48]. Given the conditions
h; < hy < hg, the ratios are defined as ro; = hy/ hy, r3; = hs/ ho.
Consequently, the grid sizes were N1 (927,280), N2 (396,713), and N3
(178,630), resulting in r values of 1.327 and 1.305. The method’s
apparent order, p, can be derived using expressions from Eq. (3) to Eq.
(5), where €32 = ¢35 — ¢y, €21 = ¢ — ;.

.1

p = Ta(ra) In |e32 / €21|+q(p )] 3)

. 2o

Y=l L) 4
qp)=In (rgz — @
s=1-sgn (e3;/ €21) (5)

The extrapolated values based on Eq. (6):

D=y — ) [ (1 — 1) 6)

The approximate relative error, denoted as e?!, the extrapolated
relative error, eZ,, the extrapolated relative error, GCIfi}le, can be

determined using Eq. (7) to Eq. (9).
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Fig. 6. (a) Simulated CO, concentration results along a horizontal centre line of the courtyard model at the height of 90 mm for the grid sensitivity analysis. (b) The
grid sensitivity analysis was done using the GCI method. (c) The polyhedral mesh around the courtyard surfaces.
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In this study, grid sensitivity was examined by selecting the first floor
with coordinates X = 150 mm, Z = 90 mm, and Y ranging from 50 mm to
250 mm. A total of 21 points were chosen to observe the CO, concen-
tration (ppm) under three different grid sizes, as depicted in Fig. 6 (a).

GCI ©)
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Fig. 8. Comparison of CO, dimensionless concentration C" between the experiment and CFD simulations with three turbulence models, for (a) Wind direction at
0° and wind speed at U, = 4.51 m/s. (b) Wind direction at 0° and wind speed at U, = 8.86 m/s. (c) Wind direction at 45° and wind speed at U,ef = 4.51 m/s. (d)

Wind direction at 45° and wind speed at U, = 8.86 m/s.

Table 1
Sample discretization error calculation using GCI method.

CO, Concentration
(ppm) at Y = 60 mm

CO, Concentration
(ppm) at Y = 120 mm

CO, Concentration
(ppm) at Y = 180 mm

N1 927,280 927,280 927,280
N2 396,713 396,713 396,713
N3 178,630 178,630 178,630
1 1.327 1.327 1.327
732 1.305 1.305 1.305
h 1945.207 2405.236 2348.362
b 1964.026 2448.301 2399.195
s 1990.212 2540.542 2469.876
P 1.433 3.014 1.430

2L 1907.567 2737.260 2246.481
el 0.967 % 1.790 % 2165 %
o2 1.973 % 1.347 % 4.535%
GCREl, 2419 % 1.662 % 5.423 %

fine

Data presented in Table 1 specifically highlights Y = 60 mm, Y = 120
mm, and Y = 180 mm. The grid convergence index for these points is
2.419 %, 1.662 %, and 5.423 %, respectively. The medium mesh size
was ultimately selected for this study, as its results exhibited minimal
error compared to the fine mesh size, and computational cost savings

were observed. Fig. 6 (b) illustrates the medium grid convergence index

21
fine

and discretization error bars for all 21 points, with the maximum GCI
being 5.63 %, and the average GCIZ. across the 21 points, being 2.210
%. Hence, the medium mesh size is well-suited for subsequent

simulations.
3.4. Validation of the numerical model

This section compares wind tunnel experimental data with CFD
simulations, focusing on two key areas: the internal surface pressure
distribution and CO; dispersion in courtyard buildings. This comparison
is crucial for verifying the precision and reliability of the computational
models used.

3.4.1. Validation of internal room pressure distribution

The outcomes of the wind tunnel test and CFD simulations have been
evaluated with a focus on the internal surface pressure coefficient (C,),
as defined by Eq. (10). In this context, ’ P’ denotes the observed pressure,
while > Ps” and * Uys represent the reference pressure and velocity,
respectively. Additionally, * p’ signifies the air density.

_ P-P, ref

C,=—"2" 10
’ 05U, a0

In the wind tunnel experiments, the MPS4264 Scanivalve digital pres-
sure transducer was employed to gather data on the pressure coefficient
(Cy) at 48 monitoring points located inside courtyard buildings. This
data was then compared against the results from CFD simulations. As
indicated in Table 2, the study utilized two different wind speeds (Uyef =
4.51 m/s and Uyes = 8.86 m/s) and two wind directions (B = 0 and p =
45). Five commonly used RANS models were selected for this research:
k-epsilon standard, k-epsilon RNG, k-epsilon Realizable, k-Omega stan-
dard, and k-Omega SST. Three validation metrics were applied: the
normalized mean squared error (NMSE), the fractional bias (FB), and the
fraction of predictions within a factor of two of the observations (FAC2).
These metrics were employed to conduct a comprehensive and quanti-
tative evaluation of the performance of all five RANS turbulence models,
using Eq. (11) to Eq. (13).

FB:% an
NMSE :M 12
[O4][Pi]
1 & ) 1for0.5§g§2
FAC2 = ; n; with n; = . i a3

According to the results presented in Table 2, the RANS models
demonstrate effective predictive capabilities for the flow characteristics
around buildings, particularly in accounting for the influence of wind
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Table 2
Validation metrics for the internal surface pressure coefficient.
Model NMSE FB FAC2
Wind direction p = 0, k-epsilon standard 1.543 0.305 0.75
Wind velocity = 4.51 m/s k-epsilon RNG 1.529 0.099 0.750
k-epsilon Realizable 1.031 0.130 0.750
k-omega standard 1.573 0.073 0.750
k-omega SST 1.946 0.135 0.750
Wind direction = 0, k-epsilon standard 1.008 0.111 0.750
Wind velocity = 8.86 m/s k-epsilon RNG 1.766 —0.009 0.750
k-epsilon Realizable 1.255 —0.063 0.750
k-omega standard 2.074 -0.138 0.750
k-omega SST 1.774 —0.035 0.750
Wind direction p = 45, k-epsilon standard 0.280 0.002 0.854
Wind velocity = 4.51 m/s k-epsilon RNG 0.358 0.260 0.521
k-epsilon Realizable 0.292 0.068 0.813
k-omega standard 0.643 0.242 0.542
k-omega SST 0.351 0.153 0.542
Wind direction p = 45, k-epsilon standard 0.256 0.049 0.875
Wind velocity = 8.86 m/s k-epsilon RNG 0.413 0.274 0.500
k-epsilon Realizable 0.218 0.177 0.625
k-omega standard 0.796 0.414 0.500
k-omega SST 0.519 0.321 0.500
Target, 0, <1.5 0, [-0.3, 0.3] 1,>0.3
Acceptance criteria
direction and speed on wind pressure distribution. The performance of conditions.

various turbulence models varies with wind directions at 0 and 45°.
Under 0-degree wind direction, the k-epsilon Realizable model exhibits
lower NMSE values (1.031 and 1.255 for wind speeds of Uy = 4.51 m/s
and U,s = 8.86 m/s, respectively), acceptable FB values (0.13 and
—0.063 respectively), and satisfactory FAC2 values (both 0.75). This
indicates its accuracy in capturing pressure variations on the upwind
(west) and downwind (east) sides. In the case of a 45-degree wind di-
rection, the k-epsilon Realizable model particularly stands out. At a wind
speed of 4.51 m/s, it achieves an NMSE value of 0.292, an FB value of
0.068, and a FAC2 value of 0.813; at 8.86 m/s, these values are 0.218,
0.177, and 0.625 respectively, significantly outperforming other models
like k-epsilon standard and k-Omega SST. These findings suggest that the
RANS models, especially the k-epsilon Realizable model, are highly
effective in predicting wind pressure distribution within courtyard
buildings. They provide accurate predictions under various wind di-
rections and speeds. Therefore, due to its good performance across all
key evaluation metrics, the k-epsilon Realizable model has been chosen
for subsequent CFD simulations.

Fig. 7 shows the distribution of pressure coefficients at various
measurement points within the courtyard building, with experimental
data (red dots) compared with the predictions from the k-epsilon Real-
izable model (blue dots). These points cover the building’s east, west,
north, and south rooms, under wind conditions of 0 and 45° and wind
speeds of Urer = 4.51 m/s and Uy = 8.86 m/s. The comparison of the red
and blue dots for each scenario allows an evaluation of the model’s
alignment with the experimental data. The k-epsilon Realizable model
results generally follow the experimental data well, particularly in
capturing the wind pressure trends on both upwind (e.g., west side at
0° wind direction) and downwind (e.g., east side at 0°) aspects. It also
shows good predictive accuracy for crosswind conditions (e.g., north,
and south sides at 45°). The discrepancies between wind tunnel data and
CFD predictions, notably on the west building’s upwind side at 0°, could
be influenced by factors like local turbulence at internal test points near
openings and the inherent differences in turbulence model approaches.
These factors can impact the precision of pressure coefficient measure-
ments and the accuracy of simulation results. The fixed boundary con-
ditions in CFD simulations also play a role, as they represent an averaged
state of flow under specific wind conditions, contrasting with the more
variable and transient nature of actual wind fields. Despite these, the k-
epsilon Realizable model proves effective in predicting the pressure
coefficient in courtyard building interiors under varying wind
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3.4.2. Validation of CO; dispersion in the courtyard buildings

In this study, CO> is used as the pollutant in wind tunnel testing to
investigate the cross-transmission of pollutants in the courtyard building
through crossflow natural ventilation. The choice of COz is driven by its
availability and cost-effectiveness, along with their suitable sensitivity
range, which make them ideal for this study. Additionally, the safety
profile of CO,, particularly its non-toxic nature at concentrations under
5000 ppm [49], makes it a viable option for our controlled experimental
studies. Although it doesn’t mimic the heavier molecular weight of SFg
or the reactivity of CoHy, CO2’s properties closely resemble those of
many indoor pollutants [50,51], making it relevant for studying airflow
in buildings [52-54]. Despite the limitations of not encompassing all
pollutants’ properties, this research will maintain methodological rigor
through frequent calibration and multiple test runs, ensuring the reli-
ability of findings.

The transmitted pollutant dimensionless concentration coefficient
value C* was normalized based on the source strength, reference height,
and velocity, as specified in Eq. (14) for area-source emissions [46,55].

¢Sty a4)
Qe Lgef

Where c represents the tracer gas’s mass concentration in kg/m?>, Upef iS
the wind velocity at the reference height of the courtyard model,
measured at 4.51 m/s and 8.86 m/s. L is the reference height H, which
is 0.18 m. The exponent n for the area source is 0 [46]. And Q is the
emission mass flow in kg/s.

Fig. 8 Shows a comparison of the dimensionless CO2 concentration
C”" between wind tunnel experiments and those from CFD simulations.
This figure illustrates the dynamic evolution of CO2 concentration in two
test rooms, REF and RWF, as recorded by sensors. The observation
period encompasses the entire duration from the initial release of CO3 to
its eventual stabilization. In our CFD simulations using the RANS model,
the symbols in Fig. 8 represent steady-state concentrations at specific
points within our domain. These values reflect equilibrium conditions
where system variables stabilize, mirroring the experimental measure-
ments which were concluded once the CO5 concentration in these rooms
reached a stable state. In the wind tunnel experiments, the ambient
background CO5 concentration was approximately 400 ppm, which is
equivalent to C* being 0. Rather than subtracting this background level
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from our measurements, we included it in the results to allow a direct
comparison between the baseline CO; levels and the levels with the
added tracer gas. This approach provides a clearer understanding of the
impact of the tracer gas on overall CO, concentrations. The data derived
from three distinct turbulence models—k-epsilon standard model, k-
epsilon RNG model, and k-epsilon Realizable model—are evaluated
against the experimental measurements. The simulation parameters
were configured to match the wind tunnel experimental setup. In the
RWF room, both a CO, release source and a sensor were installed,
whereas the REF room was equipped with a similar sensor. The results
for the courtyard model at 0° wind speeds of Uy = 4.51 m/s and Uyes =
8.86 m/s are detailed in Fig. 8 (a) and 8 (b), respectively, while Fig. 8 (¢)
and 8 (d) present findings at 45°. As anticipated, the CO» concentration
in the room reduces with increasing wind speed, demonstrating the
capability of natural ventilation to remove pollutants from indoor
spaces.

In terms of accuracy, while all turbulence models provided reliable
predictions for the REF room, the k-epsilon Realizable model stood out
for its precision in the RWF room. The k-epsilon standard model, despite
slight deviations, remained largely accurate. However, the k-epsilon
RNG model, especially at 45° and U, = 8.86 m/s, showed notable
divergence, even though its other predictions were consistent. This
aligns with previous research that often favored the k-epsilon Realizable
model and k-epsilon RNG models for pollutant dispersion predictions. In
these four tested scenarios, the k-epsilon Realizable model, the k-epsilon
Standard model, and the k-epsilon RNG model demonstrated good ac-
curacies of approximately 93.51 %, 88.99 %, and 92.27 %, respectively,
in predicting CO, concentration within the two rooms of the experiment.
Overall, the numerical model accurately simulated the CO5 concentra-
tion within the courtyard building.

4. Results and discussion

In line with the wind tunnel experiments, CFD simulations were

45°
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carried out to model pollutant dispersion from various rooms under
different wind directions and speeds. The two column heights represent
wind speeds of Uef = 4.51 m/s and U = 8.86 m/s. A total of 48 sce-
narios are presented, as shown in Fig. 9. Cases 1-24 correspond to a
wind direction of 0°, while Cases 25-48 are set at 45°. It is worth noting
that in all simulation scenarios, the release rate of CO5 is maintained at
2.8 ml/s. Our findings provide valuable insights into pollutant disper-
sion patterns in courtyard buildings using an idealized model. This
approach, while not encompassing all real-world complexities, high-
lights the importance of understanding airflow and pollutant dynamics.
Future research should consider more detailed and realistic scenarios,
including simultaneous pollutant-generating activities and the presence
of surrounding buildings, to enhance the applicability of the results.

4.1. Airflow movement and pollutant dispersion at 0° wind direction

4.1.1. Air flow velocity and pressure distribution

Fig. 10 (a) illustrates the airflow patterns in the courtyard building
based on the CFD predictions. The wind enters from the left inlet
boundary, impacting the building’s upwind side. Here, the airflow
splits—part enters through the windows while the remainder either
passes over the building or shears off, exiting through the pressure outlet
on the right. Significant air recirculation occurs on the downwind side.
These airflow dynamics show air moving from the west side rooms into
the courtyard, then flowing into the rooms on the north and south sides,
with east-facing rooms receiving air from the downwind direction.
These patterns remain consistent at wind speeds of Uyer = 4.51 m/s and
Urer = 8.86 m/s and a wind direction of 0°.

Fig. 10 (b) to 10 (e) illustrate the distribution of velocity and pressure
in the vertical and horizontal cross-sections. Fig. 10 (c) and 10 (e) spe-
cifically illustrate that rooms on the upwind side of the courtyard are
subject to positive pressure, while rooms on the downwind and lateral
sides experience negative pressure. Fig. 10 (b) displays jets of airflow
moving either upwards or downwards from the upwind facade into the

Fig. 9. 48 CFD simulation scenarios for evaluating the impact of different pollutant sources, wind speeds and directions.
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Fig. 10. (a) Observed airflow patterns in and around the courtyard building at 0° wind. (b) Cross-sectional contours of wind velocity distribution in vertical
orientation around the courtyard building. (c) Pressure distribution in vertical orientation around the courtyard building. (d) Wind velocity in horizontal orientation
around the courtyard building. (e) Pressure distribution in horizontal orientation around the courtyard building.

interior rooms, shaped by pressure differences. Additionally, smaller jets
of airflow from the downwind rooms to the courtyard are observed,
influenced by various pressure gradients.

Additionally, a portion of the incoming wind from the inlet, which
does not enter the upwind rooms, generates a noticeable vortex on the
downwind side as it traverses the courtyard. This vortex redirects a
portion of the airflow back towards the courtyard on the downwind side.
Fig. 10 (e) indicates a low-pressure zone in the courtyard, with the
pressure dropping to an average of —4.23 Pa in the lower region. As
observed in Fig. 10 (b) and 10 (d), the wind speed within the courtyard is
higher (0.75 m/s on the lower region and 0.96 m/s on the upper region)
compared to the adjacent rooms. Due to the lower pressure in the north
and south (RN and RS) rooms, air from the courtyard is drawn towards
these areas. The airflow speed in the ground-floor rooms of both RNG
and RSG averages a modest 0.01 m/s, compared to the RWG and REG
rooms where the wind speeds are notably higher at 0.31 m/s and 0.49
m/s, respectively.

4.1.2. COz concentration and dispersion in the courtyard at 0° wind

Fig. 11 presents the predicted average concentrations of COz in
different rooms under two wind speeds and 0° wind direction, with a
constant release rate of 2.8 m/1 from different rooms or sources. It is
evident that as wind speed increases, the rooms become more effective
at expelling CO,, but the observed trend remains similar under both
wind speeds. When the source of pollution is located on either the up-
wind (west rooms) or downwind (east rooms) side rooms, in particular
the ground and first floor, there is noticeable cross-transmission of CO2
into the adjacent side rooms (RN and RS), aligning with the distribution
of airflow in the courtyard as depicted in Fig. 10. For instance, at a wind
speed of Uyer = 4.51 m/s, the highest concentration is observed in the
north-facing room RNG (3211 ppm or C* = 145.7) when pollutants are
released from the downwind ground floor REG. The slower indoor wind
speed leads to less effective CO2 expulsion within the space. The second-
highest concentration is found in the south-facing room RSG on the same
floor, reaching 3100 ppm (C" is 139.9). Furthermore, pollutants that
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diffuse from RWG and REG rooms on the ground floor to the courtyard
also migrate to higher floors. As the distance increases between the
source and the target room, the concentration of pollutants in the target
rooms progressively decreases.

However, when the source of pollutants is from the side rooms (RN
and RS), there is little to no increase in pollutant concentrations detected
in any of the rooms. This aligns with the observed airflow patterns,
which indicate that air flows from the courtyard into the side rooms and
then exits outdoors. Consequently, the pollutants are effectively
exhausted into the outdoor environment rather than in the courtyard.
When the source of the pollutant is on the second floor, cross-
transmission was mainly observed when the source was the upwind
side room (RWS). This resulted in C" of 28.1 and 34.4 being detected in
adjacent side rooms on the same floor. Notably, the pollutants released
from the second-floor rooms did not disperse to the lower floors. Addi-
tionally, when the source was the downwind side room (RES), the
pollutant almost did not disperse towards the side rooms, unlike what
was observed when the ground and first-floor rooms were the source.
Pollutant concentrations are higher in some side rooms due to releases
from the downwind room, influenced by the courtyard’s airflow. The
results indicate a downwash effect on the downwind side, where the
airflow is deflected downward, causing pollutants to remain in the
courtyard longer than those originating from the upwind rooms. This
downward deflection traps pollutants in the courtyard, leading to higher
concentrations and reduced dispersion compared to the airflow patterns
from the upwind rooms. Comparing values in Fig. 11 with airflow pat-
terns in Fig. 10 (b) reveals a clear difference: airflow from upwind rooms
moves upward, while airflow from downwind rooms moves downward.
This behavior corresponds with the observed pollutant distribution in
the courtyard.

In Fig. 12 (a), the red lines indicate the pathway of CO5 dispersion on
the upwind side of the ground floor at a wind speed of Uef = 4.51 m/s
for Case 1. To better illustrate the dispersion pathway and the concen-
trations in the adjoining rooms, an enlarged view of the courtyard is
presented in Fig. 12 (b), detailing the average CO2 concentration in each
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Fig. 11. Average concentrations of the CO; in different rooms at a wind speed of (a) U,ef = 4.51 m/s and (b) U, = 8.86 m/s, based on different source locations.

room. It is evident that when the source of pollution is on the upwind
side, the primary pathway of dispersion is toward the immediately
adjacent side rooms. Notably, there is no dispersion at the other two
levels on the same upwind side and there is no dispersion into the rooms
on the downwind side. As demonstrated in Fig. 12 (c) and 12 (d), the
pathway of dispersion changes when pollutants originate from the
downwind side of the ground floor under the same wind conditions. The
pollutants diffuse into adjacent rooms on both sides and exist in the
rooms on the downwind side of both the first and second floors with low
levels.

4.2. Airflow movement and pollutant dispersion at 45° wind direction

4.2.1. Air flow velocity and pressure distribution

Fig. 13 (a) illustrates the observed airflow patterns around the
courtyard when the wind approaches at a 45° wind angle. The results
indicate that the incoming wind splits upon reaching the upwind sides of
the courtyard. Some of the air enters the interior through the windows,
while the remainder either passes over the top and sides of the courtyard
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and exits through the pressure outlet on the opposite side. The air that
enters the rooms on the RW and RS (upwind) sides then flows into the
central courtyard. Due to the pressure gradient, the air subsequently
moves into the rooms on the downwind side (RE, RN), thus creating an
“upwind-courtyard-downwind” flow system.

As shown in Fig. 13 (b), the velocity distribution reveals that the
average wind speed is 0.59 m/s in the rooms on the upwind ground floor
side, while it is 0.15 m/s and 0.86 m/s in the rooms on the downwind
side. This is because when wind flows around a building, it can create
complex airflow patterns, including vortices, on the downwind side.
These vortices cause variations in wind speed and pressure distribution.
As a result, different rooms on the downwind side experience different
wind speeds depending on their position relative to the vortex. The
average wind speed in the courtyard is 0.51 m/s Fig. 13 (c) shows the
pattern of pressure distribution for the ground floor. In the upwind
rooms, the pressure is positive, while it is negative in the downwind
rooms, reaching —3.73 pa and —2.38 pa. In the courtyard, there is a low-
pressure zone where the pressure is approximately —1.48 pa. This
pressure gradient plays a major role in directing the airflow from the
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Fig. 12. Illustration of the CO, dispersion from the upwind side, showing the dispersion pathways and indoor concentration levels: (a) Dispersion pathways for Case
1. (b) Enlarged view of the dispersion pathways and indoor concentration levels for Case 1. (¢) Dispersion pathways of Case 13. (d) Enlarged view of the dispersion
pathways and indoor concentration levels for Case 13.
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Fig. 13. (a) Observed airflow pattern in and around the courtyard building at 45° wind. (b) Cross-sectional contours of wind velocity distribution in horizontal
orientation around the courtyard building. (c) Pressure distribution in horizontal orientation around the courtyard building.

courtyard towards the room RNG with a pressure of —3.73 pa. 4.2.2. COy concentration and dispersion in the courtyard at 45° wind

Conversely, the secondary airflow is directed to the room REG with a Fig. 14 demonstrates the average concentrations of COs in different

pressure of —2.38 pa. rooms when the wind approaches the building at a 45-degree angle, with
a release rate maintained at 2.8 ml/s. Comparing Fig. 14 (a) and 14 (b),
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Fig. 14. Average concentrations of CO, in different rooms at a wind speed of (a) Uef = 4.51 m/s and (b) U,f = 8.86 m/s, based on different source locations.

which present the results for wind speeds of Ures = 4.51 m/s and Uyef =
8.86 m/s respectively, it is evident that an increase in wind speed in-
crease CO5 expulsion within the rooms. It can be observed that the
pollutants in the upwind rooms diffuse to the rooms on the downwind
sides. For instance, when COs is released in the RWG room upwind, it is
detected only in the rooms on the downwind side. The concentration of
CO, is higher on the same floor as its source, diminishing with elevation.
Moreover, when the release source is in rooms at a greater elevation,
there is a decreasing trend in CO2 concentration, as shown by the peak
concentration in any room. For example, at a wind speed of U = 4.51
m/s, the concentration of CO; originating from the RSG room peaks at
2264 ppm in the RNG room, C* increased more than 450 %. However,
when the source of pollution is in the RSF and RSS rooms, the highest
concentrations detected in the monitored rooms are 1579 ppm and
1290 ppm, respectively.

Fig. 15 (a) and Fig. 15 (b) depict the dispersion of CO, in the RWG
room on the upwind side when the wind speed is Uys = 4.51 m/s,
denoted as Case 25. The right panel in the figure shows an enlarged view
of the courtyard, detailing the pathway of dispersion and the level of
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concentrations in nearby rooms. Notably, when the source of pollution is
on one of the upwind sides, the pollutants diffuse mainly into the two
buildings on the downwind side, with no clear sign of dispersion into
both upwind rooms. As the difference in pressure becomes more sig-
nificant between the courtyard and the northern room, the airflow be-
comes faster in the north-facing room than in its east counterpart. In this
case, there are more pollutants flowing from the courtyard to the
northern room. Consequently, the indoor concentration of pollutants in
the north-facing RNG room reaches 2418 ppm (C* = 104.6), indicating a
difference of approximately 330 ppm compared to the east-facing REG
room.

Asillustrated in Fig. 15 (¢) and 15 (d), when the source of pollution is
on the southern upwind side, the pollutants flow to the courtyard and
then to the rooms on the downwind side. The concentration of pollutants
remains higher in the north-facing room than in the east-facing room,
maintaining the overall trend of dispersion. This is consistent with Case
43 when the wind speed is Ugef = 4.51 m/s. A similar trend has been
observed at a wind speed of Us = 8.86 m/s.
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Fig. 15. Illustration of CO dispersion from the upwind side, showing the dispersion pathways and indoor concentration levels: (a) Dispersion pathways for Case 25.
(b) Enlarged view of the dispersion pathways and indoor concentration levels for Case 25. (c) Dispersion pathways of Case 43. (d) Enlarged view of the dispersion

pathways and indoor concentration levels for Case 43.

5. Discussion

This section provides an analysis of the optimal and least favorable
scenarios among the simulated 48 pollutant dispersion scenarios.
Further identifying potential areas for improvement in this research.
Our findings provide insights into pollutant dispersion patterns in
courtyard buildings using an idealized model. This approach, while not
including all real-world complexities, highlights the importance of un-
derstanding airflow and pollutant dynamics. The varying CO3 emission
rates established in our wind tunnel experiments, necessitated by the
sensor’s maximum detection limit, were carefully calibrated to ensure
accurate readings without exceeding 5000 ppm. While this constraint
led to different emission rates for 0° and 45° scenarios, the CFD model
validation maintained consistent source values across all simulations.
This methodology allowed us to explore a range of pollutant emission
scenarios and understand their impact on dispersion patterns, albeit
without directly comparing measurements between different wind an-
gles due to differing initial conditions.

5.1. Comparative analysis of optimal and adverse scenarios

As shown in Fig. 16, at a wind direction of 0°, the dispersion of
pollutants in the first 24 scenarios is analyzed at a wind speed of U.f =
4.51 m/s and U = 8.86 m/s. The most and least favorable conditions
are then determined. At these wind speed, the optimal conditions for
dispersion occur when the source of pollution is in the rooms facing
north or south. Fig. 16 provides a detailed view of Cases 9, 10, 23, and
24. In these optimal scenarios, pollutants remain confined to the side
rooms on all floors. This is attributed to the lower pressure in those
rooms compared to the courtyard, which impedes the airflow from the
courtyard into the side rooms where pollution originates. Thus, the
dispersion of pollutants to other rooms is limited. Such confinement is
considered optimal, as it minimizes the widespread dispersion of
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pollutants across multiple rooms. Conversely, in the least favorable
scenarios, pollutants first diffuse from the source room to the courtyard
and then to the other rooms, increasing the concentrations of COs.

Fig. 16 also illustrates four distinct scenarios at two different wind
speeds. One scenario has the release source on the upwind side (Case 1
and Case 2), and the other has it on the downwind side (Case 13 and
Case 14). It is evident that the pollutants disperse extensively into
adjacent side rooms when the source of pollution is in the upwind and
downwind rooms, especially to the rooms facing north or south on the
same floor. Additionally, vertical dispersion into those rooms occurs,
although it declines with height. At a wind speed of U = 4.51 m/s and
wind direction of 0°, the highest CO, concentrations are measured to be
3211 ppm (with the source on the downwind side in REG) and 2797 ppm
(with the source on the upwind side in RWG). When the wind speed
reaches Ugef = 8.86 m/s, CO5 concentration exceeds 1600 ppm in some
monitored rooms. Judging from Figs. 16 and 17, the optimal scenario is
that the source of pollution is located in the rooms facing the north or the
south, whereas the least favorable condition is that the source is in the
rooms facing the east or the west, corresponding to the upwind or
downwind side, respectively.

As shown in Fig. 17, at a wind direction of 45°, the patterns of
dispersion of pollutants are evaluated at two different wind speeds
across 24 different scenarios: Uy = 4.51 m/s and Ues = 8.86 m/s. Ac-
cording to the results, the best and the worst conditions for the disper-
sion of pollutants are identified. When the wind speed is Uyef = 4.51 m/s
or Us = 8.86 m/s, the most favorable dispersion is observed when the
pollutants originate from the rooms located on the north or east, indi-
cating the downwind side in relation to the wind direction. In these
scenarios, the pollutants tend to be trapped within the rooms on the
downwind side without extensive dispersion to the courtyard or adja-
cent rooms. This is due to the lower pressure in the downwind rooms
relative to the courtyard. Such a scenario is deemed optimal as it limits
the dispersion of pollutants across different rooms.
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Fig. 16. Comparative analysis of optimal and adverse conditions across the first 24 scenarios under a wind speed of U = 4.51 m/s and 8.86 m/s and wind direction

of 0°.

In contrast, the least favorable dispersion occurs when pollutants
diffuse into the courtyard and then spread to other rooms, increasing the
concentration of CO». This is evident in Fig. 17 when the release source
is in the upwind rooms or in the rooms directly facing the wind (Cases
25, 26, 43 and 44). The trend indicates a more pronounced dispersion of
pollutants into the courtyard and subsequently into the downwind
rooms, with higher CO4 concentrations on the same floor as the source,
diminishing with elevation. At a wind speed of Uef = 4.51 m/s, the peak
CO> concentrations reach 2418 ppm and 2264 ppm when the source of
pollution is on the upwind side, respectively. At a wind speed of Uyef =
8.86 m/s, the concentrations exceed 1200 ppm in some rooms.

5.2. Limitations and recommendations for future works

This study is based on an idealized model designed to investigate
pollutant dispersion in courtyard buildings, and while it provides
foundational insights, it does not encompass all real-world complexities,
such as simultaneous indoor pollutant-generating activities and the in-
fluence of surrounding structures. Firstly, one limitation of this study is
the need to vary CO; release rates based on wind angles and speeds to
avoid exceeding the sensor’s maximum detection limit. Future research
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could address this by using sensors with higher detection limits or by
employing additional methods to normalize emission rates across
different scenarios. Additionally, further studies should consider more
complex pollutant generation scenarios, including simultaneous activ-
ities and full-scale model analyses, to better reflect real-world conditions
and enhance the applicability of the findings to practical architectural
design. It should be noted that this study focuses on the dispersion of
pollutants within courtyard architecture and solely considers cross
ventilation as the ventilation strategy. However, there are significant
differences in the wind environment of courtyards under single-sided
ventilation compared to cross ventilation, which this paper does not
explore.

Additionally, in this study, the size of window openings was set
uniformly, without considering the potential impact of their variation on
pollutant dispersion. For future research directions, exploring pollutant
dispersion in courtyard architecture under single-sided ventilation
conditions, as well as examining the impact of different opening sizes
and orientations on pollutant dispersion, will be of significant value.
This will not only provide more comprehensive guidance for ventilation
strategies in courtyard architecture but also contribute to a deeper un-
derstanding of the impact of architectural design on indoor air quality.
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Fig. 17. Comparative analysis of optimal and adverse conditions across the following 24 scenarios under a wind direction of 45°.

Furthermore, while this study mainly focuses on the exploration of
pollutant concentrations and dispersion paths, future research on factors
such as air change rate in different rooms will also be extremely valu-
able, further promoting understanding and innovation in controlling
and improving air quality within courtyard buildings.

For the validation and simulation of CFD, we selected the commonly
used RANS models for comparison and application. RANS models are
chosen for their ability to successfully predict airflow movement and
pollutant dispersion in courtyard architecture, as well as their relatively
lower computational cost. In this study, the k-epsilon Realizable model
was selected based on the validation of wind tunnel experiments.
Nevertheless, the study did not adopt LES models, based on consider-
ations of computational resources and time efficiency. However, LES
models are established for their high-accuracy simulation of complex
flows, making them an important direction for future research. There-
fore, in future work, comparing the differences and advantages of RANS
and LES models in predicting pollutant dispersion in courtyard archi-
tecture will be an important research area. This will not only help us
gain a deeper understanding of the applicability and accuracy of
different models in specific architectural environments but also promote
the development of more efficient and precise methods for simulating
pollutant dispersion, providing stronger scientific support for courtyard
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architecture design.
6. Conclusion

This work conducts an in-depth investigation of the characteristics of
pollutant dispersion in a crossflow ventilated courtyard architecture,
employing a systematic approach that integrates wind tunnel experi-
ments and CFD simulations. Unlike previous studies, this research,
provides a detailed analysis of the dynamic process by which pollutants
are transferred from indoors to outdoors and then recirculated back into
other indoor areas through natural ventilation, thereby addressing a
research gap in this field.

Through wind tunnel experiments, this study conducted assessment
of the wind environment within courtyard buildings, particularly
assessing indoor pressure distribution by measuring the surface pressure
coefficient (Cp). Additionally, CO, concentrations in the source room
and target rooms were monitored using CO5 sensors. Two different wind
speeds (Uref = 4.51 m/s and U,ef = 8.86 m/s) and directions (0° and 45°)
were selected for the experiments. The results of the CFD simulations
were validated using wind tunnel experiments, comparing three
different RANS models. The k-epsilon Realizable model was ultimately
chosen as the turbulence model for subsequent research based on the
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validation results. In the CFD model, 48 different scenarios of pollutant
dispersion were set up with varying wind speeds and directions to
analyze the dispersion effects when pollutants are placed in different
rooms. The study found that:

(1) Cross-ventilation in courtyard buildings significantly affects the
indoor-outdoor dispersion and re-entrance of pollutants, with
wind direction having a notable impact on indoor pollutant
concentrations. When the pollutant source is on the second floor,
cross-transmission to other rooms is significantly lower than
sources on the ground or first floor, regardless of the wind di-
rection. This indicates a higher risk of pollutant spread and
elevated indoor concentrations when sources are located on
lower floors, highlighting the importance of effective ventilation
strategies to mitigate these risks. Additionally, there is no sig-
nificant transmission to vertically adjacent rooms or to rooms on
the same side as the source, highlighting a pattern where
pollutant dispersion is heavily influenced by the source’s vertical
and horizontal proximity.

For instance, when the pollutant source is located in a room on the

west side of the ground floor (RWG) with a wind direction of 0°,

pollutants will disperse to adjacent side rooms (RN and RS), usually
not dispersing to the upper rooms on the same side (RWF and RWS)
as the source, nor reaching the directly opposite or east side rooms.

At a wind speed of U, = 4.51 m/s and wind direction of 0°, the

highest CO5 concentrations are measured to be 3211 ppm (with the

source on the downwind side in REG) and 2797 ppm (with the source

on the upwind side in RWG). When the wind direction is at 45°, a

significant portion of the pollutants from the upwind rooms disperses

to the opposing downwind rooms. Specifically, the CO, concentra-

tions in the downwind ground-floor increase from a baseline of 400

ppm-2418 ppm and 2082 ppm, when the pollutant source is the

upwind room RWG.

(2) The location of pollutant sources critically influences the
dispersion patterns of contaminants. Under certain conditions,
indoor pollutants may accumulate within specific rooms rather
than dispersing to adjacent areas. For instance, at a wind direc-
tion of 0°, when pollutants originate from the north or south sides
of a building, it has been observed that pollutants predominantly
remain confined to the room of release. They seldom spread to
other areas; the CO; concentrations in rooms other than the
source typically stay close to the baseline level of approximately
400 ppm.

(3) Variations in wind speed significantly influence indoor pollutant

concentrations, where higher wind speeds reducing the accu-

mulation of pollutants and lower speeds leading to greater
accumulation. However, changes in wind speed do not alter the
direction of pollutant dispersion. For example, when the

pollutant source is located in the RWG room, and the wind di-

rection is at 0°, an increase in wind speed from U = 4.51 m/s to

Urer = 8.86 m/s results in a decrease in CO, concentration in the

RSG room from 2797 ppm to 1494 ppm. This observation high-

lights the critical role of wind speed in controlling indoor air

quality and suggests that ventilation strategies should consider
the modulation of airflow to effectively manage pollutant levels
indoors.

The circulation of pollutants, driven by natural ventilation from

indoor spaces to courtyards and back indoors, significantly im-

pacts rooms on the same floor as the source. This effect di-

minishes both on higher and lower floors as the vertical distance

(€))
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from the source increases. For instance, when the pollutant
source is located on the ground floor’s upwind side, and the wind
enters at a 45° angle, the CO, concentration on the ground floor
rooms on the downwind side increases up to 1682 ppm from a
baseline of 400 ppm. In contrast, the first and second-floor rooms
on the same side experience lower increases in pollutant con-
centrations of 1013 ppm and300 ppm, respectively.

This study, through the combination of wind tunnel experiments and
CFD modeling, has revealed the patterns of pollutant dispersion in
courtyard architecture and identified the optimal scenarios where pol-
lutants do not disperse to the courtyard and surrounding rooms, as well
as the worst scenarios where pollutants extensively disperse to other
rooms through natural ventilation. These findings not only deepen the
understanding of natural ventilation patterns in courtyard architecture
and the resultant pollutant dispersion but also provide valuable guid-
ance to architects and building designers aiming to create safer and more
comfortable living environments.
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Nomenclature

Abbreviation

ABL Atmospheric Boundary Layer
CFD Computational Fluid Dynamics
CO, Carbon dioxide

FAC2 Factor of Two

FB Fractional Bias

FVM Finite Volume Method
GCI Grid Convergence Index
LES Large Eddy Simulation

NMSE  Normalized Mean Squared Error
RANS Reynolds-Averaged Navier-Stokes

RE Rooms on the eastern side
REF Room - Eastern - First Floor
REG Room - Eastern - Ground Floor
RES Room - Eastern - Second Floor
RN Rooms on the northern side

RNF Room - Northern - First Floor
RNG Room - Northern - Ground Floor

RNS Room - Northern - Second Floor
RS Rooms on the southern side

RSF Room - Southern - First Floor
RSG Room - Southern - Ground Floor
RSS Room - Southern - Second Floor
RW Rooms on the western side

RWF Room - Western - First Floor
RWG Room - Western - Ground Floor
RWS Room - Western - Second Floor

Symbols

a Power law exponent

Wind direction (°)

Dimensionless concentration coefficient
The mass concentration of the tracer gas (kg/mS)
The pressure coefficient

Grid size

Reference hight (m)

Total number of grid cells

Exponent number

Observed value

Predicted value

Pressure (Pa)

The apparent order

The grid refinement factor

Density (kg/ms)

Schmidt number

|WmOoORzZEEAN Q™

*

»no Y

o)
a

u Velocity (m/s)

\% Volume (m®)

¢ The values of pivotal variable

Subscript

Coarse  Refers to variables with the coarse mesh size
ext Extrapolated value

Fine Refers to variables with the fine mesh size

i Index for summation, ranging from 1 to N

Medium Refers to variables with the medium mesh size
mv Measured value
ref Reference
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Fig. A.1. Configuration of CO, emission source in CFD simulations. (a) The vertical positioning of the CO; release source within the test room layout. (b) The
horizontal positioning and dimensions of the emission source and its cylindrical geometry.
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