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Abstract: The transition to remote working due to the pandemic has accentuated the importance of
clean indoor air, as people spend a significant portion of their time indoors. Amongst the various
determinants of indoor air quality, outdoor pollution is a significant source. While conventional
studies have certainly helped to quantify the long-term personal exposure to pollutants and assess
their health impact, they have not paid special attention to the mechanism of transmission of
pollutants between the two environments. Nevertheless, the quantification of infiltration is essential
to determine the contribution of ambient pollutants in indoor air quality and its determinants.
This study evaluates the transmission of outdoor pollutants into the indoor environment using 3D
computational fluid dynamics modelling with a pollution dispersion model. Naturally ventilated
buildings next to an urban canyon were modelled and simulated using Ansys Fluent and validated
against wind tunnel results from the Concentration Data of Street Canyons database. The model
consisted of two buildings of three storeys each, located on either side of a road. Two line-source
pollutants were placed in the street, representing traffic emissions. Three internal rooms were selected
and modelled on each floor and implemented with various ventilation strategies. Results indicate
that for a canyon with an aspect ratio of 1, indoor spaces in upstream buildings are usually less
polluted than downstream ones. Although within the canyon, pollution is 2-3 times higher near the
upstream building. Cross ventilation can minimise or prevent infiltration of road-side pollutants into
indoor spaces, while also assisting in the dispersion of ambient pollutants. The critical configuration,
in terms of air quality, is single-sided ventilation from the canyon. This significantly increases indoor
pollutant concentration regardless of the building location. The study reveals that multiple factors
determine the indoor—-outdoor links, and thorough indexing and understanding of the processes can
help designers and urban planners in regulating urban configuration and geometries for improved
indoor air quality. Future works should look at investigating the influence of indoor emissions and
the effects of different seasons.

Keywords: air pollution transmission; indoor-outdoor relation; urban canyon; computational fluid
dynamics; factors of transmission

1. Introduction and Literature Review

Good air quality is essential for living a healthy life. Approximately 4.9 million deaths
connected to indoor and outdoor air pollution occurred in 2017 [1]. As reported by the
Global Burden of Disease [2], poor indoor air quality led to about 1.6 million deaths in the
same year. The health impacts of polluted air have been an ongoing urban management
topic for discussions, which have also been emphasised in several epidemiological studies.
Accordingly, pollutants such as CO, NO,, O3, etc., can have a short- and long-term impact
on both humans and animals’ primary and secondary health [3,4]. Past research recognises
that the reduction of air pollution will increase life expectancy considerably [5]; additionally,
according to [6-8], the exposure to particulate matter (PM) increased the mortality rate of
COVID-19 patients during the pandemic. Consequently, governments and institutions are
advised to develop guidelines and control pollution levels.

Sustainability 2021, 13, 10343. https://doi.org/10.3390/su131810343

https:/ /www.mdpi.com/journal/sustainability


https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-5270-0453
https://orcid.org/0000-0001-7046-3308
https://doi.org/10.3390/su131810343
https://doi.org/10.3390/su131810343
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su131810343
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su131810343?type=check_update&version=4

Sustainability 2021, 13, 10343

20f18

The mode of commuting and work patterns have been greatly altered by the pan-
demic. Generally, people spent a significant amount of time indoors [9,10] and migration
of the work environment to homes due to the lockdown has further accentuated the trend.
The shift to working remotely emphasises the necessity of more studies on indoor air
quality [11-15]. Therefore, the mechanism of indoor pollution and its effect on building
occupants’ health and well-being should be well understood and adequately assessed
when designing new buildings and spaces. The activities that cause air pollution in a
building include cooking, indoor heating, use of mechanical equipment, shedding from
skin and/or clothes, smoking, dusting, cleaning products, etc. Outdoor-indoor air inter-
action also influences the transmission of pollutants between the two spaces [16]. This
transmission occurs by infiltration, natural ventilation, and mechanical ventilation [17]. For
indoor spaces that are naturally ventilated, one of the crucial IAQ determinants is outdoor
pollution [18]. The relationship between the indoor and outdoor environment is important
for visual connection, thermal regulation, and ventilation.

Environmental parameters such as meteorology, temperature difference across the
building, urban landscape, spatial configuration, indoor activity, furnishings, etc., alter
the rate of air exchange and consequent pollution transmission [19]. Natural ventilation
relies on thermal and pressure gradients across the building fagade to induce air exchange
between the two domains, and attempts have been made to correlate the relationship.
Multiple studies have observed that indoor PM concentration closely follows the outdoor
level when the space is naturally ventilated, especially in the finer particle size range [20-22].
For instance, Zhao et al. [23] showed that average particle number concentration (PNC),
in naturally ventilated German houses, followed outdoor variation during the warm
season when windows were left open for a longer duration. Similarly, studies [24-26]
demonstrated that indoor PM concentration in homes increased when windows were
opened, and the PNC distribution curve closely followed the outdoor trend.

Air exchange due to the thermal stack effect is well established, and the buoyancy-
driven airflow occurs especially in the case of single-sided ventilation [27]. This can lead to
pollutants exhausted from lower levels of a building to re-enter at higher levels, and the
phenomenon is amplified in low wind speed conditions [28]. However, there are multiple
factors at play, and the relative contribution may significantly vary. Tippayawong [29]
established a significant negative correlation between indoor PM; 5 concentrations and
outside temperature during the day, while, on the contrary, Lv et al. [30] found a positive
relation. Similarly, there are contradictory observations related to the association between
relative humidity and indoor PM; 5 levels [31,32]. This is also the case for wind speed,
which may be desirable in some situations and unfavourable in others. Higher wind
speeds may resuspend particulate matter, increasing the aerial concentration, while it may
also improve ventilation and remove particulate matter from an indoor space. It may
also be size-dependent, as was indicated by Orza et al. [33]. They observed that higher
wind speeds increased the concentration of particles larger than 7.5 um and decreased
the concentration for sizes smaller than 0.8 um. Thus, there are various determinants
modifying the relationship and attention must be paid to local and regional context, which
may determine the dominant factor.

Another important parameter to consider is the urban context and spatial morphology
of the surrounding environment. Street canyon design, building footprint, open spaces, etc.,
affect the dispersion of pollutants in the outdoor environment and consequently impact
the indoor environment [34,35]. Ai and Mak [36] reviewed over 150 studies and indicated
that deeper street canyons suffered from decoupled air flow at lower wind speeds. This
leads to local recirculation in the canyon, preventing the dispersion of pollutants. This
was corroborated by [37], who showed a decrease in pollution levels by increasing the
permeability of the urban forms, thereby assisting the dispersion of pollutants. Urban
elements such as trees, aqueducts, lamp posts, etc., can also modify air flow and alter the
pollution levels [38—40]. However, the major focus of urban pollution studies has been on
assessing ambient levels and inhalation exposure.
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Novelty of the Present Work

While over 450 documents were returned when searched with the following keywords,
‘pollution” AND ‘modelling” AND “urban” AND ‘canyon’ (inclusive) on Scopus, only a few
studies were investigating the transmission of outdoor pollution into indoor environments.
Knowing the ambient pollution levels and the relationship between indoor and outdoor air
conditions, one can estimate the IAQ and take appropriate precautionary measures. Very
few studies have modelled both the indoor and outdoor environment as a combined system
due to the inherent complexity and difficulty in validating the models. Tong et al. [41]
investigated the pollution level inside an office space as a function of its distance from a
pollutant source. The study focused only on a single isolated building next to a pollution
source, and hence the impact of an upstream building on the airflow distribution and
pollution concentration within the urban canyon and indoor spaces should be explored.
The geometry under consideration was not an urban canyon design, which disregarded
local amplification and interactions. Moreover, the pollutant was modelled as a constant
flux from the inlet. Yang et al. [42] examined the impact of window opening percentage
along a fagade on the indoor quality of a downstream building. The work did not measure
the indoor pollutant levels directly but instead chose to calculate the ventilation flux to
account for IAQ. Similarly, Peng et al. [43] introduced openings in the facade of the typical
canyon model to understand the dispersion characteristics of the pollution. Peng et al. [43]
modelled a 2D canyon and indoor environment to assess indoor conditions. However,
turbulence is essentially 3D in nature, and the finer nuances of the wind flow are not
generated in a 2D flow. Some other studies which have similar objectives are listed in
Table 1.

Table 1. Similar CFD studies investigating dispersion of urban air pollutants, and their differences w.r.t the present

investigation.
Ref. Domain Turbulence Model Parameter Studied Differences w.r.t Present Investigation
An isolated Indoor PM;, PM, 5, A constant Zr;ebclii?etdc;)?tc}i?tratlon was
[44] bu.1 ldlpg Standard k-e and PM!O boundary and the effect of trees was studied
(auditorium) concentrations . e . .
in modifying the indoor pollution levels.
. A 2D canyon model including indoor domain
. Indoor normalised .o .
2D canyon with was created and transmission of traffic
[45] . RNG k-e tracer gas .
a viaduct . pollutants was studied. Effect of temperature
concentrations . .. . .
difference on transmission was investigated.
PM10 particles were injected into the domain,
. and outdoor
o Normalised .
Several building pollutant concentration was analysed at
[46] RNG k-¢ pollutant .,
clusters . pedestrians’ level. Effect of urban
concentration X . . .
configuration on dispersion of outdoor
pollutants was studied.
Outdoor dispersion of pollutant was studied
[47] Building cluster LES and Standard k-¢ Normalised tra‘cer fora group o'f buildings. E)fperlmental and
gas concentration CFD simulations were carried out to assess

(48]

Building cluster

the transmission in outdoor environment.
Viral load calculations were performed
for apartment

buildings and to estimate inhalation exposure

Tracer gas of coronavirus. The study used smoke

concentration dispersion models (ATOR and CFD) to

predict outdoor concentrations followed by
estimating the indoor exposure by referring to
established I/0 ratio.
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Table 1. Cont.

Ref. Domain Turbulence Model Parameter Studied Differences w.r.t Present Investigation
Indoor pollution transmission was
Isolated investigated for a
[49] . SST k-w H;S concentration multiroom block. Several natural ventilation
multiroom . .
strategies were studied, and the average
concentration was presented for the building.
Transmission of outdoor pollutants into
150] Urban canyon Standard k-e Normalised tra.cer 1nc.10c')r domain of ley the downs’Freelim
gas concentration building was studied. Effect of building
height and arrangement was tested.
Few window types were simulated to identify
[51] Isolated Baseline k-w Indoor tracer gas the transmission
building concentration characteristics of pollutant when released
from an adjacent room.
Ventilation pattern and pollutant retention
Consecutive Tracer as time were analysed inside a target canyon
[52] street RNG k-e er 82 placed in the middle of a series of urban
retention time
canyon canyons. 2D and 3D models were analysed
for varying street lengths.
RNG k-e Normalised tracer Outdoor dlspersmn'Characterl.stlcs of traffic
[53] Urban canyon . pollutants were studied for an isolated urban
LES gas concentration
canyon.
Two industrial Normalised tracer Cross-transmission of pollutants from one
[54] RNG k-¢ industrial building to another were studied

workshops

as concentration . .
& under various thermal conditions.

To account for the shortcomings in previous studies, the current study developed a
CFD model which adopted a modified version of the urban canyon pollution dispersion
model. The present work builds upon earlier studies on pollution dispersion in street
canyons [55], by integrating an indoor domain in the model. The model was validated
against earlier experimental studies. The impact of the window opening pattern on the
transmission of outdoor vehicular pollution into the indoor environment was studied. CFD
was used to perform the simulations, as it offers a finer spatio-temporal resolution of the
fluid interactions, which is often desirable for episodic contaminations, such as during
a pandemic [41]. The tool is versatile and can be replicated to test various alternatives.
Analytical assessment and measurement studies are unable to account for the diverse
physics governing pollution dispersion and the fine resolution of measurement [56]. Unlike
the previous works, the present study will be modelling a 3D urban canyon which is
necessary to fully understand how the urban geometry, position of the indoor space in
the building, and type of natural ventilation impacts the indoor-outdoor mean flow and
pollutant transmission. The proposed model can help identify the sources of pollution
issues in an urban area and provide useful guidance for future urban planning.

2. Materials and Methods
2.1. CFD Modelling and Choice of Turbulence

The choice of turbulence is often determined by the problem at hand, the focus of
the investigation, and the available computational resources. While the RANS model
is more often used in building studies because of its low computational cost, it cannot
accurately predict the fluctuating flow field in the wake of the structure, such as separation
and recirculation. LES (large eddy simulation) is a superior model, which can give better
results and the transient nature of the flow field. It, however, requires higher computational
resources and modelling of appropriate boundary conditions [57]. For the current study, an
average concentration of pollutants within the indoor environment is needed to quantify
the transmission in relation to outdoor levels. Therefore, the RANS (Reynolds-averaged
Navier-Stokes) model was adopted as the predictions are within acceptable limits while
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3H

8H

18H

24H

also saving computation cost, and is based on statistical averaging leading to averaged
equations of mass and momentum [58]. Three different turbulence models, the k-w BSL, the
RNG k-€, and the RSM, were used in the validation. Further analysis was carried out using
RSM, as it provided the most reliable results when compared with wind tunnel results,
detailed in Section 2.4.

2.2. Computational Domain, Mesh, and Boundary Conditions

The geometrical configuration was based on the experimental investigation by Gromke
et al. [59]. The model is fairly popular and has been applied in multiple studies of pollution
dispersion in urban canyons, including [44,60-62]. Detailed information pertaining to
model limits and wind tunnel results are also available online [63]. The canyon consists of
two cuboidal building blocks of dimensions 10, 10, and 100 m in width, height, and length,
respectively. The distance between the two buildings was 10 m, representing an aspect
ratio of 1. Two line-sources of pollutant were placed in the canyon. The domain consists of
an outer zone and an inner sub-zone near the vicinity of the canyon with a finer mesh.

The outer domain measures 30, 24, and 8 H length, width, and height, respectively,
where H is the height of the building. The building was placed 8 H away from the front
boundary and 7 H from the side boundaries, leading to a blockage ratio of 5.2%. The inner
domain extends 18, 3, and 5 H in width, height, and depth, respectively. The domain was
discretised using hexahedral elements with several mesh sizes tested for grid independence.
Mesh size was refined until no significant improvement in the results was observed. The
smallest dimension of the elements in the vicinity of the canyon was 0.05 H, with at least
15 cells across the length of the smallest edge. The validation model consists of 5.2 million
cells, with 1.2 million cells in the canyon. Figure 1 shows the domain description and mesh
characteristics.

Symmetry (top and side boundaries)

A

Inlet profile

/ ) Outlet

Inlet

Ground (no-slip)

30H

10H

Inner domain
(near canyon)

Figure 1. CFD domain, boundary condition, and surface mesh.
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Inlet wind profile (speed, turbulent kinetic energy, dissipation rate profiles) was set
according to the study described by [64], shown below:

u(z) = Uref (Z’if) (1)

=7 (-3) ®
=503 %

where u,, is the reference velocity equal to 4.7 m/s at a reference height z,,s = H.  is the
boundary layer depth (0.5 m), u* is the friction velocity set to 0.54 m/s. The von Karman
constant (k), and the velocity field and turbulence function (C;) were set to 0.4 and 0.09,
respectively. Isothermal conditions are assumed, i.e., only wind-driven ventilation and
pollution dispersion were considered. SIMPLE scheme was adopted for the pressure-
velocity coupling, and second-order spatial discretisation was selected.

The tracer gas, SFg, acted as a proxy for particulate matter and was released at the
rate of Q = 10 mg/s from the two-line sources (red lines in Figure 1). The measured
concentration was normalised according to the formula:

L CHZpef K lpes

e a @

2.3. Canyon Model with Various Configurations

The modification to the original canyon model was in the form of an indoor envi-
ronment at the centre and the ends of the building, representing the extreme cases. The
height of each room was H/3, and the room depth was H. The building was naturally
ventilated through the windows located on either side of the room. Window dimensions
were H/10 x H/10, with sill level at 1 m above the floor. For the present case, H was set
to 10 m. Walls and floors were given a thickness of 0.3 m and were accounted for in the
geometry. Figure 2 shows the setup of the internal environment and its relation to the
external canyon. Although it is possible to simulate all rooms in the building, the present
work focused only on 18 key indoor spaces to reduce the computational time. However,
additional rooms can be modelled in future works for a more detailed analysis.

Wind direction Upper floor —
\ uus, 1 < P
3 , : 3m ‘. > >
| Middle floor K‘\ T aa
Upstream building UMS3! d | 2 Py ot m |
HLES [ 10m ™ i A
Lower floor 5m
UL3 DU3| -
umM2 v
u Room dimensions
DM3
UL2 Du2 :
UMI1
DL3
U a DM2
pper floor
ULl DUT
DL2

Middle floor Downstream building

DM1 |

Lower floor pr1 .

Figure 2. Location of internal spaces in the upstream and downstream buildings.
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2.4. Method Verification and Validation

For verification purposes, three different turbulence models, the k-w BSL, the RNG
k-e, and the RSM were tested and compared with experimental results available on the
Concentration Data of Street Canyons (CODASC) website [63] and the studies [44,64,65].
Normalised pollutant concentration values were extracted from the canyon facing walls,
A and B. While Wall A is located on the upstream building, Wall B is located on the
downstream building, as shown in Figure 3. The case with all windows closed was used
for verification, as it represents the decoupled indoor and outdoor domain.

Wall A Wall B
7 I
o o 2 e ¢ G
: i \ |
5 4 3 2 A 0 1 2 3 4 5 5 4 3 -2 - 0 1 2 3 _ 5
L WT, CODASC [63] ¥
1 1
Los § 05 _ [ _ \ ( x
5 5 4 3 2 a4 0 1 2 3 4 5
yH Current study BSL W
R
4 5 5 y 3 4 5
L Current study RNG
T os § 05 [ \/—\
5 4 3 2 0 1 2 3 4 5 5 4 3 =2 A 0 1 2 4 5
y Current study RSM wH
1 1 1

5 4 3 -2 A1 0 1 2 3 4 5§ 5 4 3 2 4 0 1 2 3 4 5

0 10 20 30 40 50 60 70 80 90 100

Normalised pollutant concentration

Figure 3. Validation of the pollutant concentration results against previous works [59,63].

The wind tunnel data predict the highest concentration near the centre of Wall A,
especially near the bottom. The concentration gradually decreases while moving towards
the corner; however, a slight increase was observed near the far end. On Wall B, the
concentration decreases towards the sides; however, the magnitude of the pollution is
2—4 times lower as compared to the other wall. All three turbulence models predict similar
concentration patterns, albeit with some variation. The BSL and the RNG model overpredict
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SFg by 150% near the centre of Wall A, and slight underprediction (20%) occurs on the
centre of Wall B. RSM also records a high pollution level near the centre and bottom of
the walls, with values in the range 70-80 on Wall A. Compared with the numerical results
by [55], the RSM model behaves most closely, with slight under prediction of about 33%
near the centre.

Additionally, the pollutant concentration along the mid-height of the wall was also
extracted, as shown in Figure 4. It was observed that while all three turbulence models
overpredict pollutant concentration with respect to the wind tunnel data, the values are
comparable to the numerical results by [55]. The RSM model fairly replicates the trend
by [55], although studies by [65,66] are closer to the wind tunnel results. The difference in
the domain settings could explain the apparent deviation. The pollutant was released at
discrete points from pressure taps placed on the floor in the wind tunnel test, which were
aligned along 4 parallel lines in the canyon, extending about 0.92 H beyond the building
length. In the current numerical simulation, two continuous line-sources were modelled,
which extend up to the canyon length.

Wall A Wall B
90 30

Wind

|
Centreline
Wall A

» CODASC [63]

¢ Kang etal RNG [65]

= Salim RSM [64]

0 Gromke RSM [59]
— Current study BSL
—— Current study RNG

ntreline —— Current study RSM

Wall B

Figure 4. Validation of the pollutant concentration results against previous works [59,63-65].

As the research focused on indoor air pollution and the effect of urban configuration,
the deviation was considered within the permissible range. The choice of RSM as the
turbulence model was justified as the predictions within the region of interest were most
close to the experimental data.

3. Results and Discussion

Pollution concentration data were analysed at a height of 1.5 m above the floors, which
represented the average breathing height of indoor occupants. Similarly, cross-sectional
planes through the canyon, at X = 0 m and X = 37.5 m, were also analysed. Table 2 shows
the ¢ data along the central (X = 0) and side plane (X = 37.5). The results were symmetric
along the centre of the canyon, and therefore, only one side plane is shown below. It is
observed that the indoor ¢ levels are low to almost 0 for all cases, except for Case 4. Higher
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pollutant concentration occurs along Wall A regardless of the ventilation or position of the
room. When cross ventilation was enabled, the upstream building was ventilated from
the windward side, ensuring that pollutants from the canyon were not drawn indoors.
Likewise in the downstream building, cross ventilation in Cases 1 and 5 ensures that the
air is ventilated from the wind shadow side of the building, i.e., away from the polluted
canyon. However, there is a slight increase in ¢t values in rooms UU1 and UU3. This
suggests that indoor spaces located on the upper corners of the downstream building were
generally ventilated from the canyon side, thereby some amount of infiltration is likely.

Table 2. Normalised pollutant concentration along the cross-sectional plane through the canyon; (A) central plane, (B) side

plane.
A B
Base Case -

| 1 1
- - o a -
—— —— —
I—L— | I—| 1
— — 1 1
Case 2 _l —[
ELE EL —
. 1
1 1
Case 3 —| _l
= E — =

I

—

Case 4 |—

‘
| —
Case 5 |—| |_P

0 5 10 15 20 25 30 35 40 45 50

In the case of single-sided ventilation, the quality of indoor air is significantly impacted
when air flow occurs from the canyon side. This is evident in Case 4, where high concentra-
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tion of pollution is observed inside both the buildings. Between the two built masses, the
downstream building shows lower concentration of indoor pollutants as compared to the
upstream building, contrary to general assumption. This can be explained by the clockwise
recirculation generated in the canyon, which forces pollutants to accumulate along Wall A.
Internal rooms UL2, UM2, and UU2 show higher ¢* values when compared to DL2, DM2,
and DU2. Simultaneously, pollution concentration also varies with the floor height. In the
upstream building, the indoor concentration level decreases with floor height, while in the
downstream building, this variation is only observed for the centrally located spaces. The
rooms located towards the ends of the canyon, however, show a reversal in concentration
levels. The lower floors record lower ¢* as compared to upper floors (Table 2)

It is interesting to observe that the downstream building is ventilated from the leeward
side when cross ventilation was enabled (Cases 1, 4, and 5). This ensures that no pollutants
migrate from the canyon side. Recirculation zones generated in the wake of the buildings
force the air to rise along the building walls. The clockwise wind flow in the street forces
the pollutants to rise along Wall A and flow above the canyon, some of which is recirculated
down Wall B.

Table 3 shows the normalised concentration of pollutants extracted at the height of
1.5 m above the ground floor. In the reference case, the swirls generated in the canyon
cause concentration to increase along the leeward and side walls of the upstream building.
Higher pollutants are observed near the middle of the canyon. Cross flow of air through
the internal rooms, such as in Case 1, causes dilution of pollutants in the canyon, although
increase in ¢ is observed for some cases near Wall B, such as in Cases 2 and 5. In general,
infiltration of pollutants into indoor spaces remains negligible, as air flow inside the room
is not from the canyon side. For Case 4, however, the air is drawn into the indoor space
from the canyon side, leading to a high concentration of pollutants inside. ¢ values as
high as 45 are observed in the upstream rooms (UL1, UL2, and UL3), while values in the
range of 3-5 are observed in the downstream rooms (DL1, DL2 and DL3).

Concentration for other cases remain comparatively low. Although the results showed
that the cross ventilation minimised or eliminated the built up of pollutants inside the
spaces, in practice incorporating such a strategy might not be practical for all types of
rooms and buildings. In most cases, there will be several apartments, rooms, or partitions
which will dampen the air flow. Hence, further studies should consider a more realistic
indoor space instead of an idealised cross flow ventilated space. The results show that
incorporating a natural ventilation strategy may not always lead to healthy indoor spaces,
in particular, if the ventilated room or space is facing the urban canyon side and employs
single-sided ventilation. Future works should consider evaluating the trade-off between
natural ventilation and pollutant transmission for these types of spaces.

Pollutant concentration is comparatively lower on the first floor, as shown in Table 4.
Recirculating eddies lead to a higher concentration of pollutants near Wall A and around
the corners of the upstream building. ¢ contours are symmetric along the central axis,
and the highest values are observed at about a distance of 2.5 H from either edge of the
building. In Case 1, ventilation of room DM2 from the leeward side forces air into the
canyon, diluting the pollutants near Wall B. Similar observations are also made for Cases
4 and 5. Whereas, no such observation is made for cross flow of air through UM2, in the
upstream building. On the contrary, a slight increase is observed near Wall B. Case 4 is
the most critical configuration, wherein the indoor space is ventilated from the canyon
side. Air is drawn from the canyon into the adjoining rooms and a high level of pollution
is observed in the upstream building, with an average ¢t value of about 25. Rooms in
the downstream building perform relatively better, with ¢t values less than 5. In general,
pollution levels on this floor are the same as the ones measured on the ground floor, except
for Case 4. While air flows into the internal spaces from the non-canyon side for most
configurations, Case 4 shows an exception with air being drawn from the canyon side.
This also leads to the intake of pollutants from the canyon, and significantly impacts the
performance of the spaces.
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Table 3. Normalised pollutant concentration at occupants” height on ground floor.

C* Taken at the Height of 1.5 m above the Floor Legend

Base Case
50
Case 1l
45
40
35
Case 2

30

25

20

Case 3

Case 5

I .

Case 4 — 0
I N
m
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Table 4. Pollutant concentration at occupants” height on first floor.

C* Taken at the Height of 1.5 m above the Floor Legend

Base Case

Case 1 ,
505
45
40
35

Case 2 5
25
20
15

Case 3 10
5
0

Case 4

Case 5

As was indicated previously, pollutant concentration decreases with height, and the
same can be observed in the difference between ¢ values between UM2 and UU2. Table 5
shows the pollutant concentration on the second floor, at the height of 8.25 m above ground.
Despite the high concentration of pollutants adjacent to Wall A in the base case, internal
rooms do not record a significant pollution level. Although a slight increase in ¢* values
are observed in the wake of the downstream building for the base case, facilitating air
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flow through the building causes dispersion of these pollutants. The pollution distribution
pattern follows the pattern similar to that which exists on the lower floors, i.e., negligible
¢ values in the upstream building for all cases, except Case 4. Additionally, the rooms in
the downstream building record low levels of pollutant concentration which is almost the
same as lower floors. ¢t values of ~18 are seen in the spaces UU1, UU2, and UU3, while
the upper rooms on the downstream building, DU1, DU2, and DU3 show a value of less

than 5.

Table 5. Pollutant concentration at occupants” height on second floor.

C* Taken at the Height of 1.5 m above the Floor
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C* Taken at the Height of 1.5 m above the Floor Legend

Case 5

A comparison of the average c™ at the breathing plane is shown in Figure 5. Evidently,
except for Case 4, all window opening strategies ensure that the pollution remains low in
the indoor regions. The upstream building has a negligible level of pollutants penetrating
the indoor spaces for most of the cases. The air flow direction ensures that the spaces are
ventilated from the windward side. However, in the critical scenario (Case 4), air flow from
the canyon side accumulates the pollutants inside the rooms. Concentration is highest on
the ground floor, while there is a drop of about 30—45% on the first floor. Further reductions
in the range of 20-30% are observed on the second floor. Additionally, the rooms near
the edge of the canyon have a slightly higher pollutant concentration as compared to the
centrally located ones. The average values differ by about 10%.

Low levels of infiltration are observed for all cases in the downstream building, arising
due to recirculating air flow. Concentration in the range of 1-3 is recorded for all cases, and
centrally located rooms are less polluted than the corner ones. Surprisingly, the upper floors
are more susceptible to infiltration as compared to lower floors. In Case 1, for instance,
DU1 has a 47% higher concentration than DL1. For Case 4, however, concentration in the
range of 3-6 is observed, which is nearly a two-fold increase.

DL1 DM1 DUl DL2 DM2 DU2 DL3 DM3 DU3 UL1 UM1 UU1l UL2 UM2 UU2 UL3 UM3 UU3

Lower Middle Upper Lower Middle Upper Lower Middle Upper Lower Middle Upper Lower Middle Upper Lower Middle Upper

| 1 2 3 1 2 3
| DOWNSTREAM I UPSTREAM
Case 1 W Case 2 W Case 3 W Cased Case 5

Figure 5. Comparison of average indoor ¢, measured at occupants’ breathing plane.
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4. Conclusions and Future Works

The study aimed to identify the transmission characteristics of outdoor pollutants
into an indoor environment, using computational modelling in an idealised street canyon.
For this purpose, a model was generated in Ansys® (Canonsburg, PA, Pennsylvania)
R18.1 similar to the experimental study conducted by Karlsruhe Institute of Technology
(Karlsruhe, Germany) [63] and numerical simulation by [44,64,65]. After verification and
sensitivity analysis, the archetypal canyon model was modified to consider the indoor
environment. The novelty of this study lay in this combination of the indoor and outdoor
environment, which has not been tried earlier. Previous studies have either not modelled
the indoor environment in a street canyon or have simplified the flow field and missed
important parameters. Additionally, the impact of design and microenvironmental param-
eters on the transmission characteristics and flow field can be studied using this numerical
model, including the effect of wind speed, direction, and thermal conditions. Most studies
have carried out independent assessment of either indoor or outdoor pollutants, such
as performance of HVAC systems or ventilation modes; however, the combined assess-
ment and investigation of factors remains to be explored in detail, including the nature of
transmission and finer nuances of air flow.

Investigations in the current study have been directed towards the impact of ventila-
tion strategy on the transmission of outdoor pollutants into indoor spaces. Five window
opening strategies were modelled and implemented on an urban canyon with an aspect
ratio of 1. Rooms were located at the centre and the far end of the building. The results
indicate that single-sided ventilation from the canyon side leads to the accumulation of
outdoor pollutants for both the upstream and downstream buildings. Especially, pollution
in the upstream building was 10-20 times higher than the downstream building. For other
ventilation modes, the upstream building had negligible infiltration of pollutants as the
airflow into the interior space was from the windward side—away from the polluting
street. Whereas, the downstream building showed constant infiltration of pollutants, albeit
in comparatively smaller quantity (in the range of 1-3). It can be concluded that living in
the upstream building is usually a safer option than the downstream building; however,
occupants in the upstream building must ensure that their spaces are cross ventilated
from the windward side. Occupants in the downstream building are usually exposed to a
constant pollution level regardless of the ventilation mode.

Future studies should explore the effect of aspect ratio, building shape, and con-
figuration on the air quality and transmission into these spaces. The impact of varying
outdoor conditions should be evaluated, which includes the wind speed and direction. The
influence of the location, amount, and type of outdoor pollutant sources should also be
evaluated. Furthermore, more focus should be given to the indoor environment and indoor
pollutant source to help assess inter-unit transmission in urban canyons. The present model
did not consider the impact of neighbouring buildings affecting the wind flow patterns
around the urban canyon.
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