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ABSTRACT
Understanding how turbulent processes disperse air pol-

lution inside buildings is crucial for urban planning and occu-
pancy comfort. Driven by this motivation, the present work
investigates an idealization of the indoor-outdoor exchange of
a passive scalar pollutant in an urban environment, namely,
flow-through an isolated hollow cube, a scaled-down (about
40:1) model building immersed in a turbulent boundary layer,
with windows in the upstream and downstream faces of the
cube. Presently, two cases are investigated where the first
one involves an indoor ground-level passive scalar source, and
the second one has an outdoor ground-level source placed
upstream to the model, with both being studied for a fixed
Reynolds number (Re=URe f H/ν) of ≈20,000; here URe f is
the incoming flow velocity at the cube height (H) measured
without the cube. The experiments take place in a recircu-
lating water tunnel where Planar Laser-induced Fluorescence
(PLIF) measurements are performed to capture the mean and
transient behaviours of a scalar and Particle Image Velocime-
try (PIV) to capture the velocity fields, with these two being
performed simultaneously. Changing the source position sig-
nificantly alters the scalar transport and distribution inside the
model. The indoor injection case shows scalar accumulation
in re-circulation flow regions near the top and bottom walls in-
side the cube, while in the outdoor case, a relatively uniform
scalar buildup within the cube is observed. These differences
are found to be due to the distinction between the two cases in
the advective and turbulent scalar transport mechanisms. The
insights from the present results can significantly contribute
to our understanding and modelling of pollutant(s) exchange
between indoor and outdoor environments in intricate atmo-
spheric boundary layer conditions.

INTRODUCTION
In urban environments, pollutants originate from both in-

door and outdoor sources, posing a threat to human health
(Hanna, 2003; Blake & Wentworth, 2023; Mulcahy, 2023).
Numerous studies focused on understanding flow patterns and
the spread of pollutants in both outdoor settings (Robins, 2003;

Meroney, 2004; Li et al., 2006; Tominaga & Stathopoulos,
2013; Blocken et al., 2013; Lim et al., 2022) and indoor spaces
(Holmberg & Li, 1998; Zhang & Chen, 2006). The outdoor
dispersion studies have ranged from simple configurations,
such as the flow and dispersion over a simple cube (Oke et al.,
2017; Wang et al., 2006), to more intricate scenarios involv-
ing the flows over an array of cubes (Vanderwel & Ganap-
athisubramani, 2019) and realistic clusters of buildings (Lim
et al., 2022; Xie et al., 2008). Additionally, significant ef-
forts have been directed towards comprehending flow patterns
and dispersion within indoor environments (Lim et al., 2024;
González-Martı́n et al., 2021; Posner et al., 2003; Ai & Mak,
2016). However, the existing body of literature exhibits a no-
ticeable absence of investigations into cross-ventilation cou-
pled with indoor and/or outdoor dispersion sources. To ad-
dress this gap, the present work experimentally investigates an
idealization of a cross-ventilating flow through a model build-
ing, namely, flow through a hollow cube with two ground-
level pollutant sources, with the first one being inside the
cube (case A) and the second one placed outside (case B) up-
stream of the model, with these two cases being studied sepa-
rately. Presently, simultaneous Planar Laser-Induced Fluores-
cence (PLIF) and Particle Image Velocimetry (PIV) measure-
ments are employed to characterize the indoor-outdoor trans-
port of the scalar.

A large number of studies emphasised the critical role of
cross ventilation for ensuring a healthy indoor environment
(Finnegan et al., 1984; Van Hooff & Blocken, 2010). A few re-
cent studies reported flow through a hollow building under at-
mospheric boundary layer conditions. For instance, Kosutova
et al. (2019) conducted a study involving airflow through a
cuboid-shaped building. They reported the flow characteristics
inside the building for various window placements relative to
the building’s floor. Along similar lines, some qualitative mea-
surements of the indoor scalar concentration were reported by
Tominaga & Blocken (2016). However, it is worth noting that
these studies, while valuable in shedding light on the flow pat-
terns and turbulence statistics, notably lack simultaneous mea-
surements of both the flow field and scalar quantities, which is
crucial for quantifying indoor-to-outdoor scalar transport. To
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Figure 1. The experimental setup employed in this study is illustrated in the diagram. A hollow cube representing a model building
was placed on a false �oor assembly, which was af�xed to the glass �oor within the �ume test section. The cube faced the incoming
rough-wall boundary layer generated by a series of roughness blocks mounted on the false �oor upstream of the test section. Individual
scalar (dye) sources were implanted on the building's �oor, both inside and upstream of the model. Simultaneous measurements using
Planar Laser-Induced Fluorescence (PLIF) and Particle Image Velocimetry (PIV) were performed in the stream-wise centre plane (x-y
plane), passing along the building centre and the source. The dye injection took place through a 5 mm ori�ce �ush-mounted at the
centre of the model (x=0, in caseA) and upstream to the model (x=-6.5H, in caseB), as highlighted in red.

Figure 2. Schematic depicting the three-dimensional view of
the hollow building model employed in the present study. All
dimensions are presented in millimetres.

bridge this gap, the present work investigates �ow through a
hollow cube submerged inside a rough-wall turbulent bound-
ary layer, with simultaneous PLIF and PIV measurements cap-
turing both the velocity and concentration �elds. This paper
presents an analysis of simultaneous �ow and dispersion pro-
cesses for a cross-ventilated generic building con�guration.

EXPERIMENTAL METHODOLOGY
Building model

The model building is a transparent acrylic cube with a
height (H) of 100 mm and a wall thickness of 8 mm, as il-
lustrated in Fig. 2. The cube features two opposing open-
ings (windows) on the windward and leeward facades, each
measuring 35 mm� 35 mm, resulting in a facade porosity
of approximately 10%, resembling the con�guration used by
Kosutovaet al. (2019). The scale of the model, relative to a
typical single-storey building in the UK, ranges from 30:1 to
45:1, consistent with prior research (Limet al., 2024; Richards

et al., 2007). In the indoor-injection case (caseA), the passive
scalar (Rhodamine 6G dye) was injected from the centre of
the bottom �oor of the building, as depicted in Fig. 1, while in
the outdoor case (caseB), the dye was injected 6.5H upstream
to the model's centre (x=0). Despite the same �ow conditions
in A andB, substantial variations in scalar transport and dis-
tribution within the model were observed due to the altered
positions of the scalar source, as will be discussed.

Water tunnel setup
The experiments were performed inside the Recirculating

Water Tunnel (RWT) facility at the University of Southamp-
ton's Boldrewood Campus, having a test section of 8.1 m in
length, 1.2 m in width and 0.9 m in height. The water depth
was maintained at 0.6 m throughout the experiments. The hol-
low cube was mounted on the false �oor placed on the test
section's glass �oor. The condition of an atmospheric tur-
bulent boundary layer was obtained using a series of rough-
ness blocks placed upstream as shown in Fig. 1 (for details,
see Limet al. (2022)). Throughout all the experiments, the
freestream velocity was kept �xed at 0.25 m/s with the cor-
responding building Reynolds number being about 20,000;
here,Re= URe fH=n, whereURe f is the streamwise velocity
at building height,H, measured in the absence of the building.
The presentReis kept larger than the critical Reynolds num-
ber threshold of about 5000-10,000 (for buildings) to ensure
Reynolds number independence and thus will reproduce the
turbulence characteristics of a full-scale �ow (Plate, 1999).

Scalar and velocity measurements
The two-dimensional maps of the velocity (U) and the

scalar concentration (C), within and outside the building, were
captured simultaneously through Particle Image Velocimetry
(PIV) and Planar Laser-Induced Fluorescence (PLIF), respec-
tively, in the streamwise plane (x-y) along the centreline of the
building and also aligned with the source location, as shown
in Fig. 1. The experimental setup facilitated the injection of a
neutrally buoyant solution of Rhodamine 6G �uorescent dye at
the �oor within the cube and upstream to the cube, essentially
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Figure 3. Characterization of the incoming �ow atRe of
20,000, is shown in terms of the: (a) normalized mean stream-
wise velocity (U=URe f) along the wall-normal direction (y=H),
and (b) mean stream-wise velocity in linear-logarithmic scale
(u+ vs. y+ ). These base �ow measurements were taken in the
water tunnel test section without the cube.

replicating ground-level point sources of a passive scalar with
negligible effects on the �ow (see Lim & Vanderwel (2023)).
The aqueous solution of the dye had concentrations (CS) of
1 mg/L and 100 mg/L, for casesA andB, respectively, and
was injected at a constant �ow rate of (Qdye) of 7 mL min� 1

through a thin tube connected to the building �oor (see Fig.
1). The higherCS in B was chosen to ensure a better signal-
to-noise ratio downstream where the model is positioned. The
local dye concentration (C) was determined from the �uores-
cence intensity following a calibration procedure, and the de-
tails can be found in the recent study by Limet al. (2022).
The dye Schmidt number was 2500� 300, indicating a much
higher momentum diffusion rate than the scalar diffusion rate
(Vanderwel & Tavoularis, 2014).

For PIV measurements, the �ow was seeded with 50mm
polyamide particles. In both PIV and PLIF, a 100 mJ Nd:YAG
double-pulsed laser with a 532 nm emission wavelength pro-
vided illumination. Two cameras were equipped with appro-
priate �lters to distinguish PIV and PLIF signals. The PIV
post-processing utilized LaVision DaVis 10 software, while in-
house codes were employed for PLIF post-processing (Lim &
Vanderwel, 2023). The �ow �eld, illuminated at 10 Hz, was
captured at a spatial resolution of 0.18 mm/pixel. To ensure
the convergence of time-averaged statistics, 2000 pairs of im-
ages were processed in DaVis 10. A 4-pass interrogation win-
dow, ranging from 128� 128 to 24� 24 with a 50% overlap,
was employed to maintain a high correlation (see Lim & Van-
derwel (2023) for additional PIV processing details). The si-
multaneously measured velocity and concentration �elds were
integrated into a uni�ed coordinate system, enabling the calcu-

Figure 4. Time averaged (a) vector map overlaid with
streamwise velocity (U=URe f), and (b) in-plane streamwise
component of turbulent kinetic energy(u0u0=U2

Re f), at Reof
20,000.

lation of joint velocity-concentration statistics. The measure-
ment uncertainty for these joint statistics was kept below 10%.

Boundary layer characterization
Before beginning experiments involving the cube, the in-

coming boundary layer was characterized without the model in
the test section. In �gure 3, the wall-normal (y=H) pro�le of
the mean stream-wise velocity (U=URe f), and velocity pro�le
in linear-logarithmic scale (u+ vs. y+ ), are shown; here,U is
the mean stream-wise velocity,u+ is calculated asU=ut , and
y+ is the wall-normal co-ordinate in logarithmic scale=yut =n.
The boundary layer thickness (d) based on the 0.99U¥ cut-off
for U was about 200 mm. The friction velocity (ut ) was esti-
mated following the total stress method from the square root
of the peak of the Reynolds shear stress (Walker, 2014). It
can be noted that the friction Reynolds number, de�ned here
asRet = ut d=n, was about 4600.

RESULTS AND DISCUSSIONS
Velocity �eld

Turbulent �ows around geometric structures such as
cubes are characterized by phenomena like separation, re-
circulation, and vortex shedding. Introducing openings in such
con�gurations results in an internal �ow that is unsteady in na-
ture. In the present con�guration, the internal �ow involves a
jet penetrating the cube and two re-circulation regions (Rup,
Rlow) adjacent to the upper and lower walls, as delineated by
dashed (in magenta) closed contours in Fig. 4(a). Outside the
cube, we observe re-circulation regions, with the �rst one be-
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