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Wind tunnel measurements of indoor air quality
in a building with natural cross-ventilation
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In recent years, there has been an increase in indoor air quality studies in buildings, which examine minimum requirements to reduce
the probability of respiratory disease transmission. These studies are primarily conducted in existing buildings, with fewer evaluations of
generic geometry buildings in wind tunnels. These experimental studies are valuable, among other things, for validating numerical models of
Computational Fluid Dynamics (CFD). This study employs the experimental technique of electron capture detection to obtain the distribution
of a tracer gas throughout the interior volume of a scaled building with cross-ventilation in a modelled atmospheric boundary layer flow. The
building is considered isolated (without neighbors) and features windows at the same bottom height of the windward and leeward facades. A
facade porosity (the ratio of area between the window and the facade) of 10% is considered. Maintaining geometric and dynamic similarity,
the results are scaled based on a building height of 2.8 m and an incident wind velocity at the building height of 0.85 m/s. Under these
conditions, the values of air exchange rateI = 0.0167 s−1, nominal timeτn = 60 s, and 60 air changes per hour (ACH) are calculated. It
is anticipated that the concentration results presented in this study will be utilized in future validations of CFD models.
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1. Introduction

In the recent context of the COVID-19 pandemic, due to the
spread of the SARS-CoV-2 [1], experimental studies on in-
door air quality (IAQ) in buildings have increased. The trans-
mission of respiratory diseases is attributed to three factors:
contact with infected surfaces, short-term droplet transmis-
sion, and long-term airborne transmission [2]. The latter is
the primary focus of ventilation studies in buildings, aiming
to determine the minimum indoor air renovations to reduce
the probability of transmission [2].

For educational buildings, a minimum of six air changes
per hourACH [1/h] has been established, as recommended
by Harvard University School of Public Health [4] and the
Lancet COVID-19 Commission [5]. In Mexico, the construc-
tion regulations of Mexico City [6] also recommend the same
value without distinguishing between the use of natural or
mechanical ventilation. The risk of SARS-CoV-2 infection,
estimated using the Wells-Riley model, is less than 1% when

a face mask is used and6.5 ≤ ACH. Without a face mask,
the risk remains below 1% only for22.0 ≤ ACH [7].

Natural ventilation (NV) is a bioclimatic design strategy
used to achieve hygrothermal comfort in warm climates or
seasons [8,9]. NV is also recommended for achieving healthy
values of IAQ by removing carbon dioxide, bad odors, and
infectious particles [10,11]. NV is generated by the pres-
sure difference between openings (windows and doors) on
the building facades [12,13]. Wind-driven NV, resulting from
wind incidence, is studied using a scale model of the build-
ing in a wind-tunnel [14]. In the latter study, the building
is considered isolated (without neighboring buildings), with
windows located on two different facades (adjacent or op-
posite). The size and location of the windows are varied
and the indoor velocity distribution in different planes is ob-
tained. This experimental study is used for validating Com-
putational Fluid Dynamics (CFD) numerical models [15-17].
Recent IAQ studies utilizing CFD simulations, where the in-
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FIGURE 1. Experimental set-up: a) scheme of the wind-tunnel, the tracer gas injection, and the concentration measurements; based on [22];
b) view of spires, trips and roughness elements in the wind-tunnel; c) scheme of the building model with different cross-ventilation configu-
rations; d) view of the building model in the wind-tunnel.

door air renovation is calculated, are validated using experi-
mental data of velocity [18,19] and pressure [20].

Two NV studies have focused on obtaining the indoor dis-
tribution of a tracer gas in buildings with cross-ventilation
in wind tunnels. Both studies test windows on opposite fa-
cades, with the tracer gas source located at the floor of the
building. The first study [21] considers a geometry similar
to that of [14], with windows at the center of the windward

and the leeward facades, and the source of the tracer gas is
a point at the center of the floor. The authors report the dis-
tribution of the tracer gas in the vertical streamwise central
plane. The second study [22] considers a cubic geometry
with vertical and elongated windows at the center of the lat-
eral facades. This study employs a homogeneous source of
the tracer gas across the entire floor. The indoor distribution
of the tracer gas in the entire indoor air volume is measured
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and the value ofACH is reported. Both studies could be uti-
lized for the validation of CFD simulations considering the
same input conditions of the experiment.

The present wind tunnel measurements apply the method-
ology reported by [22] to obtain the tracer gas distribution
in the entire indoor air volume of a building with cross-
ventilation. TheACH calculation is also provided. The
building geometry from [14] is adopted. The building is iso-
lated, and the wind is perpendicular to the windward facade.
The windows are located at the bottom height of the wind-
ward and leeward facades. The tracer gas injection occurs
within the frame of the windward window (Fig. 1). The ex-
perimental methodology is detailed in Sec. 2, the evaluation
parameters are provided in Sec. 3, the results and the analysis
are presented in Sec. 4, and in Sec. 5, the conclusions and
future work are outlined.

2. Experimental methodology

2.1. Wind-tunnel

The measurements are conducted in an atmospheric bound-
ary layer wind tunnel in the Laboratory of Building and Envi-
ronmental Aerodynamics at the Karlsruhe Institute of Tech-
nology (KIT) [Fig. 1a)]. The wind tunnel has a test section
of 2 × 1 m2 (width × height). The ceiling of the wind tun-
nel can be adjusted to achieve a zero gradient of the pres-
sure in the streamwise direction (δp/δx = 0). To generate
an atmospheric boundary layer in the test section, a series
of flow straighteners (honeycomb), Irwin-type vortex gener-
ators (spires and trip), a horizontally ground-mounted trip-
ping device, and 6 m of fetch covered with roughness ele-
ments of 2 cm of height are used [Fig. 1b)]. The atmospheric
boundary layer was characterized, mean velocityu(y) [m/s]
and turbulence intensityI(y) [-] profiles were reported [22].
The present work uses this characterization to estimateu(y),
considering a different building heightyref and free stream
velocityu∞. The functionu(y) is estimated using:

u(y) = uref

(
y − d

yref

)α

, (1)

whereuref is the reference velocity,d = 0 is the displace-
ment thickness, andα = 0.28 is the power law exponent (ur-
ban region). The value ofu∞ = 10.00 m/s is measured at the
boundary layer heightδ = 0.5 m. Therefore, atyref = 0.28 m
the valueuref = 8.51 m/s is calculated. Figure 2 shows the
experimental profiles ofu(y) andI(y) taken from [22].

The reference timetref is calculated using:

tref =
yref

uref
, (2)

thereforetref = 0.033 s.
The building Reynolds numberReb [-] is calculated us-

ing:

Reb =
urefyref

ν
, (3)

FIGURE 2. Experimental profiles of normalized velocityu/uref

and turbulence intensityI. Taken from [22].

whereν = 1.57 × 10−5 m2/s is the kinematic viscosity of
the air. A value ofReb = 1.52 × 105 is calculated, ensuring
independence with regards toReb [23].

2.2. Model of the building

A building model with cross-ventilation and various configu-
rations of the windows is designed for wind tunnel measure-
ments of IAQ. The model is manufactured using transparent
acrylic. Figure 1c) shows a sketch of the model, and Fig. 1d)
shows an image of the model in the wind tunnel. The external
dimensions of the model are0.35 × 0.35 × 0.28 m3 (width
× length× height). A facade porosityP [-] (ratio of window
to facade area) of 0.10 is considered. Thus, the dimensions
of the windows are0.161× 0.063 m2 (width× height). The
window on the windward facade is fixed at a bottom position,
at a height ofy = 0.0525 m (lower edge of the window).
On the leeward and right-adjacent facades, windows can be
opened or closed at both bottom and top positions, the latter
at a height ofy = 0.1645 m (lower edge of the window),
using caps, allowing for different cross-ventilation configu-
rations using the same building model. In this work, the bot-
tom window on the leeward facade is considered. The model
represents a building at full scale. The experiments maintain
geometric and dynamic similarity with the full scale. The
scale factor between the full-scale building and the model is
10:1. The reference velocity at full scale is determined by
maintaining the same Reynolds number,Reb.

A plenum chamber is used for tracer gas injection in front
of the building model (windward facade). The chamber has
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FIGURE 3. Methodology to obtain contour plots ofC∗: raw-measured data, piece-wise polynomial parametric interpolation, and averaging
in symmetric points. Example for a horizontal plane.

a thickness of 0.0210 m, which is included in the external
length of the building model. A mixture of pressured air (car-
rier gas) and sulfur hexafluoride (SF6, tracer gas), is injected
into the airflow in the window frame using a set of 44 nee-
dles [Fig. 1d)]. The needles have a length of 0.0400 m and
an inner diameter of 0.0006 m, with a distance of 0.0050 m
between them.

The roof of the model building has 25 equidistant holes
(0.0650 m apart), distributed in five lines of five holes from
right to left [Fig. 1c)]. These sealable holes are used to insert
a probe for the concentration measurements [Fig. 1d)]. Each
hole has a diameter of 0.0045 m.

2.3. Tracer gas concentration measurements

The tracer gas constant injection method is employed [24].
The indoor distribution of the concentration in a steady state
is obtained using the experimental technique of electron cap-
ture detection (ECD) (model: Meltron LH 108) [Fig. 1a)]. A
mixture of pressured air andSF6 with mass flows of 700 and
24 cm3/min, respectively, is controlled using MKS Flowrate
Controllers. A mixing device is used to achieve good mix-
ing of the gases before the filling of the plenum chamber.
The mixture is injected into the inflow jet in the frame of the
windward window using equidistant needles. The concen-
tration in the indoor of the building model is sampled using
an external probe inserted through the roof [Fig. 1d)]. The
probe has three sample taps with a distance of 0.0440 m be-
tween them. For each hole in the roof, the probe is positioned
at two different heights to obtain six measurements. A total
of 150 points are considered to obtain the indoor distribution
of concentration in the entire indoor air volumeV [m3].

3. Evaluation parameters

The experimental results of concentration are provided in
their normalized form:

C∗ =
urefyrefC

S/l
, (4)

whereC [cm3/m3] is the local concentration,S [cm3/s] is the
volumetric flow rate of the tracer gas along the perimeter of

the window, andl [m] is the length of the perimeter. The air
exchange rateI [1/s] is calculated as follows [22]:

I =
S

CV
, (5)

whereC is the average of the concentration inV . The nom-
inal time τn is calculated considering the inverse value of
I [24]. The air changes per hourACH [1/h] are calculated
according to:

ACH =
3600
τn

. (6)

4. Results and analysis

Contour plots ofC∗ are employed to analyze indoor distri-
bution. The software Gnuplot 5.5 [25] is utilized for rep-
resenting the results. Figure 3 illustrates the methodology
followed to obtain the contour plots ofC∗, using as an exam-
ple a horizontal plane. In the contour plot of raw-measured
data, the vertices of each square represent the measured data.
The color of the square corresponds to the average of the
four vertices. To smooth the isolines, interpolation using the
piece-wise polynomial parametric method is applied. Both
the averaging of the vertex values and the refinement by the
interpolation increase (or decrease) theC∗ values at the con-
tour limits. The maximum difference between the measured
and the interpolated data, considering the average ofC∗ of
all points inV , is up to 5%. Averaging at symmetric points is
applied. The maximum difference between the measured and
the averaged data is up to 15%. However, interpolation and
averaging are solely considered for visualization. The evalu-
ation of NV and IAQ using the evaluation parameters is based
on the raw-measured data. The interpolation and averaging in
symmetric cases are previously reported in comparable stud-
ies of concentration measurements [22,26].

4.1. Concentration indoor distribution

To analyze the indoor distribution ofC∗, vertical planes that
are normal or parallel to the direction of the wind, as well
as horizontal planes (Fig. 4), are utilized. Three vertical
normal planes to the wind are considered. These are planes
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FIGURE 4. Normalized concentrationC∗ results.

atx = 0.16xref (close to the windward facade),x = 0.57xref

(close to the center), andx = 0.97xref (close to the lee-
ward facade), wherexref = 0.35 m. Five vertical stream-
wise planes are analyzed. Given the configuration of win-
dows, these planes are symmetric around the central plane
(z = 0.0). Therefore, besides the central plane, two more are
reported for±0.19zref and±0.38zref, wherezref = 0.35 m.
Six horizontal planes are reported. The first one is located at
y = 0.08yref , whereyref = 0.28 m. The distance between
consecutive planes is0.16yref.

Figure 4 illustrates the indoor distribution ofC∗. In gen-
eral, the highest values ofC∗ are located in the bottom zone.
The first vertical normal plane (x = 0.16xref) exhibits an in-
crease ofC∗ near the lateral sides of the window, reaching up
to C∗ = 25.0. In contrast, the values decrease to as low as

C∗ = 20.0 near the center of the window. This indicates that
the injection of the tracer gas is not homogeneous across the
window area. It can be observed that the highest values ofC∗

(20.0 to 30.0) are found in the bottom half part of the build-
ing indoors and around the vertical central axis. At the center
region of the bottom half part,C∗ decreases to 15.0. The
upper half part of the building hasC∗ values in the range of
14.5 to 15.5. As can be seen in [14], for this configuration of
windows, the bottom part of the building is characterized by
high air velocity magnitude as the jet flow crosses it. Thus,
the distribution ofC∗ within the building indoors is due to
the non-homogeneity of the tracer gas injection in the wind-
ward window in combination with high flow velocities at the
bottom part of the building.
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FIGURE 5. Average ofC∗ in the horizontal planes (C∗h). The horizontal planes and the living zone (height up to 1.8 m) are shown.

Figure 5 depicts the variation of the average ofC∗ in the
horizontal planes, denoted byC∗h, as a function of height.
In the living zoneLz, up to a height of 1.8 m, the maxi-
mum value ofC∗h is found on the plane closest to the floor
y = 0.08yref, reachingC∗h = 22.9. C∗h decreases with in-
creasing height. The most significant reduction occurs be-
tween the heights ofy = 0.40yref and 0.56yref, whereC∗h
decreases from 21.1 to 15.5, a reduction of 27%. Consider-
ing the maximum value ofC∗h, the reduction with respect to
the highest level inLz (y = 0.56yref) is 32%.

4.2. Air renovation evaluation

The calculation of the air renovation is conducted at a real
scale. The nominal time (τn) is scaled using the relation be-
tween reference times:

τn,ls

tref,ls
=

τn,rs

tref,rs
, (7)

where the subscriptsls and rs denote laboratory and real
scales, respectively. In the laboratory scale, the values of
yref,ls = 0.28 m, uref,ls = 8.51 m/s, andtref,ls = 0.033 s,
S = 24 cm3/min, V = 0.0279 m3, andC = 8.59 cm3/m3

are utilized. Correspondingly, in the real scale, the values
becomeyref,rs = 2.80 m, uref,rs = 0.85 m/s, andtref,rs =
3.30 s. The results ofI = 0.0167 s−1, τn = 60 s, and
60 ACH are obtained. The minimum requirement specified
by the construction regulation of Mexico City [6] for educa-
tional buildings (6 ACH) is achieved.

5. Conclusions and future work

This article presented wind tunnel measurements of the dis-
tribution of a tracer gas throughout the interior of a building

with cross-ventilation. An isolated building (without neigh-
bors) with windows located at the lower height of the wind-
ward and leeward facades was considered. The facade poros-
ity was set at 10%. The tracer gas injection was carried out at
the window frame on the windward facade, and the electron
capture detector technique was used to measure the concen-
tration at 150 points throughout the indoor air volume of the
building.

The highest concentrations were observed in the areas
closest to the lateral sides of the window on the windward
facade, along with a decrease in concentration in the area
near the center of the window, indicating non-uniform tracer
gas injection. It was observed that the highest concentrations
were located in the lower zone of the building, with a de-
crease in concentration as the height increased. Within the
living zone, a reduction of up to 32% in concentration was
achieved as the height increased.

The calculation of air renovation parameters for the real
scale results in an air exchange rate ofI = 0.0167 s−1, nom-
inal time τn = 60 s, and air changes per hourACH = 60.
This last value far exceeds the minimum requirements for
healthy ventilation.

In future work, it is recommended that the tracer gas in-
jection be refined, aiming for a more homogeneous gas entry
into the window. It is suggested that the effect of varying the
cross-ventilation configuration be investigated and the impact
of facade porosity on the interior concentration distribution
be explored. Additionally, future work should consider an-
alyzing the effect of wind incidence angle, the urban envi-
ronment, and the inclusion of indoor obstacles on theACH
value. Furthermore, it is anticipated that the concentration
results obtained in this study will be utilized in future valida-
tions of Computational Fluid Dynamics numerical models.

Rev. Mex. Fis.71010601



WIND TUNNEL MEASUREMENTS OF INDOOR AIR QUALITY IN A BUILDING WITH NATURAL CROSS-VENTILATION 7

Acknowledgments

The authors extend their gratitude to Armin Reinsch, Juer-
gen Ulrich, and Michael Ziegler for their technical support
during the wind tunnel experiments. This study was partially

supported by PAPIIT-UNAM IT101824 project. S. F. Dı́az-
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