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Abstract

In urban environments, pollutant ingress from outdoor sources poses a significant challenge to indoor air quality. Cross-
ventilation, while essential for passive cooling and natural airflow, can also facilitate the entry of outdoor contaminants into
indoor spaces. To investigate the dynamics of outdoor-to-indoor pollutant transport, the present study employs an idealized
configuration, namely, a hollow cube representing a scaled-down model building with window openings in the upstream and
downstream faces, subjected to an upstream passive scalar source within an atmospheric boundary layer. The experiments
are conducted in two distinct facilities: a water tunnel using Rhodamine dye as the scalar, and a wind tunnel using propane
gas, all performed at a specified flow Reynolds number of Re = Uy H /v = 50, 000 for a fixed boundary layer-to-cube height
ratio of about 3; here, Uy, is the streamwise velocity at cube’s height (H) measured without the cube. The scalar, released
from a ground-level upstream source, is predominantly transported by a streamwise advective flux, while relatively weaker
wall-normal advective and turbulent fluxes contribute to vertical dispersion and local mixing. A fraction of the oncoming
scalar enters the cube intermittently, through the upstream window. Inside, a central jet-like flow carries the scalar parcels
primarily by streamwise advective flux, while also interacting with the upper and lower recirculation regions, enabling scalar
exchange across these zones through wall-normal advective and turbulent fluxes. While the time-averaged concentration field
inside the cube is nearly uniform, suggesting effective mixing, instantaneous concentration traces exhibit strong intermit-
tency, with sporadic peak events, highlighting the risk of transient peak exposures. The indoor concentration exponentially
decays over time once the source is turned off, with a slower decay in the upper recirculation region, implying relatively
prolonged exposure near the ceiling region. Both experimental setups produce closely matching values and consistent trends
in the spatio-temporal dynamics of scalar concentration, and also highlight their complementary nature, with each offer-
ing distinct advantages. The present findings will deepen our understanding of pollutant ingress and mixing in buildings
in cross-ventilated flows and also offer valuable insights to future modeling of pollutant exposure in urban indoor spaces.

1 Introduction

Air pollution is a significant global public health threat,
causing millions of deaths annually (World Health Organi-
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air quality. There has been an extensive body of research on
the flow dynamics and pollutant dispersion in both indoor
and outdoor environments (Jiang et al. 2023; Hanna 2003;
Carpentieri 2013). Since humans spend most of their time
(85-90%) indoors, evaluating indoor pollutant exposure is
crucial for understanding its health implications. A number
of previous studies have focused on modeling indoor pol-
lutant dispersion, particularly in relation to flow patterns
and pollutant spread (Blocken et al. 2013; Holmberg and
Li 1998; Van Hooff et al. 2012; Zhang and Chen 2006; Lim
et al. 2024). For example, studies have examined pollutant
exchange between indoor spaces driven by natural ventila-
tion (Ai and Mak 2015; Liu and Zhai 2007), as well as tracer
gas dispersion in greenhouses and livestock buildings (Nor-
ton et al. 2009; Bartzanas et al. 2004).

Natural ventilation has a critical role in maintaining
indoor air quality. It has been shown to prevent airborne
contagion, mitigate the risks associated with Sick Building
Syndrome, and enhance thermal comfort (Jiang et al. 2023;
Escombe et al. 2007; Dutton et al. 2013; Lipczynska et al.
2018). To better understand these, research on indoor—out-
door air quality modeling has emphasized the critical role of
ventilation in maintaining a sustainable and healthy indoor
environment (Van Hooff and Blocken 2010; Tominaga and
Stathopoulos 2013; Zhang and Chen 2009; Tong et al. 2016;
Yang et al. 2015). Various studies have reported on the key
mechanisms of ventilation using wind and water tunnel
experiments, analytical models, and computational simula-
tions (Kato et al. 1992; Biswas and Vanderwel 2024; Li and
Delsante 2001; Van Hooff and Blocken 2010). For example,
Yaghoubi et al. (1998) investigated turbulence distributions
in and around cross-ventilated buildings, while Cheung and
Liu (2011) examined the relationship between indoor and
outdoor air quality in an isolated building using Large Eddy
Simulation (LES).

Experimental studies have provided valuable insights
by helping visualize pollutant transport in cross-ventilation
scenarios. Tominaga and Blocken (2016) conducted wind
tunnel experiments on cross-ventilating flow through a hol-
low cube (with indoor pollutants) having openings on oppo-
site facades, investigating the impact of window placement
on pollutant concentration and flushing efficiency. Their
measurements significantly advanced the understanding of
cross-ventilation transport mechanisms. Building on this,
Kosutova et al. (2019) combined wind tunnel experiments
and CFD simulations to analyze cross-ventilation in a simi-
lar model, incorporating louvers on windows. Their find-
ings showed that window positioning significantly influences
airflow patterns, air age, and exchange efficiency, with the
presence of louvers further altering these parameters. More
recently, Biswas and Vanderwel (2024) performed water
tunnel measurements to investigate pollutant transport
mechanisms in a flow through a hollow cube with an indoor
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pollutant source. Their simultaneous flow and pollutant con-
centration measurements highlighted how changing window
positions strongly impacts pollutant transport mechanisms
and mixedness, thus affecting the mean concentrations and
their characteristic time scales. These studies collectively
underscore the complex interplay between flow patterns,
pollutant dispersion, and indoor air quality, offering key
insights for optimizing natural ventilation in buildings.

The study of the interaction between indoor and out-
door air quality is crucial, as indoor pollutants originate
not only from internal sources but are also significantly
carried into the indoor environment from outdoor pollution
sources due to the air exchange between the two environ-
ments (Gonzalez-Martin et al. 2021; Yocom 1982). For
example, with rising traffic and industrial emissions, more
outdoor pollutants infiltrate indoor spaces, thus making it
essential to understand how particulate matter is transported
from outdoor sources into indoor environments (Blondeau
et al. 2005; Hanninen and Goodman 2019). A number of
researchers studied the impact of outdoor pollutants on
indoor air quality, as these are transported via infiltration,
natural ventilation, and mechanical ventilation (Park et al.
2014; Kulmala et al. 1999). Only a limited number of stud-
ies have integrated both indoor and outdoor environments
into a single model, primarily due to the complexity and
challenges involved (Mohammadi and Calautit 2021). For
example, Tong et al. (2016) examined the pollution levels
within an office space based on its proximity to a pollutant
source. Yang et al. (2015) investigated how the percentage
of window openings along a facade affects indoor air quality
in a downstream building. Rather than directly measuring
indoor pollutant levels, the study estimated ventilation flux
to assess the indoor air quality. In typical indoor—outdoor
exchange scenarios, the extent to which outdoor traffic pol-
lution affects indoor spaces is governed by several factors,
including building layout, street canyon geometry, ventila-
tion flow rates, and wind direction (He et al. 2017; Tominaga
and Stathopoulos 2016). While many of these studies pri-
marily focused on ventilation efficiency and indoor—outdoor
pollutant concentration ratios (Brunekreef et al. 2005; Meng
et al. 2005), a significant gap still remains in understand-
ing the flow dynamics, the pollutant transport mechanisms,
and their stochastic characteristics for ventilating flows with
outdoor pollutant sources.

To bridge this gap, the present study experimentally inves-
tigates pollutant transport mechanisms in a cross-ventilating
flow through a scaled-down hollow cubic building featuring
upstream and downstream windows (see Fig. 1). The build-
ing model is placed within a rough-wall turbulent boundary
layer flow, with a ground-level passive scalar pollutant source
located far upstream (see Fig. 2). The present work builds upon
our recently reported study (Biswas and Vanderwel 2024) on
flow and dispersion in a similar configuration with an indoor
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Fig. 1 Schematics showing a 3D view of the hollow building model
used in this study, with flow direction from left to right. All dimen-
sions are scaled relative to the cube height (H)

source. In contrast, the present focus has been on understand-
ing the transport of scalar originating from an outdoor source
placed upstream. Experiments are performed in the water tun-
nel facility at University of Southampton and the Enflo wind
tunnel facility at University of Surrey. To our knowledge,
this study provides the first detailed analysis of simultaneous
flow and dispersion measurements in a cross-ventilated flow
setup with an outdoor source. It is also worth noting that, to
date, most experimental studies on flow and pollutant disper-
sion have been conducted primarily in wind tunnel facilities,
with the use of water tunnels being comparatively rare. While
the primary objective of the present study is to investigate
indoor dispersion with an outdoor source, our approach also
highlights the comparison of the measurements across these
experimental setups, and how these act in a complementary
manner, with each offering distinct advantages. The change in
source location fundamentally alters the scalar influx mecha-
nism, thereby modifying the scalar transport processes and
their spatio-temporal dynamics as compared with Biswas and
Vanderwel (2024). The structure of the article is as follows.
The experimental methodologies are described in §2, followed
by §3 providing insights into the flow dynamics and scalar
transport. Finally, §4 provides a comprehensive summary and
conclusions.

2 Experimental methods

2.1 Building model

The simplified building was modeled as a hollow acrylic
cube with height H as pictured in Fig. 1. The building had

Table1 Summary of different parameters from both the facili-
ties, including cube’s height (H), streamwise reference speed of the
oncoming flow at cube’s height (Ug,;) measured without the cube,
boundary layer thickness (6), boundary layer-to-cube height ratio
(6/H), and Reynolds number based on the reference flow speed and
cube height (Re = UgH/v, v = kinematic viscosity of the fluid
medium). It is important to note that for the normalization of data
from the two facilities, the respective cube heights and reference
velocities were used

Facility H(mm) Ugy(m/s) §(mm) 6/H Re= UpH/v
Water tunnel 100 0.45 310 3.0 ~ 50,000
Wind tunnel 300 2.5 930 3.1 =50,000

two opposite openings, each being 0.35H X 0.35H, on the
windward and leeward facades, yielding an area-based
porosity of about 10%, consistent with Biswas and Vander-
wel (2024).

Analogous experiments were conducted in a water tunnel
facility (see Fig. 2) and a wind tunnel facility (see Fig. 3)
with parameters as summarized in Table 1. In the water tun-
nel, a hollow cubic model with an exterior height, H, of 100
mm (= 1:40 scale to full size, as in Biswas and Vanderwel
(2024)) was used with a reference water speed, Ug,s, of 0.45
m/s at the cube height measured without the cube, yielding
a Reynolds number of Re = Uy H /v =~ 50,000. The wind
tunnel experiment used a larger cube with a height of 300
mm (= 1:13 scale) and a reference wind speed of 2.5 m/s at
the cube height, achieving a Reynolds number of =~ 50, 000,
equivalent to that in the water tunnel. In both setups, the
boundary layer-to-building height ratio, 6/H, was about 3.
It is important to note that for the normalization of data from
the two facilities, the respective cube heights and reference
velocities were used.

2.2 Water tunnel setup

The recirculating water tunnel facility at the University of
Southampton features a test section measuring 8.1 m in
length, 1.2 m in width, and 0.9 m in height. The facility
has three walls, the bottom wall and two transparent side
walls, and an open top. The hollow cube was mounted on a
false floor positioned over the glass floor of the test section.
Upstream of the test section, a series of roughness blocks of
varying sizes were used to generate a fully developed rough-
wall turbulent boundary layer downstream in the test section,
simulating atmospheric boundary layer conditions, similar
to those described in our previous studies (Lim et al. 2022;
Rich and Vanderwel 2024; Biswas and Vanderwel 2024).
The two-dimensional velocity and dye concentration
fields within and around the hollow cube were captured
using simultaneous particle image velocimetry (PIV) and
planar laser-induced fluorescence (PLIF) measurements
taken in the streamwise plane (x—z) along the building’s
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Fig.2 This schematic illustrates a side view of the experimental setup
in the water tunnel facility. The hollow cube model was mounted on a
false floor panel atop the glass floor of the flume’s test section (block-
age ratio < 1%). Simultaneous measurements using planar laser-
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induced fluorescence (PLIF) and particle image velocimetry (PIV)
were conducted in the streamwise plane (x — z) passing through both
the building centerline (y = 0, spanwise) and dye source, capturing
both scalar concentration and velocity fields
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Fig.3 Schematic showing the side view of the experimental arrange-
ments used in the wind tunnel facility. A scalar (propane gas) injec-
tion from the building’s floor was facilitated at 6.5H upstream. On the

centerline (spanwise, y = 0). This measurement plane was
also aligned with the ground-level pollutant source placed
far upstream to the hollow cube model, at a distance of 6.5H
measured from the cube’s center, as illustrated in Fig. 2. The
streamwise field of view spanned from ‘—1.5H to ‘1.5H’
(from cube’s center, x = 0), and ‘2H’ in the wall-normal
direction (in z). The flow was illuminated by a 100 mJ Nd
double-pulsed laser emitting light at a wavelength of 532
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measurements side, FFID and LDA measurements were performed at
different points, as described in Fig. 5, to capture the scalar concen-
tration and velocity fields, respectively

nm. The experimental setup used two cameras equipped with
specialized filters to capture the PIV and PLIF signals. The
velocity and concentration fields were captured simultane-
ously at a rate of 10 Hz (see our previous studies (Lim et al.
2022; Biswas and Vanderwel 2024) for additional details on
the experimental arrangements and PIV processing).

The injection of a neutrally buoyant aqueous solution of
Rhodamine 6G fluorescent dye was embedded in the false
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floor upstream to the cube, simulating a ground-level source
of a passive scalar pollutant, with negligible influence on the
surrounding flow (similar to Lim and Vanderwel (2023)).
The dye solution, with a concentration (Cy) of 100 mg/L,
was delivered at a constant flow rate (V) of 1.67 x 10~* liter/s
using a needle valve and a Mariotte bottle. The dye solution
was injected via a thin tube connected to an internal chan-
nel in the acrylic false floor, which directed the solution
through a 5 mm diameter hole angled at 45° to the floor (see
Fig. 2). The injection velocity was approximately 8 mm/s,
and its ratio to Uy, was 0.017, indicating that the injection
had negligible influence on the flow. The dye concentration
measurements (C, in mg/liter) are normalized as,

_ CAUgy
Oy

where, Qg = Cy V, is the rate of scalar injection (in mg/s)
at the source, V is the rate of injection of the aqueous solu-
tion of dye (in liter/s), and Cy is the dye concentration in the
solution (mg/liter) and A = H?. This normalization accounts
for flow speed and building size, and is consistent with the
previous studies on dispersion in urban environments (e.g.,
Robins (1980); Snyder (1981); Xia et al. (2014); Daniela
et al. (2012); Tominaga and Blocken (2016)). This ensures
a fair comparison between water and wind tunnel measure-
ments, as will be demonstrated later. The dye’s Schmidt
number (Sc) was approximately 2500 + 300 (Vanderwel
and Tavoularis 2014), implying that momentum diffused
much faster than the scalar. The water quality in the flume
was continuously monitored, where overnight UV steriliza-
tion prevented microbial growth, while mechanical filtration
removed fine suspended particles and debris. This combi-
nation ensured clean water for Particle Image Velocimetry
(PIV) and Planar Laser-Induced Fluorescence (PLIF) meas-
urements. In addition, the water quality was also monitored
to avoid residual dye accumulation, which remained mini-
mal due to the large tank volume (~30,000 L) and the over-
night chlorine treatment that broke down any dye build-up,
thereby maintaining the reliability and accuracy of the PLIF
measurements. The dye was released from a ground-level
source upstream of the cube at a distance (in x) of 6.5H from
the center of the building, and this distance was sufficient
for the plume to have dispersed a moderate amount in the
boundary layer before reaching the cube. The local scalar
(dye) concentration was quantified based on fluorescence
intensity, following a methodology discussed in our previ-
ous studies (Lim et al. (2022); Vanderwel and Tavoularis
(2014)). Since the velocity and concentration fields were
captured (simultaneously) in different co-ordinate systems
at distinct spatial resolutions, these were mapped onto a uni-
fied co-ordinate system, enabling the computation of joint
velocity—concentration statistics. A bootstrap method was

c (1

applied to the first- and second-order statistics of both the
PIV and PLIF measurements. For PIV, the standard error in
the mean streamwise velocity was determined to be less than
1%, while it was under 5% for the variance. For PLIF, the
standard error in the mean concentration was under 1% and
3% in variance. The results showed that 1000 samples were
adequate for achieving converged statistics. The uncertainty
associated with the joint statistics was below 5%, ensuring
reliable and accurate results.

2.3 Wind tunnel setup

A set of experiments similar to the water tunnel study was
carried out in the EnFlo wind tunnel facility at the Uni-
versity of Surrey, employing laser Doppler velocimetry
(LDA) for velocity measurements and fast-response flame
ionization detector (FFID) concentration measurements.
This facility is an open-circuit suction-type boundary-layer
wind tunnel, featuring a large working section measuring
20 m x 3.5 m X 1.5 m (length X width X height). To repli-
cate atmospheric boundary layer conditions, a set of Irwin
spires was positioned 0.5 m downstream of the test section
inlet (as in Marucci et al. (2018)). Each spire is 1260 mm
tall, with a base width of 170 mm and a tip width of 4 mm.
The spires were spaced laterally at intervals of 630 mm.
Downstream of the spires, a staggered array of roughness
elements was placed on the wind tunnel floor extending up
to the gas injection location, as illustrated in Fig. 3. These
roughness elements are 20 mm tall and 80 mm wide, with
lateral and longitudinal spacings of approximately 240 mm
between individual elements. A turntable with a diameter
of 1.5 m was located 14 m downstream of the inlet, serv-
ing as the mounting platform for the hollow cube model
(height, H=300 mm). The cube was mounted such that its
ground-level center aligned precisely with the center of the
turntable. The blockage ratio was less than 1.5%. For con-
sistency, the origin of the co-ordinate system was defined at
the ground-level center of the cube, as illustrated in Fig. 3,
similar to the water tunnel study.

Pointwise velocity measurements were conducted using a
laser Doppler anemometry (LDA) system (FiberFlow, Dan-
tec Dynamics) to simultaneously measure the streamwise (U,
along x) and spanwise (V, along y) velocity components, due
to experimental constraints. For the base flow without cube,
the streamwise (U) and wall-normal (W, along z) velocity
components were measured. The LDA rig was mounted
on a traverse capable of three-dimensional independent
movement along the x, y and z axes. An aerosol solution
of sugar particles with a mean diameter of approximately
1 um was employed as tracers, generated using an in-house
ultrasonic mist generator. The target acquisition frequency
was set to 100 Hz, with a sampling duration of 2 minutes for
each measurement, and was found to be sufficient to achieve
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statistical convergence. Statistical errors were found to be
within +0.5% for the mean velocity and +5% for the second-
order moments, with a 95% confidence level.

A circular source with a diameter of 22 mm was posi-
tioned at ground level, at the spanwise center (y = 0) of the
wind tunnel, and located 6.5H upstream (in ‘x’) from the
center of the cube, as shown in Fig. 3. The tracer gas con-
sisted of a mixture of propane (at a concentration of less than
1.5%) in air and had an exit velocity maintained at approxi-
mately 0.017 Uy, to ensure passive injection, similar to water
tunnel measurements. The tracer was sufficiently diluted to
eliminate buoyancy effects. The relatively large diameter of
the source, combined with a very low injection flow rate
minimized momentum effects associated with the release,
leaving residual effects that were negligible except in the
immediate vicinity of the release location. The concentra-
tion data (C) was recorded as a time series using FFID sys-
tem, measuring hydrocarbon concentrations at a frequency
of 200 Hz, following the methods described by Auerswald
et al. (2024). The building model was made with a set of
small holes (about 4 mm in diameter) on the top surface,
allowing the FFID probe to traverse into the cube for indoor
concentration measurements. For LDA measurements, the
laser beam passed through these holes to perform indoor
velocity measurements. Given the small size of the holes,
their effect on the internal flow and concentration fields was
determined to be negligible. This was validated by compar-
ing test results of concentration measurements with the holes
open and with the holes sealed; the results were found to be
identical. The gas concentration measurements (C, in ppm)
are normalized as,

_ CAUgy
Os

where A = H?, and Qy, is the flow rate of pure propane at
the source, as was described by Marucci and Carpentieri
(2020). The Schmidt number for propane gas is Sc = 1,
much smaller compared to that of Rhodamine dye in water
(Sc ~ 2500 + 300). However, as we will see later, the spa-
tio-temporal characteristics of the normalized concentration
are remarkably similar across both facilities. The wind tun-
nel measurements, including the LDA, FFID, and traverse
movements, were fully automated and co-ordinated using
custom in-house software developed in LabVIEW.

c 2

2.4 Boundary layer characterization

Before beginning experiments involving the cube, the
incoming flow in the two different setups was characterized
in terms of the boundary layer profiles without the model in
the test section. In Fig. 4, the wall-normal (z/H) profiles of
the mean streamwise velocity (ﬁ/ Uges) and the Reynolds
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stress (—W/Uéef) are shown; here, U= mean (time-aver-
aged) streamwise velocity, u’'= streamwise fluctuating veloc-
ity, and w'= wall-normal fluctuating velocity. In Fig. 4a,
u/ Uy, for the wind tunnel and water tunnel show substan-
tial similarity. It may be noted that even though the boundary
layer thickness (6) values in both the facilities were different
(see Table 1), its ratio to the cube’s height was kept con-
stant about 3, and the oncoming flow Reynolds number (Re)
was fixed at & 50, 000. These demonstrate the consistency
between the two setups despite differences in fluid proper-
ties, such as density and viscosity. The close overlap of the
two profiles also suggests that both experiments successfully
replicate the canonical behavior of an atmospheric turbulent
boundary layer when normalized using appropriate scaling
parameters, such as Uy, and H. Subtle differences can be
observed in the near-wall region (z/H < 0.2), where the
wind tunnel data show slightly higher velocity values com-
pared to the water tunnel. This discrepancy could be attrib-
uted to some differences in the experimental setup, such as
the surface roughness.

Figure 4b shows the turbulence characteristics by com-
paring the Reynolds stress (—W/ U}%ef) profiles in the wind
and water tunnels. As can be seen from both datasets, while
the overall shape and order of magnitude of the Reynolds
stress profiles are consistent between the two setups, the
values differ slightly. The wind tunnel data exhibit slightly
lower Reynolds stress values near the wall, indicating lesser
turbulence production than the water tunnel. Despite some
minor differences, the overall consistency, both qualitative
and quantitative, in the general trends of mean velocity and
Reynolds stress profiles highlights the similarity in bound-
ary layer inflow conditions between the two experimental
facilities employing different fluid media.

2.5 Measurement locations

To analyze scalar dispersion, measurements of scalar con-
centration and velocity were taken at various locations,
including the cube’s indoor regions, and also upstream,
above, and downstream of the cube, as illustrated in Fig. 5.
In the water tunnel, simultaneous PIV and PLIF measure-
ments were conducted in a streamwise plane covering a field
of view of approximately 3H in the streamwise direction (in
‘x’) and 2H in the wall-normal direction (‘z’). This meas-
urement plane passed through the ground-level center of
the cube (x*,y*,z* = 0,0,0) and was aligned with the sca-
lar source placed upstream at (x*,y*,z* = —6.5,0, 0); here,
the co-ordinate axes were normalized by the cube height
H,as x* =x/H,y* =y/H, and z* = z/H. In the wind tun-
nel, velocity and gas concentration were measured along
the wall-normal (z) and spanwise (y) directions at various
streamwise locations (x), using LDA and FFID, respectively,
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as indicated by the dashed lines in Fig. 5. The measurement
locations are categorized into three groups: wall-normal (z)
and spanwise (y) profiles outside the cube, and wall-normal
(2) profiles inside the cube, as summarized in Table 2. These
measurement locations are now further elaborated below.

The outdoor measurements along the wall-normal direc-
tion (z*) were conducted at five streamwise locations,
denoted as O, to Os. These positions are indicated by black
dashed lines (----) in Fig. 5. Upstream of the cube, the meas-
urement locations are at the spanwise center, y* = 0, and are
as follows: O, at x* = —1.5, and O, at x* = —1. Above the
cube, O5 is positioned at x* = 0, and downstream of the cube
O, is located at x* = 1 and Oy at x* = 1.5. In addition to the
wall-normal profiles, also measured were the spanwise (y*)
profiles conducted along the black dotted lines (........ )ata
fixed wall-normal height of z* = 0.5. These spanwise lines
are denoted as Of to Otg . Upstream of the cube, the positions
of these lines are at O} (x* = —1.5) and O3 (x* = —1). Span-
wise measurements on either side of the cube were taken at
O§ (x* = 0). Further downstream, additional measurements
were conducted at Ofl (x*=1)and 0§ (x* = 1.5).

Inside the cube, wall-normal profiles for velocity and con-
centration were obtained along five vertical lines, denoted as
I, to I5. These measurements provide insights into the inter-
nal flow structure and indoor scalar distribution. The wall-
normal lines in the center plane (at y* = 0) are as follows:
atx* = =0.25, I, at x* = 0, and 15 at x* = 0.25. Additionally,
wall-normal profiles at the cube’s streamwise center (x* = 0)
were taken at I, (y* = 0.25) and I5 (y* = —0.25), situated on
either side (spanwise) of the center plane. As we will discuss
later, these two wall-normal profiles (I, and I5) help to better
understand the three-dimensional (volumetric) variations of
the scalar concentration.

1.5 0 0.005 0.01 0.015
—u’w’/Uéef

It is noteworthy that simultaneous PLIF and PIV meas-
urements in the water tunnel captured two-dimensional fields
of both velocity and scalar concentrations, as well as scalar
fluxes through their product. However, these measurements
were limited to the spanwise center plane due to experimen-
tal constraints, which prevented access to other spanwise
and wall-parallel planes. In contrast, while simultaneous
FFID and LDA measurements were not feasible in the wind
tunnel owing to experimental constraints, measurements
across various spanwise and wall-normal planes were readily
achievable. Thus, the two experimental facilities and meas-
urement techniques complemented each other, with each
offering distinct advantages that together provided a more
comprehensive dataset.

2.6 Scalar field characterization without cube

The analysis of scalar dispersion begins with the measure-
ment of the concentration and variance of the scalar plume
without the cube. Figure 6a,c provides the mean (time-aver-

aged) scalar (E* = EAURef /Qy) distribution, while the con-

centration variance (Ve = Vol AUg,;/ Q) in Fig. 6(b.d)
quantifies the intensity of concentration fluctuations; here,
c =C—E, where C is the instantaneous concentration, and C
is the time-averaged concentration. In Fig. 6a, profiles are
shown along the wall-normal direction (z*) at four stream-
wise locations at y* = 0: 0, (x*=-1.5),0, & =-1),
O; (x*=0),and O5 (x* =1.5). The profiles in Fig. 6a
follow one half of a Gaussian distribution, showing that the
scalar concentration peaks near the wall and gradually dif-
fuses upward, as,
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(a) Side view
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(b) Top view
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(c) Isometric view

Fig.5 We have shown here the a side view of the center plane, b
top view, and ¢ isometric view of the experimental configuration, to
illustrate the measurement locations in the water tunnel and wind tun-
nel. In the water tunnel, PIV and PLIF measurements were conducted
both inside and outside the cube in the spanwise center plane (y = 0),
as indicated by the green transparent plane. In the wind tunnel, LDA
and FFID measurements were taken along different lines at various
streamwise locations (x). The wall-normal (along z) profiles were
measured at Oy, O,, O3, Oy, and O (outdoor), as well as at I, I,, I,
and I, (indoor). Additionally, (outdoor) spanwise profiles (O3, 03, O3,
Oi, Og : All along y) were measured at those streamwise locations as
in O, to Os, all at a fixed wall-normal height of z* = z/H = 0.5. The
details of these measurement locations for each of these wall-normal
and spanwise profiles are given in Table 2

T =Aexp|-| —2= 3)
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where A represents the peak, y_. represents the center of the
Gaussian which is close to z* = 0, and Oz . represents the
half-width, determined through a least-squares fit similar to
Marucci and Carpentieri (2020). At O,, the near-ground con-
centration is highest, reflecting its proximity to the injection
source. As the flow progresses downstream toward Os, the
concentration profiles flatten, suggesting increased turbulent
mixing that redistributes the scalar (gas) across the boundary
layer (in z and y). The other important quantity is the vari-
ance in Fig. 6b, representing the fluctuations in the concen-
tration. The variance profiles indicate that scalar fluctuations
are strongest near the wall due to higher turbulence closer
to the surface, and then decrease with increasing z*. At all
streamwise locations (O, to Os), the variance also follows
a Gaussian distribution, similar to the mean concentration,
though with a peak slightly above the ground. The variance
decreases progressively downstream, with O, exhibiting the
highest variance, indicating these fluctuations to be gradu-
ally attenuated as mixing progresses. The evolution of the
plume half-width, oG . at different streamwise locations
(x*) is presented in Fig. 7 showing a steady widening of the
plume downstream.

Figure 6¢,d illustrates the variation of mean concentration
and concentration variance along the spanwise direction (y*)
at a fixed height of z* = 0.5. These measurements are taken
at four streamwise locations, designated as 0%, O3, O3, and
Og , and these again correspond to the same streamwise posi-
tions for the wall-normal profiles in Fig. 6a,b. The mean
concentration (E*) profiles in Fig. 6¢ exhibit a Gaussian
distribution centered at y* = 0, characteristic of a canonical
plume. As the flow progresses downstream, the concentra-
tion spreads laterally, as evidenced by a broadening of the
profiles from O to 0%, and also from Fig. 7. Following this,

&
Fig. 6d presents the concentration variance (\/ﬁ ) profiles
along in y* at the wall-normal position of z* = 0.5, showing
a symmetric lateral profile. Similar to the wall-normal dis-
tributions, also notable is the increasing spanwise width of
the plume in terms of OF" (shown in Fig. 7), obtained from

fitting a Gaussian to the concentration profile as,

2
- H— U
C ") = Bexp|-| T2 @

\/EO'E*J*

where B, p,., and oz |- are the fitting parameters. Figure 7

presents the evolution of the plume half-widths. This plot
shows that by the time, the plume reached the cube, the full
plume width in the spanwise direction was on the order of
the size of the cube ‘H.’
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Tablg 2 Summar.y of the Setup Profile Notation x* Vv & z*
locations of the lines (as
shown in Fig. 5) along which Wind tunnel Wall-normal (Upstream) 0, -1.5 y*=0
wall-normal (z*) and spanwise _ (Upstream) 0 1 s 20
(y*) profiles of velocity and p 2 Y . N
concentration were measured — (Rooftop) 0; 0 y=0
in the wind tunnel facility. Also — (Downstream) 0, 1 y*=0
shown is the laser light sheet in _ (Downstream) 0s 1.5 V=0
the streamwise plane passing . < .
through the center of the cube Spanwise (Upstream) 0, 13 =05
(x,y,z2=0,0,0), as in the water — (Upstream) o3 -1 =05
tunnel — (Either sides) 03 0 =05
— (Downstream) Oi 1 7#=0.5
— (Downstream) Og 1.5 7*=0.5
I, -0.25 V=
I, 0 Y=
Wall-normal (Indoor) I 0.25 V=
I, 0 y* =025
I 0 y* =-0.25
Water tunnel PLIF and PIV Laser sheet -1.5t0 1.5 y=0,z2=0-2

Fig.6 Characterization of the
scalar field (without cube) in
the wind tunnel test section at
different streamwise loca-
tions, is shown here, in terms
of the wall-normal (z* = z/H)
and spanwise (y* = y/H)
profiles of the mean (time-

Wall-normal

averaged) concentration
(C = CAUgy/Qy) and its vari-

ance(\/c/_2 = cﬁAURef/QS).

The streamwise locations of

0,, 0,, 05, and Os are shown in
Table 2

Span-wise

o O O O
W W Ty =~

3 Results

A systematic analysis of the flow patterns, the scalar con-
centration distribution, and transport mechanisms is now
presented in the presence of the hollow cube. These were
captured from the wind and water tunnel measurements,
employing distinct methodologies in each setup. The char-
acterization of the flow field and scalar transport is presented
at three regions: upstream of the cube, within the cube, and
downstream of it.

3.1 Velocity field

The flow through and around the hollow cube is illustrated in
Fig. 8a showing the mean (time-averaged) streamwise veloc-
ity (ﬁ/ Uge) in the x — z center plane (at y* = 0), as obtained
using PIV in the water tunnel experiments. In addition, Fig. 9
shows the profiles of U / Uges along z* at different streamwise
locations, obtained from both wind tunnel and water tunnel
measurements. The oncoming flow approaching the cube
undergoes deceleration, and this is evident in the velocity
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Fig.7 The vertical and horizon-
tal spread of the scalar plume
in the wind tunnel, in terms of 1
o .and oz, respectively, B
are shown at dlfferent stream- TU
wise locations (x*). These are )
obtained from Gaussian fit, as in -
Equations 3 & 4. These meas- S
urements are shown for both the TQF
S

Oom

base case (no-cube) and with 8
the cube. It may be noted that

o . are not obtained for *
Z

oceo m

No cube, 0g .

With cube, o5
No cube, o .
Y

With cube, O

2t

EO0@@O

@ from x* = 0 onward since
the plume no longer followed a 1.5 -1
Gaussian distribution due to the

presence of the cube

map in Fig. 8a and the wall-normal profiles upstream to the
cube (at O, & 0,) in Fig. 9[a(i), b(i)]. Following these, a
higher-magnitude streamwise velocity is seen above the cube
(Fig. 8a), indicating flow acceleration on the rooftop. Also
noticeable is the stagnation region and recirculation bub-
ble near the ground that forms at the windward face of the
cube. Now, coming to the indoor flow, as the flow passes
through the cube, two recirculation regions are seen to form,
evidenced by regions of reversed flow [(—)ve U), indicated
using white dashed closed lines in Fig. 8a. In between these
regions, a jet-like flow moves through the center of the cube.
This jet-like flow pattern is also visible in Fig. 9[a(ii), b(ii)]
illustrating the wall-normal (z*) profiles of the streamwise
velocity at different indoor locations (/;, I,, and I3). The
instantaneous flow fields (not shown here) reveal that this
jetis highly unsteady, exhibiting oscillations and interacting
with the recirculation regions. Such interactions significantly
influence mass and momentum exchange within the indoor
environment. The broad flow characteristics are in line with
the previous studies (e.g., Biswas and Vanderwel (2024);

Fig.8 Time-averaged maps of the: a vector overlaid with stream-
wise velocity [U /Uger]l and b in-plane turbulent kinetic energy
[(u’2 w’z)/ repl all obtained from water tunnel measurements.
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1.5

=)
—

van Hooff et al. (2017); Perén et al. (2015)) reporting on
cross-ventilating flows for generic building configurations.
It can be noted that both the water and wind tunnel
measurements were performed in the spanwise center
plane (y* = 0) while the wind tunnel also performed some
wall-normal measurements at out-of-plane positions (I, at
= 0.25, I5 at y* = —0.25), which indicate that the jet’s
strength weakens in the spanwise direction away from the
center plane. Downstream of the cube, Fig. 9[a(iii), b(iii)]
depicts the wake flow structure measured at O, and Os. The
velocity profiles exhibit a significant velocity deficit near the
floor, characteristic of a wake flow region where the recir-
culation bubble has velocity reversal near the wall (see O,).
The spanwise (y*) velocity profiles in Fig. 9[b(iv)] further
illustrate the lateral profiles of the velocity at a wall-normal
height of z* = 0.5. These profiles show a symmetric veloc-
ity distribution about the spanwise centerline (y* = 0), with
flow deficit near the centerline showing the low-momentum
wake region and then the velocity increasing outwards.
Following the analysis of the mean streamwise velocity,
Fig. 8b presents the distribution of in-plane turbulent kinetic

u’2 + w’2 /Ufzaef

=

*
X

The flow is from left to right. These measurements are performed in a
streamwise plane (x — z plane, at y = 0) passing through the center of
the hollow cube
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Fig. 9 Measurements from the
water tunnel and wind tunnel
are shown for the wall-normal

Upstream

‘0*0[

Indoor Downstream

-, oI, I

— <> -
(") profiles of the streamwise a(i) 1 w e
velocity (U/Ug.s), measured
upstream to the model [a(i),
b(i)], inside [a(ii), b(ii)], and
downstream [a(iii), b(iii)].
Also shown in ‘b(iv)’ are
the spanwise (y*) profiles of
U /Uy from the wind tunnel,
at different streamwise locations

0.75

Water tunnel
Z*
o
w

0.25r

v I, o I

a(ii)

aiii)

outdoors -1

05 0 05

Wind tunnel
o
o
W

b(ii)

energy (TKE) [(W + W) / U}ief)] within the spanwise cen-
tral x — z plane. This figure reveals regions characterized
by significant turbulence generation and mixing, particu-
larly in proximity to and within the hollow cube. Within
the cube, both the interfaces of the recirculation regions
and the central jet exhibit elevated TKE levels. This phe-
nomenon is further illustrated by wall-normal profiles in
Fig. 10[a(ii),b(ii)], which depict the wall-normal variations
in the turbulence intensity at different streamwise locations
I, — I5. The profiles show a significant increase in turbulent
fluctuations indoors compared to the upstream outdoor loca-
tions. This is expected due to the large velocity fluctuations
in the indoor space, which would have implications for the
mixedness of the scalar within the indoor environment. Out-
side the cube, it is evident that the shear layer above the cube
(for z* > 1) is a critical region for turbulence production, as
indicated by the larger TKE in Fig. 8b. This region plays a
dominant role in the overall energy transfer from the mean
flow to the recirculation region above the rooftop. The shear

U [Ugey
biv) 20
125+ +0f
N
.0
- 03
125F 0
»> 04
25
205

layer could also be important for scalar exchange, as the
interaction between the fast-moving free-stream flow and the
slower recirculating flow creates mixing effects. However, in
the present scenario, the scalar passing over the cube would
be substantially smaller, and hence, the role of this rooftop
region on outdoor scalar transport would not be important,
as will be discussed later. Downstream of the cube, both
the 2-D map in Fig. 8b and profiles in Fig. 10[a(iii),b(iii)]
clearly indicate that turbulence intensity is higher compared
to the upstream conditions. This increase is due to vortex
shedding and large-scale turbulent mixing occurring in the
wake.

The strong agreement in the wind tunnel (LDA) and the
water tunnel measurements (PIV) in capturing flow charac-
teristics for both indoor and outdoor environments clearly
confirms the consistency across the experimental setups and
data acquisition methods.
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Fig. 10 Measurements from the water tunnel and wind tunnel are shown for the wall-normal (z*) profiles of the wall-normal component of (in-
plane) TKE («/ 2 / Ulzm), measured upstream to the model [a(i), b(i)], inside [a(ii), b(ii)], and downstream [a(iii), b(iii)]

3.2 Instantaneous concentration field

We now characterize the scalar concentration field in both
indoor and outdoor environments, providing insights into its
spatial distribution and temporal variations. These insights
are crucial for understanding scalar transport and mixing
in a typical cross-ventilated flow system with an outdoor
pollutant source.

We begin with Fig. 11 showing fifteen instantaneous
snapshots (labeled ‘(a to 0)’) of the instantaneous dye con-
centration (C* = CAUg.¢/Qy) in the x — z plane at the span-
wise center y* = 0, from the water tunnel. Each of the scalar
fields presented was recorded at time intervals of 0.2 sec-
onds. In Fig. 11a, the scalar (dye)-laden flow is approaching
the cube, where the high scalar concentration is evident from
the yellow regions upstream to the cube. A fraction of this
incoming scalar parcel is entrained into the cube through the
upstream opening. This entrained scalar is seen inside the
cube near the upstream opening, marked with a dashed white
contour. Outside the cube, some portion of the oncoming
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scalar gets trapped in the recirculation zone upstream of the
cube. This is apparent in Fig. 11c, where the scalar par-
cel inside the recirculating region is highlighted by a white
dashed contour. The presence of this recirculation zone
could play a role in scalar transport dynamics, potentially
affecting both the scalar bypassing the cube and the amount
that enters the indoor space. As time progresses, more scalar
parcels approach the cube, e.g., as shown in Fig. 11d-g. It
can be noted that most of the incoming scalar bypasses the
cube, flowing around it, while a relatively smaller portion
enters through the upstream opening. Figure 11f highlights
a scalar parcel inside the cube, marked with a dashed white
contour, which is primarily concentrated in the middle of the
cube. Inside the cube, the scalar parcel is primarily advected
by the internal central jet-like flow that passes along the
midsection of the cube, through the openings. This pro-
cess is evident in Fig. 11g,h, where the scalar is convected
downstream within the cube. Simultaneously, since the jet
interacts with the upper and lower recirculation regions, the
scalar within this jet could also undergo exchange across
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15 15

i) I

0.5 0

Fig. 11 Instantaneous non-dimensional scalar (dye) concentration
(C* = CAUpy/Qs) fields are shown from the water tunnel measure-
ments at a time interval of 0.2 s. The flow is from left to right. The

these regions. In this process, some scalar is entrained from
the jet into these recirculation regions, while scalar from
these zones (trapped from earlier times) is also transported
back into the jet. This continuous exchange contributes to
the mixing of the scalar inside the cube. It may be noted that
outdoors, while most of the oncoming scalar is transported
around and through the cube, occasionally scalar parcels
travel over the top of the cube, as shown in Fig. 11m,n,o,
where the scalar parcel moving over the cube is marked
with a dashed contour. Such events, however, are relatively
less frequent. Downstream of the cube, the scalar that exits

0.5 1 1.5

scalar concentration is presented on a natural logarithmic scale. The
color bar, using a blue-to-yellow gradient, indicates increasing dye
concentration

through the downstream opening, contributes to the wake
region along with the scalar that bypasses the cube. The
concentration in the wake is significantly weaker due to dif-
fusion primarily from the larger velocity fluctuations, seen
previously in Figs. 8b & 10[a(iii), b(iii)].

These broad observations provide insights into the scalar
exchange in a cross-ventilated configuration. In the subse-
quent sections of this manuscript, we will further analyze
the mean (time-averaged) and time-varying characteristics
of the scalar within and around the cube. Additionally, we
will examine the advective and turbulent scalar transport that
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drives scalar exchange processes, providing a more compre-
hensive understanding of pollutant dispersion.

3.3 Concentration mean and variance

The 2-D map (in x — z plane) of the time average of the
instantaneous scalar concentration (E* = EAURef/ Qy) from
the water tunnel is presented in Fig. 12a. In addition, the
wall-normal profiles of the concentration at different loca-
tions from the water tunnel (using PIV) and the wind tunnel
(FFID) are shown in Fig. 13. Similar to the velocity profiles
discussed earlier, these are shown at multiple locations:
upstream of the cube at x* = —1.5 and x* = —1 (denoted as
0O, and 0,) in Fig. 13a,d; inside the cube along five verti-
cal lines (1, 1,, 15,1,,I5) in Fig. 13(b,e); and downstream of
the cube at x* = 1 and x* = 1.5 (denoted as O, and Os) in
Fig. 13(c.f). Additionally, spanwise (along y*) concentra-
tion profiles were taken (Fig. 13(g,h,i)) in the wind tunnel at
a fixed wall-normal height of z* = 0.5, measured upstream
(03, 05), on either side of the cube (05) and downstream
(05,03). While the mean concentration field provides
insight into the overall scalar distribution, the variance high-
lights the dynamic nature of turbulence-driven concentration
fluctuations.

In Fig. 12a, the mean (time-averaged) concentration
(C ) distribution exhibits distinct characteristics in dif-
ferent regions. Upstream of the cube (x* < —0.5), the
concentration is mostly localized near the ground and
then gradually increases vertically as the scalar-laden
flow approaches the cube, as seen in both the 2-D map
(in Fig. 12a) and the vertical proﬁles [at O, and O,, in
Fig. 13a,d]. Inside the cube, C is a bit lower than the
upstream concentration since only a portion of the oncom-
ing scalar parcels are seen entering (intermittently) the
cube. Within the cube, the concentration is seen to be

(a) log(C")
1.50 1.5
1
*l\] 0
0.5
0 -1.5

— =
Fig. 12 Time-averaged: a dye concentration (C = CAUg./Qy,
in —natural arithmic scale), and b concentration variance
(V¢'? =\ ¢?AUg,;/Qy. in natural logarithmic scale), are shown in
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nearly uniform (well-mixed), which would be due to the
large turbulent intensity, thus breaking the scalar par-
cels and enhancing mixing. Far downstream of the cube
(x* > 0.5), the concentration decreases as the scalar dis-
perses into the wake region, which is also evident from the
wall-normal profiles (at Os) in Fig. 13c,f).

The spanwise concentration profiles in Fig. 13g,h,i from
the wind tunnel provides further insight into the lateral
scalar dispersion. Upstream of the cube at Of & Og (in
Fig. 13g), the concentration follows a nearly symmetric
Gaussian distribution. Downstream (O3, O3, 13i), the pol-
lutant spread is much broader than upstream, consistent
with the fact that the wake downstream enhances the lat-
eral mixing and spread. Now, another aspect to be noted
is the nearly similar wall-normal concentration inside the
cube in Fig. 13b,e, from both the wind and water measure-
ments. In addition, the concentration distribution and mag-
nitudes are nearly similar at different streamwise positions,
as seen from the profiles (/; to I5) in Fig. 13. Lastly, these
values in the center plane are closer to the wall-normal
profiles taken at spanwise offset positions (I, & I5). These
indicate a nearly well-mixed scalar distribution (volumet-
ric) in the indoor environment. In addition to these,
another notable characteristic would be the comparison of
scalar spread outdoor with and without the cube, shown in
Fig. 7, in terms of the standard deviations (O'E*J*, 0'5*’1*).
These were obtained previously from the spanwise and
wall-normal spread of the plume using Eqs. 3 and 4. As
noted from Fig. 7, ‘U_,y*’ increases by ~20% at upstream
(x* = —1) compared to the no-cube case, while it increases
by #100% downstream (x* = —1.5).

The concentration map

(Ve = V! !AUgy/Qs) is shown in Fig. 12b, along

with the wall-normal and spanwise profiles in Fig. 14.
These help us identify the regions where fluctuations in

variance

log\/7)

=

*
X

the center plane from water tunnel measurements. The area average
of the indoor ‘time-averaged concentration’ (C, ) is given in Table 3
(Appendix)
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Fig. 13 The wall-normal (z*) profiles of time-averaged concentration

(E* =Z‘AUR5f/QS), measured upstream to the model (a,d), inside
(b,e), and downstream (c,f), are shown from the water tunnel and

scalar concentration are most significant. Upstream of
the cube, say at O, (x* = —1.5) in Fig. 12b, the variance
is relatively higher compared to both indoor and down-
stream regions, which is also corroborated by the profiles
in Fig. 14a,d. Inside the cube, the variance remains low
and relatively uniform (Fig. 14b,e), except for the central
jet area. In the wake downstream, variance decreases even
further (Fig. 14c,f). The spanwise distribution from the
wind tunnel, presented in Fig. 14g—i, provides additional

wind tunnel measurements. Also shown in ‘(g,h,i)’ are the spanwise
(¥*) concentration profiles at different streamwise locations, from the
wind tunnel

insights into the lateral dispersion. Upstream (at 05, 03),
the variance exhibits a nearly Gaussian shape, whereas
at downstream (03, 0%), the variance follows a bi-modal
distribution.

When comparing the water tunnel and wind tunnel data
for the wall-normal profiles, their substantial similarities in
both the mean concentration and its variance clearly show
that the broad mechanisms governing the dispersions are
captured by both the measurement techniques, even though
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Fig.14 The wall-normal (z*) profiles of the variance, (b,e), and downstream (c,f), are shown from the water tunnel and
\/:2* = ) ) wind tunnel measurements. Also shown in (g.h,i) are the spanwise
c’® =\ '"AUg/Qs, of the instantaneous concentrations (¥*) concentration variance profiles, at different streamwise locations,

‘C* = CAUgs/ Qg measured upstream to the model (a,d), inside

the Schmidt number is different. This indicates that, for this
flow, turbulent mixing is more influential than molecular
mixing. The results also highlight the strength of both the
facilities and techniques in evaluating the dynamics of scalar
dispersion in urban flows.
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from the wind tunnel

3.4 Scalar time traces

We now focus on characterizing the scalar concentration
time traces. It may be noted that all the measurements are
performed after the flow and scalar field have reached a
statistically steady-state condition. Before we proceed, it is
first worth noting that the concentration time trace at any
location can be seen to consist of five distinct stages (‘I to
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‘V’), as illustrated in Fig. 15f. In the figure, the statistically
steady-state concentration in the stage ‘III’ is reached fol-
lowing an initial no scalar injection stage ‘I, and a scalar
build-up stage ‘II’ spanning from the beginning of scalar
development at #,; up to the time it takes to reach a statis-
tically steady-state concentration. Moving further in time,
stage ‘III’ ends as the scalar injection is turned off and then
follows an exponential decay (from f,,) in concentration in
stage ‘IV,” and then, the onset of stage ‘V’ after the scalar is
entirely flushed out. Among the five stages, our focus is on
stage III which governs long-term exposure, and then stage
1V which reflects the time scales associated with flushing out
of indoor pollutants.

3.4.1 Scalar time traces at inflow/outflow windows

We now characterize the scalar at the upstream (inflow to
the cube) and downstream (outflow) window openings. We
begin with the temporal scalar concentration variations from
the water tunnel measurements, as shown in Fig. 15a,b. To
capture the concentration at the inflow and outflow win-
dows, at each time instances, the measured concentration
values are averaged along vertical lines (spanning from
7 =0.325 - 0.675) positioned immediately upfront to
the inlet window (x* = —0.55) and downstream of the exit
window (x* = 0.55), as demonstrated by a schematic in

Fig. 15e. At the inlet, this line-averaged instantaneous con-
centration (C;* = C,AUg.;/Qy) in Fig. 15a shows that C;*
exhibits large fluctuations with sharp peaks and troughs over
time (+* = tUg./H). However, the peak C;* events are less
frequent due to the intermittent (inflow) bursts of pollutant
influx. Such characteristics are also evident from the prob-
ability distribution of C;* in Fig. 15¢, where the histogram
shows a right-skewed distribution with the majority of con-
centration values clustered around a lower range of C z* ~ 1,
indicating that low pollutant concentration parcel influx to
the window occurs more frequently. It may be noted that the
histogram is computed over stage ‘III’ as the statistically
steady-state concentration is attained.

Compared to the inlet, the fluctuations in Cl* at the outlet
are relatively smaller (in Fig. 15b), suggesting that the scalar
passing through the cube had already undergone a mixing
process inside the cube. This behavior is again reflected in
the histogram in Fig. 15d, showing a nearly Gaussian distri-
bution with a slight skew to the right. The clustering of C7,
however, is closer, indicating a more stabilized concentra-
tion range over time. These suggest that the scalar disper-
sion process increases the homogenization of the scalar as
the flow passes through the cube. This would be attributed
to a number of reasons, for example, larger fluctuations in
the velocity inside the cube (i.e., higher F, seen Fig. 10b)
help to better mix the concentration by breaking up the
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Fig. 15 The instantaneous scalar concentration (C; = C/AUg./Qs) is
shown with time (* = tUg.;/H) at the inlet window to the model (in
‘a’) and at the outlet window (in ‘b’). Here C, is the (dimensional)
instantaneous scalar concentration averaged over a line, as demar-
cated in blue (

) and yellow (

) for the inflow and outflow, respectively, as in the schematic
‘e.” Also shown are the corresponding probability distributions of CI*
in ‘c,d.’ These are from water tunnel measurements. f Schematic rep-
resenting the typical profile of scalar concentration against time and
the respective stages involved
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«Fig. 16 Time traces and probability distributions of the instantaneous
concentration (C*) are shown at nine different points within the cube,
comprising three vertical heights (z* = 0.25,0.5,0.75) across three
streamwise positions of: (a,b,c) x* = —0.25, (d,e,f) x* = 0, and (g,h,i)
x* = 0.25; these all are taken at y* = 0. These measurements are from
the water tunnel facility. Also shown is an exponential fit in the time
traces for concentration decay (black solid line,

). From the fit, the corresponding decay constant values have been

obtained and are shown in Fig. 19

large concentration scalar parcels. It may be noted that the
mean (time average) of C; at both the inflow and outflow

are nearly the same (E; ~ 1.2), as also indicated in Table 3

(Appendix), with some minor difference, possibly due to
some variations in the scalar concentration in the out-of-
plane direction. We will discuss these aspects related to sca-
lar concentration, mixing and out-of-plane inhomogeneity
in the following sections.

3.4.2 Scalar time traces at different indoor locations

To further understand the time-varying nature of indoor con-
centration, we present time traces and probability distribu-
tion of the instantaneous concentration (C*) at nine different
points indoors from the water tunnel measurements, as given
in Fig. 16. These measurement locations comprise three ver-
tical heights (z* = 0.25,0.5,0.75) across three streamwise
positions (x* = —0.25,0,0.25), all taken at y* = 0. These
positions encompass both the lower and upper recirculation
regions (R,,, and R,,), as well as the central (jet-like) area of
the cube’s interior. At the lowest vertical point of z* = (.25,
which corresponds to the near-ground recirculation region
(R,,,), the time traces in Fig. 16[a(i),d(i),g(i)] show some
intermittent bursts of concentration (in stage ‘/II’) at all
three streamwise locations (x* = —0.25, 0, 0.25).

The concentration fluctuation in the time traces in
Fig. 16[a(i),d(i),g(i)] indicates that the scalar is entrained
into the R, in an unsteady manner, with periods of low
concentration followed by an increase when parcels of the
scalar are transported into the region and vice versa. The
probability distributions in Fig. 16[a(ii),d(ii),g(ii)] again
confirm these observations, showing slightly skewed (to
the right) distributions, implying a strong likelihood of
low concentration values, however, with occasional larger
values. Comparing across the three streamwise locations
(x* = =0.25,0,0.25), the fluctuations are most pronounced
downstream at x* = 0.25 (in 16[g(i)]), also seen from
the relatively more skewed nature of the histogram in
Fig. 16[g(ii)]. Presently, for computing the histograms, the
values of C* corresponding to the statistically equilibrium
concentration region (stage /II) have been considered. It
is worth noting that, in addition to scalar exchange events

occurring across the recirculation zones (both upper and
lower) and the central region, there will also be out-of-
plane scalar transport, which also contributes to time-
varying scalar fluctuations.

In the vertical middle region (z* = 0.5), which corre-
sponds to the centerline in the core area of the oscillating
jet, the time traces in Fig. 16[b(i),e(i),h(i)] exhibit much
stronger fluctuations compared to those in R;,,, (z* = 0.25)
that have already been discussed. For a better compari-

—
son, the time-averaged concentration (C ) and the stand-

ard deviation of the instantaneous concentration (o.) are
shown in Table 3 for the different measurement points. The
large fluctuations in the central region can be attributed,
firstly, to the presence of intermittent large concentrated
scalar parcels within the jet region, and secondly, to the
significant fluctuations in velocity found in this area. The
most considerable concentration fluctuation occurs at
x = —0.25, which is closer to the inflow window (16e(i)).
At z* = 0.5, the histograms in Fig. 16[b(ii),e(ii),h(ii)]
show broader spreads compared to those seen in the
lower region at z* = 0.25. The most skewed distribu-
tions are observed near the inlet window at x* = —0.5.
Moving vertically, at z* = 0.75 in Rup, the time traces in
Fig. 16[c(1).f(i),i(i)] show reduced fluctuations compared
to the middle region and resemble those at z* = 0.25. It is,
however, worth noting that the concentration fluctuations
in R, are slightly lower than those in R;,,. This obser-
vation is again supported by the probability distributions
in Fig. 16[c(i1),f(ii),i(i1)], depicting relatively symmetric
distributions compared to R,

In summary, the contrast between the jet-dominated
central region (z* = 0.5) and the recirculation-dominated
lower and upper regions (z* = 0.25,0.75) reveals that the
central areas exhibit the strongest concentration fluctua-
tions. These fluctuations arise from periodic jet oscilla-
tions and the presence of intermittent, largely concentrated
scalar parcels, which lead to a broader and skewed proba-
bility distribution. In contrast, the upper and lower recircu-
lation regions experience relatively lower velocity fluctua-
tions and less frequent occurrences of large concentration
scalar intrusions from the jet region. As a result, these
regions have more symmetric concentration distributions.
Furthermore, the comparison across different streamwise
locations shows that the upstream region (x* = —0.25)
experiences more frequent bursts of high concentration. In
contrast, the downstream region (e.g., x* = 0, 0.25) follows
more sustained but lower-amplitude fluctuations. Overall,
these findings indicate that scalar transport within the cube
is heavily influenced by events such as the complex inter-
play between recirculation regions and oscillating jets.

The time traces discussed thus far correspond to meas-
urements conducted in the water tunnel. We now proceed
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with Fig. 17 presenting measurements from the wind tun-
nel facility. These measurements are at three wall-normal
locations of z* = 0.25, 0.5, and 0.75, measured at different
spanwise locations of y* =0, 0.25, and —0.25, all taken
along the streamwise center (x* = 0). We now compare the
time traces from the wind tunnel [Fig. 17a—c] and water
tunnel [Fig. 16d—f] measurements taken at (x*,y*) = (0,0).
Before beginning the comparison, it is worth noting that
in the water tunnel, a single long-duration measurement
(for stage ‘III’) was performed, comprising approximately

1500 instantaneous samples and spanning a window of
t* ~ 150-900. In contrast, in the wind tunnel, more than
ten shorter runs were conducted, each covering t* = 10
—180. In Fig. 17, the average over ten wind tunnel runs
is presented (black line), accompanied by a shaded band
indicating variability across runs (based on > 30,000
instantaneous samples). At z* = 0.25, the concentration
fluctuations in the wind tunnel (in Fig. 17a(i)) appear to
be marginally higher than those in the water tunnel (in
Fig. 16d(i)). However, the corresponding histograms in

Fig. 17 Time traces and prob- x*=0, y*=0 x*=0, p*=0.25 x#=0, y*=-0.25
ability distributions of the 8(a(w 2%=0.25 . (d(i)) z=0.25 (g(i)) z*=0.25
instantaneous concentration CT . T 8 T
. . — Fi
(C*) are shown at nine different 6 1 6 1 6 1
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Fig. 16d(ii) & 17a(ii) reveal that the concentration vari-
ance in the wind tunnel is narrower. Furthermore, the most
probable value in the wind tunnel occurs around C* = 0.75,
whereas in the water tunnel, it is around C* ~ 1.1. These
trends are consistent at other wall-normal locations of
Z* = 0.5and 0.75 (Figs. 16(e,f) and 17(b,c)), with the wind
tunnel exhibiting a comparatively narrower concentration
variance and the mean concentration C being slightly
lower than in the water tunnel. These relatively minor dif-
ferences between the two facilities may be attributed to
several factors, for example, the much extensive dataset
in the wind tunnel, as well as the lower Schmidt number
(Sc = 1), implying more mixing due to faster molecular
diffusion. In contrast, the higher Schmidt number in the
water tunnel (Sc ~ 2500 + 300) leads to slower molecular
diffusion and thus would result in comparatively lowered
mixing and, consequently, a broader concentration band-
width. Despite these subtle differences, it is important to
note that the overall trends and magnitudes of concentra-
tion, including its temporal evolution and spatial distribu-
tion, are in close agreement across both facilities.

3.4.3 Peak concentration

To gain understanding of high concentration events
indoors, we now discuss the peak concentration levels,
measured at different indoor locations as in Figs. 16
and 17. To define peak concentration, a new parameter,
Cgo = CogAUpgct/ Qs is introduced which is defined as the
concentration value that is exceeded 1% of the time (in
stage I11). For illustration, Cg, is marked in Fig. 18a show-
ing the probability distribution of C* at (x*, z*) = 0.25,0.25
in the spanwise center plane. In Fig. 18b, Cg, is further
plotted with z*, for different streamwise/spanwise (x*, y*)
positions. The figure shows larger peak concentrations
around z* = 0.5, and this is due to the presence of largely
concentrated scalar parcels in the mid-height regions. The
upper and lower recirculation regions exhibit relatively
lower Cgy, with the lower regions being slightly more sus-
ceptible to peak concentration exposure than the upper
one. To understand the peak concentration in connection
with the concentration fluctuations, Cyy is normalized by
the root-mean-square of the concentration variance (c,,,).
As can be seen in Fig. 18c, Cyy/c,,,, nearly collapses to be
broadly around =~ 5 — 6, in line with the previous studies
on indoor pollutant dispersions (e.g., Lim et al. (2024)).

3.4.4 Scalar mixedness

It may be noted that the time-resolved measurements dis-
cussed thus far have been limited to the streamwise x — z plane

situated at spanwise center (y* = 0). To obtain a more compre-
hensive understanding of the concentration within the indoor
volume, additional measurements were carried out at spanwise
offsets of y* = 0.25 and —0.25 (denoted as I, and I, see Fig. 5),
as given in Fig. 17(d-1). These figures present a comparison
between the two spanwise locations at various wall-normal
positions of z* = 0.25,0.5,0.75. The results indicate nearly
identical behavior in both the time traces and their correspond-
ing histograms across the two spanwise offset positions, show-
ing symmetry about the center plane. Now, looking into the
variations in the time traces of C* with z*, it is noticeable that
concentration fluctuations increase with z*, reaching a higher
value at mid-height. This trend is also reflected in the standard
deviation of instantaneous concentration values (o), as was
reported in Table 3. Notably, this vertical trend is consistent
with the wall-normal variations of time-varying C* observed
in the center plane (y* = 0) in Figs. 16 & 17a—c. Further-

—k
more, the time-averaged concentration (C ) at y* = 0.25 is

found to be nearly identical to those measured at the center
plane, which was previously noted in Fig. 13e (also given in
Table 3). Together, these observations suggest that the scalar
is nearly well-mixed spanwise (within the indoor volume). It
is worth noting that this is unlike the case of an indoor scalar
source reported recently by Biswas and Vanderwel (2024),
where significant out-of-plane variations, by a factor up to 20,
in the scalar concentration were noted.

3.4.5 Decay time scale

We now focus on another key parameter foWe now try under-
standing the scalar transport mechanisms based on tr assessing
ventilation effectiveness, the concentration decay time scale.
This metric is particularly important in indoor ventilation stud-
ies, as it quantifies the rate at which contaminants are removed.
In all time traces presented so far, it is observed that follow-
ing the statistically steady-state concentration in stage /11, the
concentration begins to decay (exponentially) in stage IV. In
this decay stage, we now quantify the rate of reduction in con-
centration across all time traces shown in Figs. 16 & 17, fol-
lowing an exponential fit:

C*(t) = C e~ Q)

Here C is the time-averaged concentration over stage ‘I11,
and 7, represents the decay constant, obtained via least-
squares fitting of the data in stage ‘IV’ using Eq. 5. The
resulting exponential fits are shown in Figs. 16 and 17, using
a solid black line (

)-fer-the water tunnel and a solid green line (
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) for viznd tunnel. The corresponding ‘z,’ values are plotted
in Fig. 19 and also summarized in Table 4. As seen in the
figure, 7, from wind tunnel measurements at different span-
wise positions (y* = —0.25, 0, and 0.25) exhibit a close col-
lapse, suggesting minimal spanwise variation for the decay
rate. Furthermore, 7, is observed to increase with going
downwards, as 7, 7#7%16 indicating a faster decay rate
near the floor and slower around the ceiling region thus a
longer exposure risk to contaminants. Also notable is that
the decay constants obtained from the water tunnel data
closely follow those from the wind tunnel, with only minor
discrepancies. These small differences are likely attributable
to the fact that in the wind tunnel, Eq. 5 was applied to the
ensemble-averaged C* (from ten runs), whereas in the water
tunnel, the fit was performed on a single run. Taken together,
the results from both experimental facilities consistently
indicate that contaminant removal is faster near the floor
and slower toward the ceiling. These insights would have
implications for the design and optimization of indoor ven-
tilation systems, offering guidance for improving air quality.
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3.5 Advective and turbulent flux

To gain deeper insight into scalar distribution, we now exam-
ine scalar transport in terms of two key components: the
advective flux, which represents the bulk transport of scalar
by the mean flow, and the turbulent flux, which accounts
for transport due to velocity and concentration fluctuations.
Figure 20 presents the spatial distribution of both advective
and turbulent scalar fluxes in the x — z plane along the span-
wise center (y* = 0), from water tunnel measurements. In
addition, Fig. 21 shows wall-normal profiles of scalar fluxes
at various streamwise positions: upstream of the cube (O,
0,), inside the cube (I}, I,, I5), and downstream (O,, Os), all
extracted from Fig. 20. The advective fluxes in Fig. 20a,b
quantify the transport of scalar by the mean velocity field
and are defined as C U/(CyUg.;) and C W /(CsUge). for the
streamwise and wall-normal directions, respectively; here
U and W are the time-averaged streamwise and wall-normal
velocity, C is the time-averaged scalar concentration, and
C; is the source concentration. In contrast with these, the
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Fig. 19 The decay constant 0.15 T
(1,4, from Equation 5) is plotted
with the corresponding vertical
location (z*), taken at different
streamwise/spanwise (x*, y*) 01F

positions

Td

0.05} @

0 0.25

turbulent fluxes in Fig. 20(c,d) represent transport due to the
variance in velocity and concentration. These are computed
as the time averages of the product of fluctuations, i.e., o’
and ¢'w’, where ¢’ = C — C, and «’ and w' are the velocity
fluctuations in the streamwise and wall-normal directions,
respectively. To help better interpretation, directional arrows
are used in Fig. 20: transport in the ‘+x’ direction is indi-
cated by a black arrow (—) and in the ‘—x’ direction by a red
arrow («); similarly, transport in the ‘+z’ and ‘-z’ direc-
tions are represented by (1) and (), respectively.

S = N W h wuX

1
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W

C U/CsUges

Water tunnel
o z=025
Wind tunnel
| | A y=-025
¢ v =0 } zr=0
v v =02
Ty X Z*—O.IG
0.5 0.75 1
Z*

We now try understanding the scalar transport mecha-
nisms based on the flux maps in Fig. 20. In the region
upstream of the cube, Fig. 20a shows that the scalar is pri-
marily transported by a (4)ve cuU /CsUg,s, showing the bulk
movement of scalar toward the cube. Simultaneously, a rela-
tively weaker (+)ve EW/ CgUpg, is evident in Fig. 20b, sug-
gesting transport in the ‘+z’ direction. Conversely, within
the upstream recirculation regions, (—)ve GE/CSURef
indicate reverse transport (in ‘—x’). These trends are also
clearly reflected in the wall-normal profiles presented in

(®) %107
1.50 1

iy
! S
N 0 g
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X

Fig.20 a Streamwise advective flux (Eﬁ/CSURef), b wall-nor-

mal advective flux (EW/CSURef), ¢ streamwise turbulent flux
(' [CyUgy), and d wall-normal turbulent flux (c’w’/CyUge),

shown from water tunnel measurements. These measurements are all
performed in the streamwise x — z plane along the spanwise center
position y* =0
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Fig.21 Wall-normal (z*)
profiles of (a—c) streamwise
advective flux (C U/ CyUgep)s
(d—f) wall-normal advective flux
(CW/CgUgy), (g-i) streamwise
turbulent flux (c’u/ /CgUgcy),
and (j-1) wall-normal turbulent
flux (¢'w' /CgUges), shown

at the upstream, indoor, and
downstream to the model, from
water tunnel measurements.
These profiles are extracted
from Fig. 20
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Fig. 21a—f. Further insight is gained from the turbulent flux
components shown in Fig. 20c,d, and their corresponding
profiles in Fig. 21g,j. A notable (—)ve W/CSUM and
(+)ve W/ CsUpg, indicate local mixing of the incoming
scalar due to velocity and concentration fluctuations.
Inside the cube, a strong (+)ve C E/ CsUpg,y 1s Observed
in the mid-height region (Fig. 20a), illustrating dominant
forward transport of scalar within the central jet-like flow.
Within this region, (—)ve W/CSUR‘,f indicate mixing,
contributing to the scalar homogenization inside the jet. As
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scalar parcels are advected through the core of the cube,
portions of them are likely entrained into the recirculation
regions via vertical transport, as was discussed earlier in
Fig. 11. This exchange is facilitated by ZW/ CsUpg,s, which
plays a critical role in mediating scalar transfer between the
jet and both the recirculation regions. The vertical exchange
is further enhanced by (+)ve ¢'w’/CsUy,;, particularly evi-
dent in Figs. 20d and 21k, which indicates upward turbu-
lent transport from the central jet into the upper recircula-
tion region. Collectively, these observations highlight the
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coupled roles of advective and turbulent processes in scalar
transport and distribution within and around the cube.

3.6 Outdoor versus indoor source: a comparison

We now present a direct comparison between the indoor and
outdoor source configurations, revealing similarities and dif-
ferences in the scalar dispersion and transport mechanisms.
In the indoor source case reported by Biswas and Vander-
wel (2024), the scalar is steadily released into the indoor
environment. The released scalar is initially entrained within
the lower recirculation region before being transported into
the central jet. As the jet advects the scalar downstream,
exchange of scalar occurs with the upper and lower recir-
culation regions, accompanied by re-entrainment from the
recirculation zones back into the jet. During these events,
pollutant removal is primarily governed by streamwise
advection in the central jet, while turbulent and wall-nor-
mal advective fluxes facilitate scalar exchange between the
recirculation zones and the jet. In the present outdoor source
case, the scalar is transported toward the cube within the
approaching turbulent boundary layer, dominated by stream-
wise advection, and enters the cube through the upstream
opening where the scalar inflow is seen to be intermittent.
A substantial fraction of the incoming scalar bypasses the
interior entirely due to flow separation around the wind-
ward facade. Once inside, the scalar follows redistribution
pathways similar to those in the indoor source case, with
scalar exchange between the jet and the upper and lower
recirculation zones promoted by turbulent and wall-normal
advective fluxes.

(a) Mean concentration
Indoor Outdoor

=1 =

(c) Advective flux (streamwise)
Indoor Outdoor

| ‘ ‘ | ; ‘ ‘ | +Tve
i - > Ls. Oi

Increasing —»

The spatial concentration fields exhibit substantial dif-
ferences between the two cases. For the indoor source, the
indoor scalar is seen to occur primarily within the recir-
culation zones (Fig. 22) and is strongly inhomogeneous
both streamwise and spanwise. In contrast, for the outdoor
source, the indoor scalar concentration is nearly homoge-
neous, indicating better mixing as compared to the indoor
case. The concentration variance is seen to be more pro-
nounced in the central jet region due to intermittent large
scalar parcel inflow events. Following source turning off,
the indoor concentration decay rates are nearly identical
for both cases (x e~%%"), indicating similar ventilation-
driven pollutant flushing.

A comparison of the scalar flux terms shows that the
streamwise and wall-normal advective fluxes show simi-
lar patterns in both cases, dominated by transport within
the central jet. However, the turbulent counterparts are
seen to be different. For the indoor source, the strongest
streamwise and wall-normal turbulent fluxes occur at the
interfaces between the jet and recirculation zones, whereas
for the outdoor source, turbulent transport is concentrated
within the jet core, associated with intermittent scalar
inflow events.

These demonstrate that while both source configurations
share common redistribution pathways once the scalar enters
the cube, differences in source location lead to distinct pat-
terns of concentration distribution, variance, and the spatial
organization of turbulent transport. Such differences empha-
size the need to account for source location and the relative
roles of advective and turbulent processes when modeling
indoor pollutant exposure.

(b) Concentration variance

Indoor Outdoor
g
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(d) Turbulent flux (streamwise)
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Fig.22 A qualitative comparison between indoor and outdoor source cases, for time-averaged: a concentration, b concentration variance,

¢ streamwise advective flux, and d streamwise turbulent flux
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4 Summary and conclusion

In urban environments, pollutant ingress from outdoor
sources poses a significant challenge to indoor air qual-
ity. Cross-ventilation, while essential for passive cooling
and natural airflow, can also facilitate the entry of outdoor
contaminants into indoor spaces. To gain insight into the
outdoor—indoor transport of pollutants in such complex
settings, experimental investigations were conducted
using an idealized model, namely, a hollow cube repre-
senting a scaled-down building, equipped with upstream
and downstream window openings, and subjected to an
upstream, ground-level passive scalar source. Experiments
were carried out in two distinct facilities: a large-scale
water tunnel at the University of Southampton, employ-
ing Rhodamine dye as a passive scalar (with Schmidt
number Sc ~ 2500 + 300), and the EnFlo wind tunnel at
the University of Surrey, using propane gas as the scalar
(Sc =~ 1). In both facilities, the hollow cube was placed
within an atmospheric boundary layer. The incoming flow
Reynolds number was fixed at Re = UquH/v ~ 50,000,
with a boundary layer thickness-to-building height ratio
of approximately 3. The primary objective was to charac-
terize the mean and transient behavior of the scalar field
in both outdoor and indoor environments, captured using
(simultaneous) planar laser-induced fluorescence (PLIF)
and particle image velocimetry (PIV) in the water tunnel,
and flame ionization detection (FID) and laser Doppler
anemometry (LDA) in the wind tunnel.

After being introduced upstream of the model, the sca-
lar is subsequently transported primarily by streamwise
advective flux. Concurrently, a comparatively weaker
wall-normal advective flux facilitates its transport in the
vertical direction. Throughout this, turbulent fluxes play a
role in promoting local mixing of the scalar. As the scalar-
laden flow approaches the cube, a portion of the scalar
is entrained into the cube through its upstream opening,
while the majority circumvents the cube. Within the cube,
scalar transport is dominated by a strong advective jet-
like flow traversing its midsection. In this central region,
turbulent fluxes contribute to scalar homogenization and
mixing. Simultaneously, interaction between the jet and
the upper and lower recirculation zones (near the roof
and ground, respectively) enables scalar exchange across
these regions. Some scalar is entrained from the jet into
the recirculation zones, while scalar previously trapped
in these regions is re-entrained into the jet. Within the
recirculation zones themselves, scalar transport is gov-
erned primarily by advective fluxes, whereas the exchange
between these zones and the central jet region is facili-
tated by both wall-normal advective and turbulent fluxes.
These continuous exchange processes collectively enhance
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scalar mixing within the cube. Overall, the observations
underscore the coupled roles of advective and turbulent
mechanisms in governing scalar transport and distribution
within and around the cube.

Upon further analysis of the spatial distribution of scalar
concentrations indoors, it is observed that the mean (time-
averaged) concentration, an indicator of long-term exposure
levels, is nearly uniform, indicating a well-mixed environ-
ment within the indoor space. This uniformity contrasts with
our recent study involving an indoor scalar source (Biswas
and Vanderwel 2024), where we reported significant spatial
variations in scalar concentrations within the indoor vol-
ume, by a factor of up to 20. In addition to analyzing time-
averaged concentrations, it is also crucial to investigate the
time-varying dynamics of concentration. Upstream of the
cube (outdoor), we observe intense fluctuations in concentra-
tion, characterized by sharp, intermittent peaks. These peaks
represent sporadic scalar parcels carried by the incoming air-
flow. Similar fluctuations are noted at the inflow window of
the cube. Inside the cube, the central area dominated by jets
experiences the most significant concentration fluctuations,
driven by jet oscillations and the presence of intermittent,
highly concentrated scalar parcels. In contrast, the upper and
lower recirculation regions show relatively lower concen-
tration fluctuations due to reduced velocity variations and
fewer large scalar intrusions from the jet region. Moreover,
the fluctuations observed downstream inside the cube and at
the outflow window are comparatively lower, indicating that
the scalar passing through the cube has undergone a mixing
process within it.

In addition to the time trace at different locations, the
occurrence of the indoor peak concentrations at these loca-
tions is also essential. The ratio of the indoor peak concen-
tration to the concentration fluctuation’s mean-square-root
(Cog/c,s) 1s seen to be & 5 — 6, analogous to the previous
studies on indoor dispersions. In the concentration time
traces, another important aspect would be the concentra-
tion (exponential) decay as « e~%!", which is followed as
the source is turned off. The decay constant, 7,, is seen to
scale with wall-normal height, as 7, « z*_o‘lf’, thus showing
a slower concentration decay rate (smaller z,) in the upper
recirculation region (near the ceiling), and hence indicating
a longer exposure risk. These observations are important for
understanding peak exposure risks and the corresponding
exposure time scales in long-time periods, in the context of
ventilation effectiveness.

The current results regarding flow fields, mean and time-
varying scalar dynamics, and the time scale of the scalar
are largely consistent across both facilities, with only minor
differences observed. These differences can be attributed to
factors such as the significantly larger dataset available in the
wind tunnel. Despite subtle differences, the overall trends and
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Table 3 TI}e time-averaged Placement Co-ordinate ‘Water Wind ‘Water Wind
concentration values at: . .
different measurement points Oc Oc-
fﬁe)t ;;%eoizf;?aiijé‘;ze =025, =025 13140013 L11£0.001 0344001  0.35+0.008
(a*), and averaged over the x*=-0.25, 7*=0.50 1.06+£0.041  0.79+0.001 1.27+0.11 0.36+0.009
entire indoor area (C_/;‘)’ are x*=-0.25, 7*=0.75 1.11+0.011  0.94+0.0006  0.31+0.02 0.194+0.002
shown. Also shown are the x*=0, z"=0.25 1.26+0.014  0.98+0.002 0.39+0.02 0.65+0.017
standard deviations (o, ocs Indoor x*=0, z*=0.50 0.96+0.03 0.624+0.002 0.84+0.07 0.63+0.018
and oc,.) for the respective (y*=0) x*=0, 7°=0.75 11240016  0.82£0.0006 0464009  0.21+0.003
gﬁ?ﬁggsc??ﬁ?gamns =025, 7°=0.25 12740018  1.09£0.0008  0.52+0.03  0.34+0.008
standard error associated with x*=0.25, 7=0.50 1.02+0.021  0.75+0.001  0.64+0.05  0.40:0.010
these measurements (from x*=0.25, 7"=0.75 1.10+0.012 0.94+0.0004 0.35+0.02 0.23+0.005
bootstrapping) is also shown x*=0, 7°=0.25 - 091+0.001 - 0.34+0.008
Indoor x*=0, z*=0.50 - 0.86+0.001 - 0.41+0.010
(y*=0.25) x*=0, z*=0.75 - 0.86+0.0005 - 0.23+0.005
x*=0, z=0.25 - 0.91+0.001 - 0.35+0.008
Indoor x*=0, z*=0.50 - 0.81+0.001 - 0.36+0.009
(y*=-0.25) x*=0, z*=0.75 - 0.81+0.0006  — 0.19+0.002
C_A* C_A* o, oc,
Indoor Area average 1.09+0.011 - 0.32+0.012 -
a* a* o, o
Inlet (y*=0) x*=-0.55, 7*=0.325-0.675  1.24+0.04 - 1.18+0.05 -
Outlet (y*=0)  x*=0.55, z*=0.325-0.675 1.15+0.019 - 0.52+0.03 -
Table 4 . The de'cay const.ant, Placement Co-ordinate Water tunnel Wind tunnel
7,4, obtained using Equation 5,
is shown for different indoor Ta Ta
pessrenen ocaions. The oowmoon -
instantaneous concentrations x'=-0.25, 2%=0.50 0.113+0.016 -
measured: at different points x*=-0.25, 7*=0.75 0.039+0.002 -
(C*for y* = 0,0.25, ~0.25); for x*=0, 7'=0.25 0.056+0.003 0.078+0.0003
concentration averaged over Indoor (y*=0) x*=0, 7=0.50 0.062:0.004 0.065+0.0003
indoor area (C%, in x — z plane
at y* = 0); and line-averaged =0, 7°=0.75 0.042£0.002 0.05520.0001
(Cl* at y* = 0, at inlet/outlet) x*=0.25, z"=0.25 0.051+0.003 -
x*=0.25, z*=0.50 0.05+0.005 -
x*=0.25, z*=0.75 0.037+0.002 -
x*=0, z"=0.25 - 0.070+0.0001
Indoor (y*=0.25) x*=0, z'=0.50 - 0.058+0.0001
x*=0, z*=0.75 - 0.057+0.0001
x*=0, z"=0.25 - 0.071+0.0001
Indoor (y*=-0.25) x*=0, z'=0.50 - 0.063+0.0001
x*=0, z*=0.75 - 0.057+0.0001
Indoor (y*=0) Area average 0.037+0.002 -
Line average at inlet/outlet
Inlet (y*=0) x*=-0.55, 7*=0.325-0.675 0.048+0.002 -
Outlet (y*=0) x*=0.55, 7°=0.325-0.675 0.102+0.010 -

magnitudes of concentration, including its temporal evolu-
tion and spatial distribution, align closely across both facili-

ties, despite the substantial difference in Schmidt number

(Sc) between water and air. This indicates that the turbulent
mixing dominates over molecular diffusion in such flows.
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Based on the current findings, several possibilities for
future research can be followed: » The existing model featur-
ing a centered single window can be further modified to reflect
more realistic building designs. * Modifications to the posi-
tions of the inlet and outlet windows would significantly alter
the indoor airflow patterns, thereby impacting the dynamics of
scalar. « Future investigations could also explore scalar injec-
tion from elevated sources. * The present results will contrib-
ute to future research exploring additional parameters such
as buoyancy within more complex geometric configurations.

Overall, this study provides valuable insights into the flow
characteristics and mechanisms of passive scalar transport in
both indoor and outdoor environments under cross-ventilation,
improving our understanding of pollutant exchange, distribution
patterns, peak concentrations, and flushing time scales. While
real buildings and urban environments involve greater geomet-
ric complexity and a wider range of boundary conditions, the
present results can inform reduced-order models and param-
eterizations for larger-scale urban dispersion studies. The identi-
fied scalar transport pathways, such as the jet core, recirculation
regions, and bulk and turbulent transport, can be incorporated
into simplified ventilation and pollutant exchange models, while
quantitative metrics, including decay constants, flushing time
scales, and peak-to-mean ratios, offer benchmarks for validating
and calibrating LES/DNS, RANS-based ventilation simulations,
and dispersion models. In addition, the observed exponential
relationship governing the infiltration process provides a frame-
work to analyze the lag between outdoor and indoor concentra-
tions and to support source apportionment in real-life scenarios.
Collectively, these mechanisms and underlying physics can
serve as a baseline for extending insights to more complex con-
figurations, including multi-room buildings, thereby enhancing
the applicability of the present findings.

Appendix A

This appendix contains two supplementary tables which pro-
vide extended data related to the main results. These have
also been referred to in the main text.
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