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• Innovative PM mitigation strategy suit-
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Exposure to particulatematter (PM) is strongly linked to humanmorbidity andmortality, where higher exposure
entails higher all-cause daily mortality and increased long-term risk of cardiopulmonarymortality. The objective
of this study is to demonstrate how and to what extent the local removal of PM2.5 can lead to reduced exposure
for the children and teachers in the naturally ventilated courtyard of the American Embassy School (AES) high
school building in Delhi. The study is performed by computational fluid dynamics (CFD) with the 3D steady
Reynolds-averaged Navier-Stokes (RANS) equations in combination with the realizable k-ε turbulence model
on a very high resolution grid. First, CFD validation is performed using wind-tunnel experiments of the flow pat-
tern in and above a generic single street canyon. Next, the case study is conductedwhere four commercially avail-
able electrostatic precipitation (ESP) units are installed at different positions inside the courtyard and the
resulting performance is evaluated. PM2.5 dispersion is modeled with an Eulerian advection-diffusion equation.
It is shown that the best ESP positions yield overall volume-averaged PM2.5 concentration reductions up to
34.1% in the courtyard's corridors, demonstrating the proposed mitigation strategy to be effective. Perspectives
for further reduction of the PM concentrations and the related reduction of health risks are discussed.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Particulate matter (PM) affects more people than any other pollut-
ant and it is strongly associated with human morbidity and mortality
both daily and over time (WHO, 2014). While large particles when in-
haled can be filtered in the nose and throat, particles smaller than
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about 10 μm(PM10) can settle in the bronchi and lungs. Particles smaller
than 2.5 μm (PM2.5) can reach the alveoli, and particles smaller than
100 nm can pass through the lungs to other organs including the
brain. In the past decades, many studies have linked exposure to PM
to respiratory diseases, lung cancer, cardiovascular and cardiopulmo-
nary diseases, and even to stroke incidences, Alzheimer's and
Parkinson's disease pathology and changed birth outcomes (e.g.
Künzli et al., 2000; Brunekreef and Holgate, 2002; Hoek et al., 2002;
Pope and Dockery, 2006; Brauer et al., 2008; Ranft et al., 2009;
Raaschou-Nielsen et al., 2013; Pedersen et al., 2013; Beelen et al.,
2014). In terms of exposure, the WHO (2016) and Samoli et al. (2008)
state that all-cause daily mortality is estimated to increase by 0.2–0.6%
per 10 μg/m3 of PM10, while Beelen et al. (2008), Krewski et al. (2009)
and Pope et al. (2002) mention that long-term exposure to PM2.5 is as-
sociated with an increase in the long-term risk of cardiopulmonary
mortality by 6–13% per 10 μg/m3 of PM2.5. Conversely however, this
also means that reduced exposure to PM10 and PM2.5 can yield a re-
duced mortality risk. Therefore actions to reduce PM concentration ex-
posure, as limited as they can be, will reduce the burden of disease and
can be worthwhile. Therefore, this paper focuses on the practical and
local reduction of PM2.5 concentrations in a special environment,
being a courtyard in a high school for 350 children, i.e. the American
Embassy School in Delhi, India.

The Global Health Observatory reports that the mean concentration
of PM10 in urban areas ranges from b10 to over 200 μg/m3, and that of
PM2.5 from b10 to over 100 μg/m3 (WHO, 2016). The WHO (2005)
guideline has set guideline values aimed at achieving the lowest con-
centrations of PM possible: 20 μg/m3 annual mean and 50 μg/m3 24-
hour mean for PM10 and 10 μg/m3 annual mean and 25 μg/m3 24-hour
mean for PM2.5. The above-mentioned concentration values are aver-
ages over time acquired at specific locations. It should be noted that
PM concentrations can exhibit wide ranges in space (within a country,
a city, a district and even a street) and time, due to the spatial and tem-
poral variability of the PM sources and the interaction of the emitted PM
with the local microscale meteorology, which itself is driven by meteo-
rological processes at larger scales (Blocken, 2015). In addition, outdoor
PM can be injected into buildings bymechanical and/or natural ventila-
tion systems and by infiltration, dramatically increasing exposure times
as most people spend 85–90% of their time indoors (Chen and Zhao,
2011). The inherently local aspect of exposure and the large spatial gra-
dients indicate the importance to study the near-field dispersion of PM.
Near-field dispersion is defined as the dispersion that acts at the mete-
orological microscale (horizontal distances up to 2–10 km) and that is
influenced by the interaction of the flow and concentration field with
individual obstacles such as buildings and building components (e.g.
Gousseau et al., 2011; Tominaga and Stathopoulos, 2013, 2016;
Blocken, 2015).

The assessment of the near-field dispersion of PM and the resulting
concentrations can be attempted by on-site measurements, reduced-
scale wind-tunnel measurements in an atmospheric boundary layer
wind tunnel or by numerical simulation with computational fluid dy-
namics (CFD). In the past, CFD and wind-tunnel testing have been
employed intensively for the study of –mainly gaseous – pollutant dis-
persion, see e.g. reviews by Robins (2003), Meroney (2004), Ahmad
et al. (2005), Li et al. (2006), Blocken et al. (2011, 2013), Tominaga
and Stathopoulos (2013, 2016), Di Sabatino et al. (2013), Blocken
(2014) and Lateb et al. (2016). As opposed to the very large amount of
published CFD and wind-tunnel studies on dispersion of gases, much
less studies have addressed the near-field dispersion of PM. While the
vast majority of these studies addressed PM dispersion in building,
street canyon or urban configurations (e.g. Kumar et al., 2009; Pospisil
and Jicha, 2011; Fuka and Brechler, 2012; Lin et al., 2016; Tong et al.,
2016a; He et al., 2017; Mei et al., 2017, 2018; Zhou et al., 2017; Hang
et al., 2018; Xu et al., 2018) and the effect of vegetation on local PM con-
centrations (e.g. Guo and Maghirang, 2012; Jeanjean et al., 2015, 2016,
2017; Hofman et al., 2016; Morakinyo and Lam, 2016; Morakinyo
et al., 2016; Tong et al., 2016b; Hong et al., 2017a, 2017b, 2018; Xue
and Li, 2017; Buccolieri et al., 2018; Rafael et al., 2018; Deng et al.,
2019), only a few addressed active PM mitigation strategies (e.g.
Blocken et al., 2016; Boppana et al., 2018).

The two most popular CFD approaches in urban physics and wind
engineering are large eddy simulation (LES) and Reynolds-averaged
Navier-Stokes simulations (RANS). It is well known that LES is inher-
ently more accurate than RANS. However, LES also entails significantly
higher computational costs and more complex boundary conditions at
the inlet and walls (e.g. Blocken, 2015, 2018). As a result, RANS is still
frequently applied in both research and engineering practice (e.g.
Blocken, 2018). Also in this particular case, where a parametric analysis
is conducted for a complex geometry (for design optimization pur-
poses), LES is not considered to be an economical and practical solution.
Therefore, the CFD simulations in this paper are performed using 3D
steady RANS in combination with the realizable k-ε turbulence model
(Shih et al., 1995). The choice for this particular turbulence model is
based on international best practice guidelines (e.g. Franke et al.,
2004) and on earlier successful validation studies of velocity fields in
pedestrian-level wind comfort studies (e.g. Blocken et al., 2004, 2007a,
2008a, 2012; Janssen et al., 2013) and overall reasonable performances
in pollutant dispersion studies (e.g. Chavez et al., 2012; Lateb et al.,
2013; Gromke and Blocken, 2015; Blocken et al., 2016).

Two commonly used approaches to model PM dispersion using CFD
simulations are the Lagrangian approach and the Eulerian approach. In
the Lagrangian approach, particle trajectories are calculated for each in-
dividual particle that is injected into the domain and particle concentra-
tion distributions can be obtained from the statistics of the particle
trajectories. In the Eulerian approach on the other hand, the particles
are treated as a continuum/gas. In the majority of the studies regarding
urban PMdispersion, the Lagrangian approach has been adoptedmostly
in studies with relatively simple geometrical configurations such as 2D
street canyons (e.g. Lin et al., 2016; Mei et al., 2017, 2018) and 3D street
canyons (e.g. Pospisil and Jicha, 2011; Hang et al., 2018). This approach
has however not been widely applied in more complex generic urban
high-resolution CFD studies (e.g. Wang et al., 2019) or realistic urban
configurations (e.g. Rafael et al., 2018). For such cases, the Eulerian ap-
proach has generally been applied. Some examples are studies regard-
ing isolated streets surrounded by (vegetative) barriers (e.g.
Morakinyo et al., 2016; Tong et al., 2016b; Deng et al., 2019), isolated
street canyons (e.g. Morakinyo and Lam, 2016; Hong et al., 2017b), ge-
neric building block configurations (Hong et al., 2017a; Hong et al.,
2018), isolated building configurations (e.g. Fuka and Brechler, 2012),
isolated cross-ventilated building configurations (e.g. Tong et al.,
2016a) and realistic building block configurations (Hofman et al.,
2016). Note that in these studies the size andmass of particles was con-
sidered to take into account gravitational settling and deposition of par-
ticles. However, in the majority of the CFD PM dispersion studies
involving large realistic urban environments the Eulerian approach is
adopted, in which PM is generally treated as a passive scalar excluding
gravitational settling and deposition of particles (e.g. Jeanjean et al.,
2015, 2016, 2017; Blocken et al., 2016; Buccolieri et al., 2018; Boppana
et al., 2018). Furthermore, this approach is also being applied in generic
studies regarding isolated street canyons (e.g. Kumar et al., 2009; Xue
and Li, 2017) and series of street canyons (He et al., 2017).

Holmes and Morawska (2006) provided a detailed review regard-
ing dispersionmodeling with reference to the dispersion of particles.
According to this review, simplified dispersion models are best used
to model mass concentrations (not to model number concentra-
tions) since they are based on the assumption of conservation of
mass. For this reason, according to Holmes and Morawska (2006),
the simplified (gas) dispersion models are considered to be reason-
ably accurate for the prediction of particle dispersion in terms of
PM2.5 concentration values, especially with respect to the approxi-
mation of daily and annual average mass concentrations (thus for
longer averaging periods).



Fig. 1. Schematic layout of the wind tunnel and street canyon model (figure by present authors).

Fig. 2. Incident profiles of mean streamwise velocity U (a) and turbulent kinetic
energy k (b). Experimental data by Kovar-Panskus et al. (2002) (♦) and fitted curve
(−).
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According to the WHO, the annual average PM10 and PM2.5 concen-
trations in Delhi are 292 and 143 μg/m3, respectively (WHO, 2018).
Bisht et al. (2015) reported PM2.5 concentrations ranging from 18.2 to
500.6 μg/m3 with an annual mean PM2.5 concentration of 124.6 μg/m3

over the period from January to December 2012. Measurements by
Trivedi et al. (2014), in a residential area in Delhi during a period from
December 2010 to November 2011, showed average PM10 concentra-
tions of 335 (daily average range 105.4 to 624.4), 221.6 (daily average
range 100.7 to 442), 77.1 (daily average range 22.8 to 235.8), and
315.7 (daily average range 105 to 583.1) μg/m3 during the winter, sum-
mer, monsoon and post-monsoon season, respectively. Furthermore,
their measurements show average PM2.5 concentrations of 221.1
(daily average range 80.7 to 470.1), 86.4 (daily average range 40.6 to
144.7), 58.5 (daily average range 16 to 124.7), and 199.7 (daily average
range 53.1 to 407.8) μg/m3 during the winter, summer, monsoon and
post-monsoon season, respectively. Sharma and Mandal (2017) re-
ported an average PM2.5 concentration of 125.5 (range 31.1–429.5) μg/
m3 over a period from January 2013 to 2014, with average PM2.5 con-
centrations of 196, 83.6 and 58.8 μg/m3, for the winter, summer and
monsoon seasons, respectively. This clearly indicates that in terms of
annual PM2.5 concentrations, the WHO (2005) guideline values can be
exceeded by one order in magnitude or more, indicating that PM im-
poses significant health risks in Delhi.

This paper presents a case study of local reduction of PM2.5 by the ex-
ploitation of electrostatic precipitator (ESP) units in the semi-enclosed
courtyard of the American Embassy School (AES) high school building
in Delhi using CFD simulations. The focus of the study is on PM2.5 be-
cause this fraction of PM is considered more problematic than PM10 as
it contains a larger fraction of smaller particles and because the effi-
ciency of the ESP units is lower for PM2.5 (i.e. 40%) than for PM10. (i.e.
70%) hence because of both reasons PM2.5 is the more critical fraction.
First, a CFD validation study is performed based on wind tunnel mea-
surements of velocities and turbulence levels in a generic courtyard.
Note that previous research efforts (Blocken et al., 2016) by the present
authors focused on the validation of wind-induced gas dispersion in
building arrays, using the same computational setup as applied in this
paper. Next, the case study is conducted where four ESP units are
installed at different positions and where the local PM reduction inside
the school's courtyard is assessed. The goal of this study is to determine
suitable ESP locations to reduce PM2.5 concentrations as much as possi-
ble throughout the building's courtyard. Since in this particular case
study the aim is not to reproduce a particular pollution episode, using
a high temporal-resolution, PM2.5 dispersion is modeled using the
Eulerian approach in which the Eulerian advection-diffusion equation
is solved in combination with the standard gradient-diffusion
hypothesis.
2. Validation study

2.1. Wind-tunnel experiments

Kovar-Panskus et al. (2002) measured the wind flow pattern in and
above a single street canyon with varying canyon aspect ratios (width/
height). A schematic representation of thewind-tunnel setup is given in
Fig. 1. The dimensions of thewind-tunnel test sectionwere l ∙ b ∙ h=9m
∙ 1.37 m ∙ 1.07 m. The height of the canyon was set to h = 0.106 m and
the width (w) was adjustable to achievew/h=0.3, 0.5, 0.7, 1.0 and 2.0.
This study focuses on the latter two ratios since the courtyard aspect
ratio (w/h) for the case study of the AES high school building is approx-
imately 1.4.

The neutrally stratified atmospheric boundary layer (ABL)windflow
conditions in the wind-tunnel experiments were reported by Kovar-
Panskus et al. (2002) as follows: ABL height δ = 0.737 m (δ/h = 6.95),
aerodynamic roughness length z0 = 0.3∙10−3 m, displacement height d
= 1∙10−3 m and friction velocity u ∗

ABL/Uref = 0.050 with a freestream
streamwise velocity Uref =8m/s. Closer inspection of the experimental
dataset indicates an ABL height of δ = 0.781 m (δ/h = 7.37) and a
freestream velocity of Uref=7.73m/s. The latter values are used for fur-
ther analysis.

Fig. 2 shows the vertical profiles of the mean streamwise velocity U
and turbulent kinetic energy k from the wind tunnel measurements at
the location of the canyon starting point, i.e. the origin of the Cartesian co-
ordinate system in Fig. 1. This implies that these profiles are the incident
profiles, rather than approach-flow profiles, which is important for the
accuracy of the validation study (Blocken et al., 2008a, 2008b). The
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turbulent kinetic energy k is calculated using the streamwise and vertical
velocity fluctuations (u′ and w′), measured in the wind tunnel, using
Eq. (1). Due to the fact that for the inflow measurements only the
streamwise (u′) and vertical component are available (w′), it is assumed
that the lateral component (v′) is equal to the streamwise component (w
′).

k zð Þ ¼ 1
2

u0ð Þ2 þ 2 w0ð Þ2
� �

ð1Þ
Measurements of the velocity field inside the canyon that spanned

the entire width of thewind tunnel, were conducted in the vertical cen-
ter plane (y=0m) over a height of z/h= −0.9 to 0.5 (z=0 is located at
the top of the canyon as indicated in Figs. 1 and 3).

2.2. Computational domain

Fig. 3 presents the geometry of the computational domain for the
simulations for canyon aspect ratio w/h = 1. The domain size down-
stream of the canyon (15h) is based on the best practice guidelines by
Franke et al. (2007). A sensitivity analysis is conducted to determine
the spacing, set at 1h, between the inlet of the domain and the canyon,
for arguments outlined in the best practice guidelines by Blocken
(2015). The top of the domain is positioned at 9.1h, which corresponds
to the height of the wind tunnel. The domain depth (d) is 12.9h, corre-
sponding to the test section width.

2.3. Computational grid

The grid-generation technique by van Hooff and Blocken (2010) is
applied to create a high-quality and high-resolution grid, which results
in low discretization errors and good convergence properties with the
applied second-order discretization schemes. A grid-sensitivity analysis
is conducted using four different grids, presented in Table 1 and Fig. 4,
created by systematically refining the coarse grid with a factor of √2 in
each direction. Note that the figures are generated for the casewith can-
yon width w/h = 1, similar grids are used for the case with canyon
width w/h = 2.

2.4. Boundary conditions

The mean wind speed inlet profile is a logarithmic wind speed pro-
file fitted to the experimental data (Fig. 2a). Measurement samples near
the upper wall of the wind tunnel, where a boundary layer is formed,
are excluded from the fitting procedure. Additional weight is given to
Fig. 3. Computational domain and cor
the data samples up to a height of z/h = 2 to get a close match of the
fitted curve with experimental data in the part of the boundary layer
that is expected to most strongly affect the flow in and just above the
canyon. The data are fitted to the log law for mean velocity:

U zð Þ ¼ u�
ABL

κ
ln

zþ z0
z0

� �
ð2Þ

in which κ is the von Karman constant (= 0.42). The fitting procedure
resulted in slightly higher values of z0 (= 4.62∙10−4 m) and u⁎ABL
(0.44 m/s) than reported by Kovar-Panskus et al. (2002). The vertical
profile of turbulent kinetic energy k (Fig. 2b), based on a fit using a
third-order polynomial, is given by Eq. (3).

k zð Þ ¼ 11:7z3−16:8z2−4:999zþ 1:065 ð3Þ

The vertical inlet profile of turbulence dissipation rate ε is calculated
using Eq. (4):

ε zð Þ ¼ u�
ABL

� �3
κ zþ z0ð Þ ð4Þ

The height of the wall-adjacent cells in the domain allows to satisfy
the relationship between the sand grain roughness height (ks), the
roughness constant (Cs) and the aerodynamic roughness length (z0) in
Eq. (5), as derived by Blocken et al. (2007b).

ks ¼ 9:793
z0
Cs

ð5Þ

An aerodynamic roughness length (z0) of 4.62∙10−4 m (correspond-
ing to ks = 6.46∙10−4 m when Cs = 7) is assigned to the bottom ground
surface of the domain. The top and lateral boundaries (wind tunnel
walls) are modeled as no-slip walls (zero roughness). At the outlet,
zero static gauge pressure is imposed.

2.5. Solver settings

The 3D steady RANS equations are solved in combination with the
realizable k-ε turbulence model (Shih et al., 1995) using standard wall
functions (Launder and Spalding, 1974) with roughness modification
by Cebeci and Bradshaw (1977). The SIMPLE algorithm is applied for
pressure-velocity coupling. Second-order pressure interpolation is ap-
plied. Second-order upwind discretization schemes are used for mo-
mentum, turbulent kinetic energy and turbulence dissipation.
responding boundary conditions.



Table 1
Overview of grids used in grid-sensitivity analysis.

Number of cells

Configuration Location Coarse Basic Fine Finer

w/h = 1 In complete domain 152,160 427,299 1,161,768 3,285,977
Over canyon height (h) 14 20 28 40
Over canyon width (w) 14 20 28 40
Over canyon depth (d) 60 85 120 170

w/h = 2 In complete domain 177,600 492,178 1,311,528 3,795,211
Over canyon height (h) 14 20 28 40
Over canyon width (w) 22 30 40 60
Over canyon depth (d) 60 85 120 170
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Convergence is assumed to be obtained when the scaled residuals level
off and reach a minimum of 10−7 for x, y, z momentum and k, and 10−5

for continuity and ε.
2.6. Results

2.6.1. Grid-sensitivity study
The grid-convergence index (GCI) by Roache (1994) is used to

choose the appropriate grid for further analysis. The GCI values are cal-
culated for the fine-basic and the finest-fine mesh pairs using a safety
factor (FS) of 1.25, which is appropriate for grid convergence studies
using three ormore grids (Roache, 1997). Fig. 5 shows the discretization
error (in terms of GCI) for the coarsest grid of each grid pair (pair fine-
basic: Fig. 5a, c; pair finest-fine: Fig. 5b, d), for the normalized
streamwise (Fig. 5a–b) and vertical (Fig. 5c–d) velocity components
along five vertical lines (x/w = 0.1, 0.3, 0.5, 0.7 and 0.9) for configura-
tion w/h = 1. Fig. 5a–b shows that the maximum GCI values for U/Uref

for the basic grid are still rather high (15.9%, 16.6%, 6.5%, 3.8% and 3.5%
along lines x/w = 0.1, 0.3, 0.5, 0.7 and 0.9, respectively) while they are
much smaller for the fine grid (2.5%, 1.8%, 1.7%, 1.3% and 0.9% along
lines x/w = 0.1, 0.3, 0.5, 0.7 and 0.9, respectively). This is also the case
for the average GCI values for U/Uref for the basic grid (4.2%, 3.1%, 2.1%,
1.2% and 0.4% along lines x/w = 0.1, 0.3, 0.5, 0.7 and 0.9, respectively)
and the fine grid (0.2%, 0.2%, 0.4%, 0.3% and 0.2% along lines x/w = 0.1,
0.3, 0.5, 0.7 and 0.9, respectively). Fig. 5c–d shows the same trend for
the maximum and average GCI values for W/Uref. It is concluded that
the ‘fine’ grid (28 and 40 cells over the width of the canyon for the
case with w/h = 1 and 2, respectively) provides nearly grid-
Fig. 4. Structured (a) coarse, (b) basic, (c) fine and (d)finer grid consisting of 152,160; 427,299;
= 1, focusing on the center part of the grid.
independent results, while this is not the case for the basic grid. There-
fore, the fine grid is retained for further analysis.

2.6.2. Validation study
Fig. 6a and b present the normalized velocity magnitude and vector

field (vectors with fixed lengths), obtained from the CFD simulations,
for configuration w/h = 1 and 2. Note that small vortices near the
walls in the bottom of the street canyon are also reproduced by the sim-
ulations. Fig. 7 compares the measured and computed dimensionless
mean streamwise and vertical velocities (U/Uref and W/Uref) along five
vertical lines in and above the canyon for w/h = 1 and 2. Overall, the
simulation results show a very good agreement with the experimental
data, especially for the streamwise velocity component.

The average and maximum deviations between the simulations and
the experiments, along the five vertical lines inside the canyon for con-
figuration x/w=1 and x/w=2, are presented in Tables 2 and 3, respec-
tively. Tables 2 and 3 show that there is a slight mismatch in
dimensionless streamwise velocity (U/Uref) between the simulations
and the experiments for configuration x/w = 1 and x/w = 2, with
slightly lower maximum deviations for configuration x/w = 2. These
maximum deviations are predominantly occurring near the shear
layer at the top of the canyon. Tables 2 and 3 show that in terms of di-
mensionless vertical velocity (W/Uref) similar deviations are found be-
tween the experiments and simulations.

Overall, the results show that the flow pattern inside the canyon can
accurately be reproduced by the 3D steady RANS simulations. Therefore,
in the context of subconfiguration validation (Casey and Wintergerste,
2000; Franke et al., 2007; Tominaga et al., 2008; Blocken, 2015), the
same computational models and settings and parameters are used for
1,161,768 and 3,285,977 hexahedral cells, respectively. Displayed grid for canyonwithw/h



Fig. 5. (a, b) Comparison of dimensionless streamwise velocity and grid-convergence index for (a) basic and (b) fine grid; (c, d) comparison of dimensionless vertical velocity and grid-
convergence index for (c) basic and (d) fine grid, along five vertical lines (x/w= 0.1, 0.3, 0.5, 0.7 and 0.9) for canyon with w/h = 1.
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the CFD simulations in the case study of the AES high school building, as
the flow in this courtyard is expected to exhibit similar salient features
(separation, recirculation, shear layers) as the basic flow in the street
canyon.

3. Case study

3.1. Building geometry and surroundings

The buildingunder study is the AES high school building,which is lo-
cated at the AES campus in the city center of Delhi (India). Fig. 8a shows
the characterization of the terrain surrounding the building of interest
in terms of roughness description and aerodynamic roughness length
(z0) based on the Davenport-Wieringa roughness classification
(Wieringa, 1992). The assessment of the terrain is based on aerial pho-
tographs of November 2017 (Google, 2017). The building surroundings
are dominated by forests and homogeneous city patches with varying
building density, mainly consisting of low-rise buildings (h ≤ 15 m).
Note that based on the aerial photographs a clear distinction can be
made between the building densities in various parts of the city
(Fig. 8a) while such detail is not available in the Davenport-Wieringa
roughness classification. For this reason, all the homogeneous city
patches are attributed z0 = 1.0 m. Fig. 8b is an aerial photograph of
the closer surroundings of the building and Fig. 8c is a schematic repre-
sentation of the immediate surroundings of the AES high school build-
ing. It is located in a region densely packed by obstacles (including
trees). z0 = 1.0 m is used for the inlet profiles and for the roughness
of the bottom of the computational domain in the region where build-
ings are not modeled explicitly.

Fig. 9 shows the geometry of the building along with some
photos. The building dimensions are approximately l ∙ b ∙ h = 42 ∙
42 ∙ 17.4 m3. The dimensions of the courtyard are l ∙ w = 22 ∙ 22
m2. The courtyard is enclosed by class rooms and two staircases
that are located in the south-west and north-east corner of the
building (Fig. 9b). The courtyard is naturally ventilated through
the opening in the top of the building (Fig. 9c), the building entrance
located at level 0 (Fig. 9d) and the openings in the staircases
(Fig. 9e).

The classrooms are mechanically ventilated using a balanced venti-
lation system, i.e. fresh air is delivered while simultaneously air is re-
moved from the class rooms (at the same rate). The fresh conditioned
air (entrained at the top of the building) that is delivered to the class
rooms is purified using fabric filters to reduce pollutant concentrations
inside the rooms. Air quality issues arise in the classrooms due to infil-
tration from the courtyard at the event of opening the door (begin-
ning/end of classes). Infiltration during the classes is avoided by
keeping the doors closed. The windows in the classrooms are always
closed. CFD simulations are performed to analyze the ventilation flows
and the particulate matter (PM2.5) concentrations inside the courtyard.
Four cases are considered; a reference case without ESP units installed
and three cases with ESP units installed at different positions to remove
PM from the air. The goal of these simulations is to find suitable ESP



Fig. 6. Computed dimensionless 3D velocity magnitude and vector field (fixed lengths) for (a) w/h = 1 and (b) w/h = 2. White dots represent the cores of the main canyon vortices.
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positions to reduce PM2.5 as much as possible throughout the building
courtyard.

3.2. Computational geometry and domain

Fig. 10 presents the geometry of the building and the computational
domain. The building geometry is slightly simplified for the CFD simula-
tions. Concrete columns that support the beams and floor (e.g. Fig. 9d)
are not included in the model. The solar shading screens on the rooftop
(Fig. 9c) are slightly curved in reality while in the model they are flat
(Fig. 11). The porous surfaces that partially separate the staircases
from the ambient environment (Fig. 9e) are modeled as solid surfaces
(Fig. 11). The doors and windows in the class rooms are assumed to
be closed continuously. The buildings in the direct vicinity of the AES
high school building are explicitlymodeled,while the effect of buildings
further away from the AES high school building ismodeled implicitly by
assigning proper values of the sand-grain roughness height and rough-
ness constant to the bottom of the domain.

3.3. Computational grid

The structured computational grid consists of approximately 12.4
million hexahedral cells. It is constructed in line with the international
best practice guidelines (e.g. Casey and Wintergerste, 2000; Tucker
and Mosquera, 2001; Franke et al., 2007; Tominaga et al., 2008;
Blocken, 2015): the grid is refined near corners (where flow separation
takes place), a minimum of 10 cells is applied along the edges of open-
ings/objects, the cell stretching ratio is kept below 1.1 throughout the
entire domain, and the surfaces of the wall-adjacent control volumes
are either parallel or perpendicular to the walls. The computational
grid is presented in Fig. 11 along with information regarding the posi-
tion of the main building components. The resolution of the grid is
chosen in correspondence with the outcomes of the validation study
in Section 2. According to the grid-sensitivity analysis for configuration
w/h=1andw/h=2, aminimumof 28 cells and 40 cells, respectively, is
required over the height and width of the canyon to limit discretization
errors to an acceptable level. However, given the specific details of the
modeled geometry (e.g. the ESPs aremodeled includingflanges, the cor-
ridors inside the courtyard are modeled including the balustrade and
the staircases and stairs aremodeled explicitly), the local grid resolution
is increased significantly to be able to satisfy the best practice guidelines
also for these building details. This results in a minimum of 170 cells
over the width of the courtyard (of which 20 cells are applied over the
width of each corridor), and 50 cells over the height of each of the build-
ing levels.

3.4. Boundary conditions

Simulations are preformed using a logarithmic mean wind speed
profile representing a neutrally-stratified atmosphere (Eq. (2)). A west
wind direction is modeled, since, according to measurements at
Safdarjung Airport (Weather Online, 2018), located at approximately
3 km from the building of interest (as shown in Fig. 8a), this is the pre-
vailing wind direction (± 40% of the time in the period from January
2010 to January 2018). Since problems with respect to PM concentra-
tions in cities are most pronounced when the wind speed is low (poor
urban ventilation resulting in PM accumulation), a wind speed of
0.5 m/s at a reference height of 10 m is used. The vertical profile of tur-
bulent kinetic energy k at the inlet is calculated using Eq. (6) (Richards
and Hoxey, 1993),

k zð Þ ¼ u�
ABL

� �2
ffiffiffiffiffiffi
Cμ

p ð6Þ



Fig. 7. Comparison of measured and computed dimensionless mean streamwise and vertical velocities for (a–j) w/h = 1 and (k–t) w/h = 2 along five vertical lines.
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in which Cμ (= 0.09) is a model constant. The turbulence dissipation
rate ε is given by Eq. (4). A uniform background PM2.5 concentration
of 143 μg/m3 is assigned to the inlet of the domain, which corresponds
to the annual average PM2.5 concentration in Delhi reported by the
WHO (2018). Since PM2.5 reduction percentages are of main interest
in this particular study, and boundary conditions (including the PM2.5

concentration at the inlet) are identical for both the simulations with
and without ESPs, the simulations yield percentage reductions that
can readily be used to estimate the absolute reductions possible for
different background concentrations. This is possible because the local
pollutant sourceswithin the geometric boundaries of the computational
domain are not considered explicitly.

The ESP units (Fig. 12), called Aufero (ENS, 2018a), are commercially
available systemswith dimensions l ∙ b ∙ h=2.8 ∙ 0.72 ∙ 1.26m3. The ESP
units have a maximum volume flow rate of 7500 m3/h with a PM2.5 re-
moval efficiency of 40% (ENS, 2018b), which is implemented in the CFD
model using a sink term. This value of PM removal efficiency has been
confirmed by measurements by the Netherlands Organization for



Table 2
Average and maximum deviationsa between experiments and simulations inside the can-
yon along five vertical lines for configuration w/h = 1.

Location [−]

Variable Average/maximum x/w =
0.15

x/w =
0.30

x/w =
0.50

x/w =
0.70

x/w =
0.85

U/Uref [−] Average 0.014 0.006 −0.008 −0.008 −0.005
Maximum 0.046 −0.040 −0.075 0.049 0.066

W/Uref [−] Average 0.006 −0.012 −0.007 −0.003 −0.001
Maximum 0.046 −0.042 −0.032 −0.026 0.048

a Positive and negative value indicate an overestimation and underestimation,
respectively.

Fig. 8. (a) Roughness classification of a part of Delhi, (b) aerial photograph of the
surrounding area, and (c) schematic representation of the immediate surroundings of
the building of interest including building height in m.
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Applied Scientific Research (TNO) (ENS, 2018b). Because the Aufero is
an open system, the pressure drop and corresponding energy loss
over the system is minimal: i.e. the system requires an installed power
of approximately 0.34 kW (ENS, 2018a). Note that other systems such
as fabric filters entail a much higher flow resistance and therefore re-
quire a much higher installed power capacity. The unit can be oriented
in the vertical and horizontal direction, both in a hanging or standing
configuration.

In the present study, four ESPs are positioned inside the courtyard
under the corridor's ceilings. A parametric study is conducted regarding
installation positions and corresponding potential PM2.5 reduction per-
centages. The ESP units are positioned in such a way that the resulting
airflows are not directed towards the building openings in the staircases
and the building entrance. Flanges are used to provide direction to the
outflow of the ESPs. An attempt is made to create a recirculating air
flow inside the building to maximize PM2.5 reduction levels. An addi-
tional simulation is performed to analyze the effect of the window
openings in the staircases on the PM2.5 reduction levels inside the court-
yard. A total of 14 configurations is analyzed, however, only three of the
analyzed configurations are presented in this paper for the sake of brev-
ity. The location and directionality of the ESP units that are considered in
these configurations are given in Fig. 13 and Table 4.

3.5. Solver settings

The solver settings are chosen in accordance with the sub-
configuration validation study in Section 2. The 3D steady RANS ap-
proach is applied given the positive outcome of the validation study in
Section 2 and because it is by far the most common approach in wind
and building engineering studies (Blocken, 2014, 2018). PM dispersion
is modeled in a simplified way, in correspondence with the procedure
presented by Blocken et al. (2016), i.e. with an Eulerian advection-
diffusion equation and the standard gradient-diffusion hypothesis. The
particles are treated as a passive scalar, which is considered a reasonable
assumption given the small size of the particles and the focus on near-
field dispersion. To confirm that Eulerian modeling as a passive scalar
Table 3
Average and maximum deviationsa between experiments and simulations inside the can-
yon along five vertical lines for configuration w/h = 2.

Location [−]

Variable Average/maximum x/w =
0.09

x/w =
0.30

x/w =
0.50

x/w =
0.70

x/w =
0.90

U/Uref [−] Average 0.008 −0.011 −0.007 −0.001 0.007
Maximum 0.033 −0.030 −0.019 −0.019 0.049

W/Uref [−] Average 0.000 0.015 0.020 −0.010 −0.022
Maximum −0.034 0.032 0.043 −0.017 −0.037

a Positive and negative value indicate an overestimation and underestimation,
respectively.
is a fair assumption for dispersion of PM2.5, the appendix to this paper
presents an additional set of simulations in which the Lagrangian ap-
proach is applied to compute particle trajectories for various spherical
particle diameters (d = 100, 10, 2.5 and 1 μm) with density
1000 kg/m3 in various velocity fields (Uref = 10, 3, 1, and 0.5 m/s).
These simulations are performed for an ‘impinging jet’ and a ‘forward
facing step’ configuration, whereby strong flow impingement and sepa-
ration occur. While these simulations indicate that the Eulerian passive
scalar approach is not allowed for the largest particles (d = 100 μm),
they do indicate that this approach is valid for the smaller particles
(2.5 and 1 μm).

In the Eulerian approach, the turbulent mass diffusivity (Dt) is de-
fined as the ratio between the eddy viscosity (νt) and the turbulent
Schmidt number (Sct). Sct = 0.7 (e.g. Tominaga and Stathopoulos,
2007) is applied throughout the computational the domain. Note that
aerosol dynamics, including particle deposition, are not taken into ac-
count. The effect of the ESP unit is modeled using a sink term (based



Fig. 9. (a) Simplified building centerplane cross-section; (b) plan views for each of the four building levels corresponding to the modeled geometry; (c) photo of courtyard; (d) photo of
building entrance; (e) photo of openings in the staircases.
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on product characteristics provided by the manufacturer) in the
governing equations. Note that physical phenomena that determine
the particle collection efficiency of the ESP, such as electric fields, are
thus not modeled explicitly. Convergence is assumed to be obtained
when scaled residuals (after leveling off) reach a minimum of 10−9 for
species concentration, 10−7 for x, y, z momentum, 10−6 for k, and 10−5

for continuity and ε.
Fig. 10. Computational domain
3.6. Results

The results are presented in terms of volume-averaged PM2.5 con-
centration reductions for the volumes presented in Fig. 9a–b and as con-
centration reduction contour plots. A distinction is made between the
courtyard, corridor and staircase volumes for each building level. The
concentration reductions are obtained by normalizing the
and boundary conditions.



Fig. 11. Computational grid of 12.4 million hexahedral cells. Staircases, staircase window openings, rooftop solar shading, building entrance and potential ESP locations are
indicated by the orange, purple, red, green and blue color, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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concentration field for configuration 1, 2 and 2b using the concentration
field for the reference case without ESPs, which has a uniform value of
143 μg/m3 since no local sources are added and no sinks are present.

Fig. 14a presents the volume-averaged PM2.5 concentration reduc-
tions for the courtyard, corridor, staircase 1 and staircase 2 (locations in-
dicated in Fig. 9a–b) for configuration 1, 2, and 2b. The results show
PM2.5 reductions in the corridors of 25.0%, 27.2% and 34.1% for configu-
ration 1, 2 and 2b, respectively. The performance in the courtyard loca-
tions is quite similar (25.8%, 25.3% and 29.7% PM2.5 reduction for
configuration 1, 2 and 2b, respectively). Moreover, configurations 2
and 2b also showsubstantial PM2.5 reduction levels inside the staircases.
The results also indicate that closing the window openings in the stair-
cases leads to a significant increase in PM2.5 reduction levels.

More detailed information on the PM2.5 reduction percentages for
the courtyard, corridor and staircase volumes per building level is
given in Fig. 14b, c and d, respectively. Fig. 14b–c show that the general
trend is that the PM2.5 reduction levels decrease with increasing height
in the building: i.e. for configuration 2b the volume-averaged PM2.5 con-
centration reduction inside the corridors is 39.7%, 38.0%, 37.5% and
21.7% for level −1, 0, 1 and 2, respectively, while in the courtyard vol-
umes this is 35.6%, 33.3%, 29.4% and 22.9%, respectively.

To gain a better understanding of the distribution of the reduction
percentages throughout the building, Fig. 15 presents contour plots of
these reductions in horizontal cross sections at level mid-height, and
Fig. 16 shows contours plots in the vertical centerplane parallel to exte-
rior wind direction. The pink color in Fig. 15 indicates the position of the
ESP unit mounted against the ceiling of the corresponding level. Fig. 15
shows that overall the worst performance in terms of both uniformity
and overall PM2.5 reduction levels is obtained by configuration 1
(Fig. 15a–d), since the PM2.5 reductions are not uniformly distributed
over the building levels. Comparing the configurations where the win-
dows in the staircases remained opened (configuration 1 and 2), the re-
sults show that more polluted air (indicated by the green color since
there is no PM2.5 reduction) is entrained through the staircases into
the building by configuration 1 (e.g. southwest corner in Fig. 15a and
northeast corner in Fig. 15b). Fig. 15 also shows that in configurations
1 and 2, a fraction of cleaned air is leaving the building through the en-
trance and staircases (e.g. southwest corner of the building in Fig. 15b
and f). These effects can evidently be avoided by closing the window
openings in the staircases (configuration 2b), leading to more substan-
tial improvements in PM2.5 reduction levels as shown in Fig. 15i–l. Al-
though the overall volume-averaged PM2.5 concentration reductions
are similar for configurations 1 and 2 (Fig. 14), the contour plots show
that the distribution of cleaned air through the courtyard is quite
different.

The flow inside the building is the result of the combined effect of
the ESP units and the overall wind-driven airflow inside the court-
yard. The ESP-driven flow is not negligible as the air leaves the ESP



Fig. 12. (a) Photo, (b) exterior drawing and (c) interior drawing of the Aufero unit (ENS, 2018a) as applied in the AES high school building.
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units with a speed of approximately 2.5 m/s. Air is evidently ex-
changed between the different levels of the building as a result of
these driving forces. Fig. 16 presents the PM2.5 reduction percentages
in the vertical centerplane of the building parallel to the exterior
wind direction. It confirms that overall, configuration 2b yields the
most uniform distribution of cleaned air over the courtyard and cor-
ridors, followed by configuration 2 and 1. Considering the configura-
tions with opened windows in the staircase, configuration 1 and 2,
the latter delivers the best performance on building level −1 and 0,
while configuration 1 delivers the best performance on level 1 and
2, respectively. The PM2.5 reduction levels decrease over the height
Fig. 13. ESP unit positions including the flow direction (black arrow). ESP units are positioned
either 45° or 90° flanges. ESP identification number indicated between brackets.
of the building due to entrainment of air from the rooftop opening,
which is clearly indicated in Fig. 16.

To further clarify the aforementioned effect, absolute PM2.5 con-
centrations are presented in Fig. 17 along with velocity vectors (x
and z component, fixed length) in the vertical centerplane. This spe-
cific figure is made for configuration 2 but note that comparable flow
fields are found for the other configurations. The figure clearly indi-
cates that a significant amount of non-cleaned ambient air is
entrained into the building from the building's rooftop. Furthermore,
due to flow separation at the frontal corner of the windward façade,
and the resulting recirculation zone originating at the rooftop,
under the courtyard corridor's ceiling of the different levels. ESP units are equipped with



Table 4
Configurations parametric analysis ESP unit application.

Description Active ESP units and flange
angle

Staircase windows closed
(yes/no)

Base case – No
Configuration 1 1 (45°), 2 (45°), 3 (45°), 4 (45°) No
Configuration 2 1 (90°), 2 (90°), 3 (90°), 4 (45°) No
Configuration 2b 1 (45°), 2 (45°), 3 (45°), 4 (45°) Yes

Fig. 14.Volume-averaged PM2.5 concentration reductions (a) inside the overall building; (b–d)d
(as indicated in Fig. 9a–b).

Fig. 15. PM2.5 concentration reduction atmid-height of level −1, 0, 1 and 2 for (a–d) configurati
(For interpretation of the references to color in this figure, the reader is referred to the web ve
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cleaned air is drawn from the courtyard to the rooftop. Similarly, due
to flow separation at the leeward façade, non-cleaned ambient air is
entering the courtyard from this side. These combined effects ex-
plain why it is difficult to obtain high PM2.5 reduction levels at the
highest building level.

Although the effects described above (entrainment of ‘dirty’ air from
the rooftop) are still present in the configuration with closed window
openings in the staircases (configuration 2b), it can be concluded that
istribution per level inside (b) the courtyard, (c) the corridor and (d) the staircase volumes

on 1, (e–h) configuration 2, (i–l) configuration (i–l); (m–p), locations of horizontal planes.
rsion of this article.)



Fig. 16. PM2.5 concentration reduction in building centerplane (parallel to wind flow) for
configuration 1, 2 and 2b.
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this adaptation is a substantial improvement, as shown in Fig. 14. Note
that also the PM2.5 concentrations in the staircases itself are significantly
reduced for configuration 2b.

4. Limitations and further research

The study is subject to a number of limitations and assumptions:

• Local sources of PM2.5 are not taken into account. A uniform PM2.5

background concentration has been assigned to the inlet of the do-
main, and the focus was on the relative PM2.5 reductions, which ren-
ders the inclusion or exclusion of local PM2.5 sources less relevant in
this particular study.

• PM2.5 dispersion is modeled using the Eulerian approach in which
PM2.5 is modeled as a passive scalar. The additional set of simulations,
Fig. 17. Normalized PM2.5 concentration in building centerplane (parallel to wind flow) for co
figure.
presented in Appendix A, in which the behavior of particles in cases
with strong flow-structure interaction is analyzed using the Lagrang-
ian approach, shows that this is a valid approach for particles with a
diameter below 2.5 μm.

• In this case study infiltration through cracks in the building envelope
is not considered since it is expected to have a minimal impact on the
airflow exchange between the building surroundings and the court-
yard. The total volume of all the classrooms, located along the perim-
eter of the courtyard, is approximately 5700m3.When hypothetically
considering a building envelope with an unrealistically low air-
tightness due to cracks (infiltration rate = 2 h−1), infiltration would
contribute to only 4.5% (=11,400m3/h) of the total airflow exchange
between the building surroundings and the courtyard, since air is
entrained through the top of the courtyard at a rate of 253,000 m3/h
for configuration 2b. Therefore, the effect of infiltration on the overall
PM2.5 reduction potential inside the courtyard is expected to be negli-
gible.

• Isothermal simulations are conducted while buoyancy can affect the
flow field inside the building courtyard. Note that due to the solar
shading devices on the top of the building (see Fig. 9c), surface tem-
peratures are not significantly increased inside the building courtyard,
which would yield a stably stratified condition inside the courtyard
compared to the building surroundings. During a brief field study on
site (on 28-05-2018 at 14:30 local time) it was found that the average
air temperature in the courtyard's corridors on level −1 was approxi-
mately 2.5 °C lower (39.5 °C at h = 1.75 m) than on level 2 (42 °C at
h = 12.75 m). Therefore, it is likely that air is exchanged between
the various building levels due to thermal effects. Nevertheless, it is
unlikely that thiswill surpass thewind effect and resulting air entrain-
ment through the top of the courtyard (253,000m3/h). To analyze the
effect of buoyancy under various meteorological conditions, further
work potentially includes on-site measurements.

• Theflow inside a building can be highly transient, which can be ampli-
fied bymovements inside of the building such asmoving persons and
opening/closing doors). Although the current study focuses on mean
flow fields and mean reduction percentages, it is acknowledged that
further information on the transient processes will require other nu-
merical approaches, e.g. using large eddy simulation (LES).

• Future research should focus on different meteorological conditions
(e.g. wind speeds andwind directions) in combinationwith the inclu-
sion of thermal effects (buoyancy).

• In thepresent study, a PM2.5 removal efficiency by the ESP units of 40%
is specified. Depending on the exact composition of the PM, the re-
moval efficiency can be slightly different.

• Since the four ESP units have effectively been installed in the AES high
school building's courtyard according to configuration 2b, future
nfiguration 2. z and x component of mean wind speed vector (fixed lengths) included in
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research could include validation of the CFD simulations using on-site
measurements (meteorological conditions and PM2.5 concentrations).
Due to the complexity of such measurements and related time and
cost constraints, this was outside the scope of the present study.

5. Conclusions

Following a CFD validation study based on wind-tunnel measure-
ments, a CFD case study is conducted to assess the potential PM2.5 re-
duction by the application of ESP units inside the courtyard of the
high school building at the American Embassy School campus in Delhi.
The ESP units each run at a volume flow rate of 7500 m3/h and have a
PM2.5 removal efficiency of 40%. The results of the study show that a sig-
nificant decrease of PM2.5 concentrations can be obtained inside the
courtyard, including the corridors, by the application of four ESP units.
Configurations 1 and 2 show an overall volume-averaged PM2.5 concen-
tration reduction in the corridors of 25.0% (=35.8 μg/m3) and 27.2% (=
38.9 μg/m3), respectively. The parametric study regarding the window
openings in the staircases at the south-west and north-east corner of
the building shows that PM2.5 reduction levels can be significantly im-
proved by closing the windows in the staircases; configuration 2b
shows an overall volume-averaged PM2.5 concentration reduction
level at the corridors of 34.1%. A more detailed analysis regarding
these specific configurations shows that in general the volume-
averaged PM2.5 concentration reduction decreases over the height of
the building. This can be attributed to the entrainment of polluted air
from the top of the courtyard which is mixed with the cleaned air
from the ESP units within the courtyard.

The PM2.5 reduction by 34.1% corresponds to an absolute PM2.5 con-
centration reduction of 48.9 μg/m3 (from 143 to 94.1) for the chosen set
of boundary conditions. In terms of exposure and health effects, it has
been documented that all-cause daily mortality is estimated to increase
by 0.2–0.6% per 10 μg/m3 of PM10 (Samoli et al., 2008; WHO, 2016),
where the smallest fraction (PM2.5) is considered most problematic. In
addition, it has been documented that long-term exposure to PM2.5 is
associated with an increase in the long-term risk of cardiopulmonary
mortality by 6–13% per 10 μg/m3 of PM2.5 (Pope et al., 2002; Beelen
et al., 2008; Krewski et al., 2009). Conversely this implies that reduced
exposure to PM10 and PM2.5 can yield a reduced mortality risk. When
the present study would be expanded to include the wide range of pos-
sible meteorological conditions (wind, rain, atmospheric stratification),
the results in terms of PM10 and PM2.5 reduction could be related to re-
duced mortality risk.

The preliminary analysis presented in this paper shows that the pro-
posed PMmitigation strategy is effective to improve local air quality in
the building studied. It is important to note that the overall performance
throughout the building, in terms of uniformity of the PM concentration
reductions and absolute PMconcentration reductions, is rather sensitive
to the exact location at which the ESP units are installed, and the
resulting flow patterns induced by multiple units. The results of this
study also demonstrated that CFD simulations are an efficient tool to as-
sess the performance of PM mitigation strategies since they provide
whole flow-field data for a given set of boundary conditions that can
easily be adjusted.

Acknowledgments

Twan van Hooff is currently a postdoctoral fellow of the Research
Foundation - Flanders (FWO) and acknowledges its financial support
(project FWO12R9718N). The authors gratefully acknowledge the part-
nership with ANSYS CFD. The authors also thank the anonymous re-
viewers for their valuable comments.
Appendix A

A.1. Additional simulations - particle trajectories

A simplified 2D CFD analysis is provided of the behavior of spherical particles with various sizes (d=100, 10, 2.5 and 1 μm) in cases with strong
flow-surface interaction. Two configurations are considered, namely a configuration with an impinging jet (with strong flow impingement and
streamline curvature) and a configuration with a forward-facing step (with both flow impingement and flow separation). The analysis is conducted
for ‘high’ air velocities (Uref=10 and 3m/s, the latter of which corresponds to the outlet velocity of the ESP unit) and ‘low’ air velocities (Uref=1 and
0.5m/s). The simulationswith low air velocities (Uref=1 and 0.5m/s) are conducted to analyze gravitational settling for the various particle sizes. A
grid sensitivity analysis is conducted using Uref = 10 m/s.
A.1.1. Simulation settings

The 2D steady RANS equations are solved in combination with the realizable k-ε turbulence model (Shih et al., 1995) using standard wall func-

tions (Launder and Spalding, 1974). The walls are modeled as no-slip walls (zero roughness). The SIMPLE algorithm is applied for pressure-velocity
coupling. Second-order pressure interpolation is applied. Second-order upwinddiscretization schemes are used formomentum, turbulent kinetic en-
ergy and turbulence dissipation. Convergence is assumed to be obtained when the scaled residuals level off and reach a minimum of 10−11 for con-
tinuity, 10−12 for x and y momentum, and 10−11 for k and ε.
A.1.2. Grid-sensitivity analysis

A grid-sensitivity analysis is conducted using four different grids, presented in Table A.1 and Fig. A.1, created by systematically refining the coarse

grid with a factor of √2 in each direction.



Fig. A.1. Structured (a) coarse, (b) normal, (c) fine and (d) finest grid for the ‘step’ and ‘jet’ configuration.
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Table A.1

Overview of number of cells used in grid-sensitivity analysis.
Je
Number of cells
Configuration
 Coarse
 Basic
 Fine
 Finer
t
 3752
 6596
 12,392
 23,728

tep
 1904
 3744
 7498
 15,092
S
Fig. A.2 shows the discretization error (in terms of GCI) for the coarsest grid of each grid pair (pair fine-normal and pair finest-fine), for the nor-
malized vertical velocity components (Uy/Uref), alongwith the obtained values of the normalized vertical velocity components, along three horizontal
lines for the ‘jet’ configuration. The GCI values are also computed along three vertical lines. The locations of these three vertical lines are shown in
Fig. A.2a.



Fig. A.2. Comparison of dimensionless vertical velocity and GCI along three horizontal lines (y = 0.25, 0.5 and 0.75) for the ‘jet’ configuration.
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The grid-sensitivity analysis is also conducted for the ‘step’ configuration. The locations of the lines used in the grid-sensitivity analysis are shown
in Fig. A.3a. Fig. A.3b–d shows the discretization error (in terms of GCI) for the coarsest grid of each grid pair (pair fine-normal and pair finest-fine),
for the normalized streamwise velocity components (Ux/Uref), along with the obtained values of the normalized streamwise velocity components,
along three vertical lines for the ‘step’ configuration.

The grid-sensitivity analysis shows that for both configurations the ‘fine’ grid provides nearly grid-independent results, while this is not the case
for the basic grid. Therefore, the fine grid is retained for further analysis.



Fig. A.3. Comparison of dimensionless streamwise velocity and GCI along three vertical lines (x = −0.5, 0 and 0.5) for the ‘step’ configuration.
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A.1.3. Particle trajectories

Particle trajectories are calculated using the Lagrangian approach, in which particles are treated as a discrete phase. In this case the drag force and

gravitational force, acting on each individual particles, are taken into account. Spherical particles with a diameter of 100, 10, 2.5 and 1 μmwith a den-
sity of 1000 kg/m3 (standard density (p0) aerosol particle according to Kulkarni et al., 2011) are injected inside the domain. In the jet configuration 15
particles are injected along line (x1, y1) = (−0.45m, 6 m) - (x2, y2) = (0.45m, 6 m). In the step configuration 25 particles are injected along line (x1,
y1) = (−10 m, 0.05 m) - (x2, y2) = (−10 m, 4 m)). Simulations are performed using a reference/inlet velocity (Uref) of 10, 3, 1 and 0.5 m/s.

The results in Fig. A.4 indicate that it would not be appropriate to model particles with a diameter of 100 μm using the Eulerian approach as a
passive scalar. Due to the actual mass and momentum of the particles, the particles settle on the wall surfaces. Note that in this set of simulations
it is assumed that upon impact, the particles are ‘trapped’ at the wall and cannot be resuspended. The results in Fig. A.5 show that for a particle
with a diameter of 10 μmthis effect is less pronounced. The results for the ‘jet’ configuration in Fig. A.5a, c, e, g show that the 10 μmLagrangianparticle
trajectories correspond to the streamlines of the continuous phase (air). The particle that is injected in the exact center of the jet (x=0 in Fig. A.5a, c,
e, g), is the only particle that is trapped at the wall surface (for all the analyzed reference velocities). For the ‘step’ configuration, as presented in
Fig. A.5b, d, f, h, the simulations with a reference velocity of 10 and 3 m/s (Fig. A.5b, d) show that the 10 μm Lagrangian particle trajectories again
follow the streamlines of the main airflow. However, in the simulations with a reference velocity of 1 and 0.5 m/s (Fig. A.5f, h), the particle that is
injected near the bottom of the domain (y=0.05m) either collideswith thewall surface of the ‘step’ (Fig. A.5f) or is entrained in the standing vortex
upstream of the step (Fig. A.5h). This implies that it would not always be allowed tomodel particles with a diameter around 10 μmwith the passive
scalar Eulerian approach; this will be case specific and requires a more thorough analysis. The results in Figs. A.6–A.7 show that for particles with a
diameter of 2.5 μm (Fig. A.6) and 1 μm (Fig. A.7) the aforementioned effects are not present and the Lagrangian particle trajectories are aligned with
the overall airflow (also at Uref =0.5 m/s as shown in Figs. A.6g, h and A.7g, h). Therefore, the simulation results (using the Lagrangian formulation)
imply that it is allowed to model PM2.5 using the Eulerian approach as a passive scalar.



Fig. A.4. Particle trajectories Uref = (a–b) 10 m/s, (c–d) 3 m/s, (e–f) 1 m/s and (g–h) 0.5 m/s; configuration (a, c, e, g) ‘jet’ and (b, d, f, h) ‘step’, particle diameter 100 μm, particle density
1000 kg/m3.
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Fig. A.5. Particle trajectories Uref = (a–b) 10 m/s, (c–d) 3 m/s, (e–f) 1 m/s and (g–h) 0.5 m/s; configuration (a, c, e, g) ‘jet’ and (b, d, f, h) ‘step’, particle diameter 10 μm, particle density
1000 kg/m3.
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Fig. A.6. Particle trajectories Uref = (a–b) 10 m/s, (c–d) 3 m/s, (e–f) 1 m/s and (g–h) 0.5 m/s; configuration (a, c, e, g) ‘jet’ and (b, d, f, h) ‘step’, particle diameter 2.5 μm, particle density
1000 kg/m3.
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Fig. A.7. Particle trajectories Uref = (a–b) 10 m/s, (c–d) 3 m/s, (e–f) 1 m/s and (g–h) 0.5 m/s; configuration (a, c, e, g) ‘jet’ and (b, d, f, h) ‘step’, particle diameter 1 μm, particle density
1000 kg/m3.
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