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Abstract

In recent years, the architectural design process has experienced significant advancements due to
computational design, which has enabled the real-time exploration of design alternatives based on
parametric modeling. In this context, gaining a deeper understanding of how natural ventilation
operates within buildings can support decision-making, potentially reducing the need for wind
tunnel tests and computational simulations. This paper presents an effort to determine the flow
patterns of natural ventilation in indoor environments under specific conditions, using an
experimental setup comprising five configurations analyzed comparatively against a control sample.
An idealized and simple flow visualization technique was proposed to assist the analysis. By
following scientific methodologies and employing both computational and wind tunnel techniques
in a complementary manner, satisfactory inferences were obtained. The results indicate that the
diagonal positioning of openings substantially accelerates wind speed in indoor environments,
making this design strategy more effective than simply adding additional openings when the goal is
to increase air speed and indoor air renewal.

Keywords: natural ventilation; indoor environment; wind-tunnel; CFD; simulation-based
architectural design

1. Introduction

Since the publication of Performative Architecture: Beyond Instrumentality [1], professionals
have been increasingly concerned with improving performance in architectural design. This concern
has long been present in the works of architects such as Antoni Gaudi, Heinz Isler, and Frei Otto.
However, according to contemporary authors, the widespread availability of software now facilitates
the incorporation of performance analysis results, particularly in the areas of structural and
environmental behavior, during the early stages of design. Simulation processes in architecture are
not new, and their development since the 1960s was accelerated by computational insights presented
by Sutherland [2] and Eastman [3]. In the 1990s, many simulation methods were inspired by
biological processes, aiming to achieve responsive behavior in algorithms used to address design
problems in different scenarios [4]. Since then, simulation-based architectural design has significantly
influenced the environmental and structural performance of numerous buildings in the first two
decades of the twenty-first century [5].

In general, well-defined variables are easier to measure, depending on recursive behavior, such
as solar trajectory. However, design strategies that combine other variables, like radiation or air
movement, were explored in seminal works on bioclimatic zones by Olgyay [6] and Givoni [7,8].
From these authors, natural ventilation emerged as a design alternative for regulating thermal mass
in buildings. While there is an agreement among researchers that cross-ventilation offers benefits
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within buildings [9,10], there is still uncertainty and sometimes incorrect strategies for enhancing its
effects through openings. Even though parallel windows, for instance, improve internal ventilation
levels, their placement can significantly affect wind speeds, flow direction, and overall performance,
and this sensitivity to geometric configuration is consistent with findings from studies on re-entrant
bays in high-rise buildings [11] and from analyses of single-sided fagade ventilation [12], which show
that small variations in facade geometry can enhance or hinder natural ventilation by altering
pressure distributions and inducing unwanted recirculation zones.

The description of natural ventilation phenomena within buildings is not recursive and often
exhibits chaotic behavior. However, more insights have been gained through various models, graphs,
and Computational Fluid Dynamics (CFD) analysis in air conditioning and Heating, Ventilation, and
Air Conditioning (HVAC) systems to determine thermal areas and noise increases [13]. In
architecture, the inference of natural ventilation throughout the design process commonly relies on
weather files, while design science employs instructional strategies with test configurations in a wind
tunnel and computer simulations from an ontological perspective [14,15]. The combination of wind
tunnel measurements and numerical simulations was used in a landmark approach to analyze how
wind direction, wind speed, and opening configuration influence cross ventilation in buildings with
large openings, elucidating complex indoor flow patterns and proposing more accurate discharge
coefficients to adequately represent the real airflow [16]. Recent studies have used these findings to
predict the effects of cross-ventilation on indoor environments to inform the design process [17].

As an innovative aspect, this paper presents an effort to understand the behavior of natural
ventilation in indoor environments under specific conditions, using an experimental design
comprising five configurations compared to a control sample. These treatments aim to replicate the
design strategies of cross-ventilation, which, in summary, involve the use of parallel openings to
facilitate air circulation in the environment. Additionally, a straightforward flow visualization
technique was proposed to aid in comprehending the flow pattern inside the physical prototype. Both
CFD simulations and wind tunnel tests complemented each other in achieving a high level of
inference about the flow field.

As an innovative contribution, this paper seeks to understand the behavior of natural ventilation
in indoor environments under specific conditions, using an experimental design comprising five
configurations compared with a control sample. These treatments aim to replicate cross-ventilation
design strategies that, in summary, involve the use of parallel openings to facilitate air circulation
within the environment. Additionally, a straightforward flow visualization technique was proposed
to aid in understanding the flow patterns inside the physical prototype. Both CFD simulations and
wind tunnel tests complemented each other, enabling a higher degree of inference regarding the
behavior of the flow field.

2. Related Work

In recent years, the architectural design process has experienced significant advancements
resulting from computational design, which has enabled the real-time exploration of design
alternatives based on parametric modeling. The integration of these tools with CFD (Computational
Fluid Dynamics) wind simulations supports the decision-making process, ranging from geometric
exploration and the simultaneous assessment of ventilation effects [18,19] to the evaluation of
solution quality in Building Information Modeling (BIM) environments [20]. Although most
applications used in architectural design do not offer native CFD capabilities, it is possible to correlate
other properties, such as preliminary estimates of thermal performance, with CFD-based ventilation
assessments to reduce heat gain in buildings [21].

The study of ventilation in conjunction with cooling systems has been the subject of various
research efforts aimed at developing passive cooling strategies that do not rely on mechanical systems
[22]. CFD simulations have provided insights into roof elements used to lower indoor temperatures,
including the impact of ventilation towers [23] and chimneys in facilitating ventilation [24,25], the
aerodynamics of dome geometries [26], and the influence of balcony depth [27]. Recent numerical

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.1146.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 January 2026 d0i:10.20944/preprints202601.1146.v1

3 of 22

studies have further shown that the configuration and relative positioning of openings strongly
influence indoor airflow patterns and cross-ventilation efficiency [28]. Similar simulations have
enabled researchers to quantify the extent to which architectural elements obstruct or promote cross-
ventilation through increased air movement. Factors such as wall placement can be crucial in
improving indoor airflow distribution [29], as well as the geometry and positioning of windows,
which enhance wind penetration into indoor environments [30,31].

With a similar focus, both numerical and experimental investigations have sought to
characterize natural ventilation in indoor environments by analyzing the building envelope [32].
Studies combining CFD simulations with experimental measurements have highlighted the
importance of experimental validation to reliably capture indoor airflow behavior and reduce
uncertainties associated with numerical predictions [33]. Design alternatives have been proposed for
office buildings based on on-site measurements and simulation processes [34,35], although disparities
persist between the natural ventilation strategies conceived during design stages and their actual
operation in constructed buildings [36]. In school buildings, efforts have highlighted the benefits of
cross-ventilation, primarily regarding window orientation and opening percentages [37-39].
Conversely, adverse effects of natural ventilation have been reported in hospital environments
[40,41]. Other research has used CFD simulations to predict airflow behavior for contaminant
removal [42], enhance livestock and poultry welfare [43,44], and improve the quality of certain crops
[45].

Validating computer simulations of natural ventilation effects typically involves comparing CFD
results with wind tunnel experiments to confirm accurate measurements of external flow phenomena
[46]. Macro-scale effects of cross-ventilation and pollutant dispersion are addressed in [47,48].
Additional studies have proposed various parametric design interactions to evaluate the sensitivity
of CFD applications [49-52], and supportive tools have been developed to enable rapid manual
estimations of heat loss resulting from natural ventilation processes [53]. As the use of natural
ventilation as a design strategy continues to expand [54], the need for scientific research that offers a
more precise understanding of the aerodynamic behavior of indoor cross-ventilation becomes
increasingly evident.

3. Materials and Methods

3.1. Experimental Setup

Natural cross ventilation through a low-rise building was considered to investigate both
experimentally and numerically the flow mechanisms and their impact on human comfort inside the
room. The cross-ventilated building model used in this research was originally created for this
purpose and has the following dimensions: 300 x 450 x 150 mm (L x W x B). The height (B) of the
building will be used, from now on, to nondimensionalize the main descriptive variables of this
problem. This rectangular structure has six ventilation windows arranged symmetrically with respect
to the model centerline, with three ventilation openings on the front facade and three ventilation exits
on the rear fagade. All openings have the same dimensions, w x h =120 x 75 mm, and the horizontal
distance between openings is 22.5 mm. Figure 1 shows a schematic view and dimensions of the WDN-
CV model used in this study.
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Figure 1. The schematic view and dimensions of the building prototype model, expressed in millimeters.

For testing the effect of different cross-ventilation patterns, all the openings and exits could be
closed independently. Depending on the number and the location of windows, the following cross-
ventilation cases were considered:

e  Control sample: all windows open

e Treatment 1 (Diagonal): windows 2, 3, 4, and 5 closed
e  Treatment 2 (Face-to-face): windows 2 and 5 closed

e  Treatment 3 (Face-to-face): windows 4 and 6 closed

o  Treatment 4 (Face-to-face): windows 1 and 3 closed

e  Treatment 5 (Diagonal): windows 3 and 4 closed

The physical building model was built with 3 mm transparent acrylic mate-rial to facilitate the
flow characterization inside the room as well as to assure transparency and access of the anemometer
probe for collecting velocity profiles.

The prototype was built for measurements in a wind tunnel to verify the behavior of air
movement internally. Its dimensions are proportional to the full-scale built environment of 54 m?2 (9
x 6 m) and 3 m ceiling height in 1:25 scale. The basic configuration features only window openings,
six in total, three on each side, in opposite positions, to study cross ventilation. In addition, these
openings cut out in the prototype do not fully represent the authentic frames existing in these
buildings due to the re-ductions imposed by experimentation and simulation.

3.2. The Wind-Driven Natural Cross Ventilation (WDN-CV) Model

Experimental measurements and flow visualization were carried out in the open circuit wind
tunnel (WT) at the Experimental Aerodynamics Research Center (CPAERO) of the Federal University
of Uberlandia, Brazil [55,56]. The small wind tunnel, named TV-60-Zephyr, is an open circuit with a
closed working section. Flow momentum is created by a rotor with 12 blades driven by a 25 Hp
electric engine. The maximum air speed in the tunnel test section (0.6 m x 0.6 m x 1.0 m) is
approximately 30 m/s, with minimal blockage and moderate-to-low turbulence intensity (0.15-0.8%
along the speed range). With easy access to the working section, this WT is also equipped with a
three-component dynamic force/moment balance, an interchangeable multiport simultaneous
pressure scanning system with two Pitot tubes, and vertical and transversal home-built rakes for
speed and pressure measurements (not used in this work). Boundary layer (BL) profiles are gathered
with a home-built BL mouse. Very low-speed flows (low Reynolds numbers) are tested in this WT,
supporting applications such as low-speed foils, flow over simplified vehicles and bodies, and
fundamental fluid mechanics research [57-59].

The WDN-CV model was placed at a location of 2.35 B from the inlet of the test section, with a
blockage ratio of 19%. This value is above the recommended practice for natural ventilation studies.
According to Jewel et al. [60] and Matsumoto, Labaki and Caram [61], it is one of the limitations of
this study, and the final data depend on this blockage ratio (no corrections were applied). However,
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it is believed that due to the low speed and reasonable stability and uniformity of the incoming flow
inside the wind tunnel, the results are reliable and allow for sound inferences and understanding of
the flow inside the building. It is also important to emphasize that the same configuration was
replicated in the CFD analysis, which helps ensure the consistency of the chosen approach.

For all tested configurations, the reference mean wind velocity (Uref) was 5 m/s, measured with
a Pitot tube connected to a M200-Kimo® pressure transducer with a resolution of 0.1 Pa and readout
accuracy of +0.2%. Temperature inside the test chamber was measured with a Minipa® MT-455A
digital thermometer with an MTK-01 thermocouple, with a resolution of 0.1°C and readout accuracy
of £0.5%. The WDN-CV model placed inside the test section is shown in Figure 2.

Figure 2. WDN-CV model placed inside WT-test section.

The main governing parameter of this type of study is the Reynolds number Re= (oUrefB)/p,
where @ is the air density (kg/m3) and u is the dynamic viscosity (Pa. s), which based on the height
(B) of the prototype building is on the order of 50.000.

3.3. Inflow Conditions and Boundary Layer Characterization

Due to the nature of this approach, the velocity inlet conditions were not corrected for
atmospheric boundary layer (bl), i.e., the upstream section was completely clean. The vertical profile
of the mean wind velocity was placed at 1.23 B ahead of the building model. The boundary layer
measurement was achieved by using a Dantec Dynamics anemometry system (Streamline PRO
90CN10) with hot-wire CTA (constant temperature anemometer) probes (55P11) used for measuring
the u-velocity component with the test-model in the test-section. The building reference height (href)
of 150 mm was adopted, and the reference mean wind velocity (Uref) was 5 ms-1. The dimensionless
mean streamwise velocity (U(z)) and turbulence intensity (1%) profiles are shown in Figure 3:
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Figure 3. Profiles of the mean wind speed and turbulence intensity in the wind tunnel.
For all measurements performed with the hot-wire anemometer, the sampling rate was set to
8192 Hz over an 8-second time-averaging period to obtain statistically stationary data, as shown in

the sample in Figure 4.

5.10

u(x) - Time serie |

4.90 e . R . . .
0 1 2 3 4 5 6 7 8
time [s)

Figure 4. Sample of statistically stationary data obtained in wind tunnel.
3.4. Measurement

The experiments in the wind tunnel were carried out to measure the velocity profiles, to evaluate
the flow pattern, and to determine the ventilation flow rate through the windows. The u-velocity
component was measured along a horizontal line inside the room at mid-height, from front window
no. 2 to rear window no. 5, as described in Figure 5.
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Figure 5. u-velocity component measured over a horizontal line inside the building: (a) Schematic view; (b) Real

probe positioning.

If the flow reached its steady motion, and no reversal flow was identified in the windows on the
leeward wall, hot-wire multi-point measurements for u-velocity were taken for the inlet windows 1-
3 (windward wall) and outlets windows 4-6 (leeward wall) on a cross-configuration at mid-location
of each half-window part, as seen on Figure 6. Since the volumetric flow rate through the inlet and
outlet has been almost constant i.e., equal in magnitude, the mass flow is conserved, as expected. In
this analysis the volumetric flow rate (Q= ), 175 A_iu_i) was calculated directly.

Figure 6. u-velocity measured over the windows for Q (m3/s) calculation.

3.5. Flow Visualization by Inferences from Particle’s Movement

Due to the expected strong influence of cross ventilation inside the room, a simple qualitative
flow visualization technique was proposed in this study. Inside the model, the floor was divided into
four zones, and in these areas small, lightweight polystyrene balls (approximate density of 13.8
kg/m?®) with an average diameter of 2.4 mm in different colors (yellow, orange, blue, and pink) were
used, as shown in Figure 7. Afterwards, CFD simulation will be used to enhance the main
observations through comparison in two horizontal planes: one at mid-window height and another
close to the floor, where the main movements of the polystyrene balls occur due to the crossflow in
the physical experiment.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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By analyzing the movement of the polystyrene balls over time, it was possible to establish a
pattern inside the room associated with the mean flow. This simple flow visualization approach was
useful for understanding how the flow changes according to the opening and closing of the windows
across the different settings. Moreover, based on the displacement of the particles and the mixing
between the colors, inferences about the quality of the flow experienced by occupants could be made
for the different configurations studied.

% Wind Direction

Figure 7. Idealized tracer-based flow visualization technique using small polystyrene balls.

4. Numerical Modeling

The same wind-driven natural cross-ventilation (WDN-CV) model configuration was simulated
using the commercial CFD code Fluent® R22. The basic assumptions for the CFD simulation include
a three-dimensional, fully turbulent, incompressible flow. The internal and external flows were
modeled using the Realizable k-e turbulence model, a well-established approach in natural
ventilation research whose limitations and restrictions have been documented in several studies. The
CFD code employed the Finite Volume Method (FVM) and the Semi-Implicit Method for Pressure-
Linked Equations (SIMPLE) velocity—pressure coupling algorithm, with second-order upwind
discretization as recommended in the literature. The governing equations will not be repeated here
but can be found in Ansys [62].

Even though different turbulence models have been used for WDN-CV simulations, and that
some improved models can lead to better results [63], the main goal of this approach was to use a
traditional and well-validated k-& model to obtain the average flow field and maintain a focus on
flow analysis. According to the work of [64], the flow around a building (a bluff body) is fully
turbulent when ReB > 2 x 10"4, whereas the airflow discharging through a window (an opening)
becomes turbulent when ReW > 300. In this study, the flow around the building is governed by a
Reynolds number of approximately 50,000, while in the openings it is close to 23,000. Therefore, the
flow was considered fully turbulent.

4.1. Wind Tunnel Specification

A schematic view of the computational domain is presented in Figure 8. As mentioned, the
width, length, and height are 0.60 m x 0.60 m x 1.0 m, respectively, reproducing the actual wind
tunnel test section.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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»» Wind Direction

Figure 8. Schematic view of the computational domain of the wind model.

The inlet boundary condition used in the simulations was based on the actual wind tunnel
experiment. During the experimental campaign, ambient pressure (Pa), temperature (°C), and
relative humidity (%) were recorded using a SUNROAD® FR500 digital barometer with a resolution
of 0.1 hPa, a Minipa® MT-455A digital thermometer with an MTK-01 thermocouple with a resolution
of 0.1°C, and a mini digital weather station with a resolution of 1% RH. The averaged values used in
this work were pee = 98,000 Pa, Te = 25°C, and RH = 50%, which resulted in an air density of 1.18
kg/m? used in all simulations.

Zero static pressure was applied at the outlet plane, defined as outflow, representing the
atmospheric exit of the test section. For the ground surface, the building model, and the wind tunnel
walls, enhanced wall functions were used.

4.2. Mesh Sizing and Grid Approach

The grid spacing is an important parameter not only for ensuring accurate results but also for
achieving a good balance between reliable data and optimal meshing effort and computational time.
Four different mesh sizes were evaluated to meet these goals. The computational simulations used
unstructured tetrahedral meshes with the global grid parameters presented in Table 1.

Table 1. Unstructured tetrahedral mesh characteristics and parameters.

Setting Number of elements Windward wall sizing Prism layer
Mesh #1 400951 ~8.7 x 10-3 none
Mesh #2 540801 ~7.8 x 10-° ~0.6 x 10-4
Mesh #3 1216556 ~4.5 x 10-3 ~0.6 x 10-4
Mesh #4 2719642 ~3.3 x 10-3 ~0.6 x 10-4
Mesh #5 4344228 ~2.7 x 10-3 ~0.6 x 10-4

1 Source: Authors (2026).

Mesh #3 is shown in Figure 9, with a refinement detail on the windward wall near the wind
tunnel floor. As observed, the smallest grid spacing was applied near the walls (both inside and
outside the building) to properly capture the boundary effects on the flow field. This mesh refinement
near the wall followed the guidelines for the RANS approach, in which y+ (the nondimensional
distance of the first grid point from the solid surface) was kept between 1 and 30.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Mesh detail
(prism layer)

Figure 9. Details of the mesh utilized in this research (mesh #4 with 2.7 x 106 elements).

5. Validation of Numerical Approach

A validation approach was necessary to demonstrate the reliability of the data as well as the
limitations of the realizable k-e turbulence model used in this study. A set of validation checks was
performed, including the influence of grid spacing on the results, measurements of u-velocity at the
inlets and outlets to verify the volumetric flow rate, u-velocity distribution along a horizontal line
inside the building, and wind tunnel boundary layer measurements. These results are presented in
sequence.

Figure 10 illustrates the evolution of the ventilation rate (m?%s) as a function of grid size. The
discrepancy in this variable between meshes #4 and #5 was below 1 percent. The flow fields obtained
with meshes #4 and #5 were also quite similar, as were the residuals. Based on these results, the mesh
used for subsequent analyses was the one with 2.7 million elements.

0.045 125
[ w! Sow ate (') ] u(x) - k-¢ Realizable
® w2 flow rate (m’/s) 400
- - w3 flow rate (m’/s)
2 0.040 —e— averaged flow rate (m/s)
5 L
° 0.75 4
® s - - - e 3
; e e $ 4. 2
0035 - :/:/ . . =
%
% 050
g . s
'% 0.25
S 0.030 4 4
0.00 T T T
0.025 - T - - . . y . 0.00 0.25 0.50 0.75 1.00
00 5000k 1OM 15M 20M 25M 30M 35M 40M 45M x/B
N° of mesh elements
(a) (b)

Figure 10. (a) Volumetric flow rate through inlets for different grid distribution; (b) Indoor velocity distribution

— windows 2 and 4 centerline.

The comparison of the non-dimensional velocity distribution along a horizontal line located at
mid-height from window 2 to the corresponding rear window 4, as shown in Figure 5, is presented
in Figure 11. In this case, all other windows are open, representing the control configuration.
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Despite the discrepancies in velocity values in the middle of the building, the peak value at the
entry location is nearly reproduced, as is the recovery of speed at the exit opening. This indicates that

the volumetric flow rate is well captured at both the front and rear windows, as will be discussed
later.

1.25

[ O u(x) - Experimental
u(x) - k-c Realzable

1.00

0.75 1

ref

u(x)/ U

0.50

0.25 4

0.00 . . . .
0.00 0.25 0.50 0.75 1.00

x/B

Figure 11. Indoor velocity distribution between windows 2 and 4 for the control configuration with all windows
open.

The comparison with the wind tunnel boundary layer is shown in Figure 12. The boundary layer
was measured at an upstream location of 1.23 H, starting from 1 mm up to 100 mm into the flow field.
As seen in Figure 12, the numerical velocity profile differs slightly from the experimental data, which
is associated with the turbulence model used in the present study (Realizable k-¢). This trend has
been previously observed and discussed in the works of Blocken, Carmeliet, and Stathopoulos [65],
and Ouyang and Haghighat [66], and is related to artificial diffusion in the numerical approach,
which causes the wind flow to slump near the ground. There is also a slight difference in the peak
values of u(z)/Uref, resulting in approximately 16 percent deviation.

0.8
O u(2) - Experimental BL
== y(2) - Wind speed fitting (« = 0.25)
u(z) - k - ¢ Realizable O )
!
0.6 4 o (i
i
]
F
o 7
E 0.4 !
N 044 o
~ /
N o/
F;
o
0.2 -1
/
P4
o0 O/‘/
o © o :
0.0 —a S = .
0.00 0.25 0.50 0.75 1.00
u(2)/u,,

Figure 12. Boundary layer development upstream the model building.

It is important to emphasize that the objective of this work is not to perform an in-depth study
of the variables that influence the problem, but rather to reproduce in a numerical model the flow
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patterns observed in the physical experiment. To achieve this goal, no changes or corrections were
applied to the original flow, and therefore the results retain the limitations and restrictions inherent
to both the experiment and the numerical model.

Finally, the last validation check involved the direct calculation of the volumetric flow rate
through the inlets and outlets and its comparison with the CFD data. These results are presented in
Table 2. As discussed in Figure 10, the flow at the inlets and outlets shows satisfactory agreement,
which is confirmed by the volumetric flow rate values. As expected, the largest discrepancies
(approximately 8 percent) occur at the windward windows (W1, W2, and W3) due to differences in
the incident velocity.

At the leeward windows (W4, W5, and W6), the flow velocity is recovered as previously shown
in Figure 10, resulting in a good match in the flow rate, with deviations on the order of 2 percent. An
important observation is that the middle outlet window (W5) carries a smaller flow rate, while the
flow remains symmetric through W4 and Wé.

Table 2. Mesh parameters for the unstructured tetrahedral meshes settings.

Setting Inlet Windows
W1 W2 W3
Experimental 0.0396 md/s 0.0383 md/s 0.0386 md/s
k-e realizable 0.0362 0.0349 0.0366
W4 W4 W5
Experimental 0.0423 s 0.0248 s 0.0409 s
k-e realizable 0.0414 0.0246 0.0416

1 Source: Authors (2026).

On the leeward windows (W4, W5, and W6), the flow velocity is well recovered, as previously
seen in Figure 10, which explains the good agreement in the flow rate, with deviations on the order
of 2 percent. An important observation is that the middle outlet window (W5) carries a smaller
amount of fluid, while the flow remains symmetric through W4 and Wé.

6. Numerical and Experimental Interpretations

In the following section, inferences about the flow within the WDN-CV model are presented,
considering the positions of the Styrofoam spheres obtained through the proposed flow visualization
technique. Additionally, velocity fields (vectors and contours) from the numerical model are included
to support the analysis. These inferences are categorized according to the configuration being
analyzed, focusing on the observed behavior with three windows open.

Initially, during the experiment with the control configuration, we observed the movement of
the balls close to the floor in the direction opposite to the air inlet. This motion dragged the orange
zone over the yellow zone, and the pink zone over the blue zone. After colliding with windowsills 4,
5, and 6, the airflow transported the balls and deposited them below windows 1, 2, and 3. There was
an overlap of orange dots over yellow dots, and pink dots over blue dots. In the center of the room,
vortices were formed on the horizontal plane: between the orange and yellow zones, the movement
occurred from top to bottom, while simultaneously an opposite movement—from bottom to top—
occurred between the pink and blue zones. This mixing, initially minimal, gradually increased. At
certain moments, the movement of balls deposited in the yellow zones toward the blue zones, and
vice versa, demonstrated that the vortices interpenetrated. A greater concentration of balls was
observed in the extreme corners of the prototype below windows 1, 2, and 3. Beyond the existing
airflow patterns, this deposition may also be attributed to the weight and static characteristics of the
balls. On the vertical plane, we observed slight upward movements of the balls, but they were pushed
down again and did not rise beyond the airflow between the windows. As a result, vortices were
present in both the horizontal and vertical planes, consistently below the air inlet. This can be
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observed in the accumulation of balls in the corners of the prototype, forming a pyramidal
distribution when viewed on the vertical plane (Figure 13a).

Flow vectors and contours from the CFD simulation were obtained on a horizontal plane located
at mid-window height. On this slice of the flow field, the vector field reveals the inlet and outlet flow
patterns. On the plane below the windows, the simulation shows vortices and airflow in the direction
opposite the air inlet. It also highlights zones of greater ball deposition, corresponding to regions of
lower airspeed as indicated by the contours. These deposition zones exhibit similar qualitative
behavior in both the simulation and the physical experiment, despite the lower airflow velocities
observed in the plane below the windows. It is important to emphasize that, in the physical
experiment, the movement and positioning of the balls were observed visually, while in the Ansys
CFD simulation a static frame was generated, representing the average velocity magnitudes and
directions through contours and vectors (Figure 13b).

> Wind Direction Velocity Magnitude [m/s]

%% %% 7y 7> 2

\_’0 Jd o& T wD

Quadrants:  top-left @ top-right

Wind Directi
@ bottom-left @ bottom-right (2 i Blrection

(a) (b)

Figure 13. Comparative possibilities between the experimental and numerical models under similar conditions
with a wind source of 5 m/s in the Sample Control, with all six windows open: (a) Physical experiment at 0:00
(left) and 1 minute after the start of the experiment (right); (b) ANSYS Fluent simulation in horizontal planes:
through the mid-height of the windows (left) and near the floor (right).

To establish measurements of the movement of the Styrofoam spheres that could be compared
with the CFD simulation, we defined average test areas based on the colored perimeters shown in
Figure 13. These test areas totaled approximately 23.85 cm? and were filled with spheres just before
the start of the experiment. Once the wind tunnel was activated, the predominant flow patterns were
observed by simultaneously recording with two cameras — one from above and one from the side.
The duration of the experiment was recorded to allow slow-motion visualization of the continuous
flow using video editing applications. This procedure enabled frame-by-frame observation of the
movement of the spheres inside the model until they reached a stable position. In addition to
observing homogeneous clusters of spheres of the same color, we also documented heterogeneous
scenarios involving mixtures of all four colors.

One aspect that distinguishes the Control configuration from the other treatments is the
completely heterogeneous distribution of the polystyrene spheres. All face-to-face treatments — T2,
T3, and T4 — exhibit at least some areas containing spheres of the same color. One expected outcome
of the experiment is that a lower degree of color mixing corresponds to reduced interaction between
air masses and, consequently, less turbulent ventilation. Introducing any obstacle (treatment) into the
sample immediately generates some degree of airflow separation, which explains why the treatments
maintain at least partial separation in the test area, a behavior not observed in the Sample Control.
Among the face-to-face treatments, T3 exhibits the greatest behavioral similarity to the Sample
Control. Both have the same number of inlet windows and produce very similar airflow patterns.
However, T3 presents dead zones, as do the other treatments (T2 and T4), leading to the inference
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that in face-to-face treatments, closed windows consistently generate dead zones near the corners of
the parallel walls (Table 3).

Table 3. Inferences derived from the comparison between empirical tests and numerical models.

Control T1 T2 T3 T4 T5

Frame

00:30

Type Control Diagonal Face-to-face Face-to-face Face-to-face Diagonal
ST 00:13 NA 00:09 00:15 00:10 NA
AT 01:47 NA 01:51 01:45 01:50 NA
T 02:00 01:20 02:00 02:00 02:00 00:47

Ansys

Fluent

Floor

Layer

o

2, 2590 9 0 & T ¢

0001)?0‘)010

Velocity magnitude:

1 Source: Authors (2026).

If the obstacles represent the treatments and, based on the behavior of the Control sample in
which no obstacles are present and therefore no treatments are applied, observational inferences were
made about the interaction of air masses inside the prototype, considering the window positions. The
first observation is the significant efficiency of the diagonal treatments T1 and T5 compared with the
other tests since they did not exhibit areas of material deposition at the end of the two-minute
experiment. When comparing this result with the performance of the Control, and while
acknowledging the inherent qualitative uncertainties of the experiment, it can be stated that the
diagonal positioning of the openings influences the acceleration of indoor airflow more strongly than
the number of openings. In these diagonal treatments, there is control over both the amount of
incoming and outgoing airflow and the length of the airflow path inside the prototype, with far fewer
interactions between opposing air masses. This makes cross ventilation more laminar and less
turbulent. This helps explain why T2 and T5 have the same number of inlet and outlet openings, yet
T5 is considerably more efficient.

Between the diagonal treatments T1 and T5, treatment T5 is even more efficient, especially
considering the shorter time, 38 seconds, required to clean the prototype. This suggests that an
optimal point exists between the middle and the end of the parallel facades that allows the creation
of ideal diagonal and opposing openings. Such openings can balance the incoming and outgoing
airflow to achieve maximum efficiency in terms of indoor airspeed, at least for this rectangular
geometry and scale.

Focusing on treatment T5 and advancing its comparative modeling in Ansys Fluent and based
on the calibration demonstrated between the empirical and numerical models, it was possible to draw
inferences about the causal mechanisms explaining why treatment T5 exhibits the highest efficiency
in terms of particle velocity. Using two cameras, one positioned above the prototype and another at
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its side, the movement of the particles was observed during the 38 seconds preceding the complete
clearing of the model. In the frames at 5, 15, and 30 seconds, it was noted that the polystyrene particles
initially moved toward the corner of the prototype at 5 seconds. Upon encountering the accumulation
of beads, they entered suspension and interacted with the diagonal airflow between the open
windows. This motion triggered the formation of vertical vortices, which kept the particles
suspended above the floor of the prototype, directing them into a continuous exhaust flow and
leading to their expulsion from the model. These frames are presented in Figure 14.

Start Frame: 5s

Overhead shot Profile shot

Frame: 30s

Overhead shot Profile shot Overhead shot Profile shot

Figure 14. Particle displacement in treatment T5 observed at 5, 15, and 30 seconds, recorded simultaneously by
top and side cameras. The frames illustrate the formation of vertical vortices and the diagonal airflow interaction

that promote the continuous suspension and expulsion of polystyrene particles inside the prototype.

The computational CFD simulations of the five treatments plus the control were previously
presented in Bittar (2025). For the present analysis, we examined the nuances of treatment T5 in
greater depth within the CFD environment, discretizing the simulation model into smaller sections.
Although the simulation outputs represent an average snapshot of the wind behavior across the
prototype, they provide valuable insight into the dynamics of mean vortex structures. Treatment T5
distinguishes itself from the other configurations not only by exhibiting stronger airflow patterns but
also by the predominance of nearly exclusive vertical vortices. These vertical vortices effectively
suppress the formation of horizontal vortices, which are typically responsible for generating
deposition regions that correspond to dead zones.

Between 5 and 10 seconds, when it is still possible to identify a clear separation of colors
corresponding to the horizontal vortices, the particles have not yet reached a suspended state. When
the first particles become suspended at around 15 seconds, the vertical motions begin to mix with the
horizontal ones, forming a kind of twisting pattern that combines both vortex structures. By 30
seconds, nearly all particles move according to this combined pattern, accelerating toward the
diagonal outlet. The longer path between the inlet and outlet in the diagonal treatments also means
that the particle gains more speed before colliding with any wall and consequently emerges from this
interaction still with significant velocity.

Exploring this reasoning within the CFD simulations, we concluded that, for the sample
analyzed and considering the experimental uncertainties, without any intention of generalization,
the diagonal treatments tend to produce, on average, 35 percent higher airflow velocities when they
have the same number of openings, solely due to their positions. This notion becomes evident when
we compare the mean layers of treatments T2 and T5, which contain the same number of openings
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but differ only in their placement, in the same proportion in which we observe a more intense action
of the vertical vortices in the diagonal treatment (Figure 15).

(a)

»

Velocity Magnitude [m/s]

%% %7 7> % %% %%

5m/s »

Figure 15. Detailed analysis of the physical conditions in diagonal Treatment T5 through the numerical model:
(a) floor layer projection, (b) perspective view of the middle layer, (c) perspective showing the flow velocities,

and (d) section of the prototype illustrating recirculation in vertical vortices.

Seeking to understand how the horizontal vortices manifest and lose definition in the diagonal
treatments, we analyzed the initial frames starting at 5 seconds: 5, 7, 9, 11, and 13 seconds, which
correspond to moments in which changes can be observed in the distribution of areas with clearly
separated colors. In the first 5 seconds, the colored regions remain practically the same, although
more concentrated in just over 70 percent of the area they initially occupied. Two seconds later, at 7
seconds, this region becomes even more concentrated, occupying about 55 percent of the original
area, and the separation of the four colors is still visible. However, the magenta polystyrene beads
begin to occupy a significantly smaller region, becoming more concentrated. At 9 seconds, the
magenta beads are already completely mixed with the yellow beads, and part of the latter begins to
exchange positions with the former, a typical characteristic of a horizontal vortex. At this moment,
the orange beads begin to be expelled from the model, while the blue region becomes more elongated
along the prototype wall. In the next frame, at 11 seconds, the yellow region becomes less elongated
and more compact, indicating the location where the single small horizontal vortex visible in this
treatment is formed. This sequence of events is presented in Figure 16.
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Figure 16. Frame-by-frame analog visualization of Treatment T5 behavior, showing the movement of the
polystyrene balls at different time instants: (a) start of the experiment, (b) 5 seconds, (c) 7 seconds, (d) 9 seconds,
(e) 11 seconds, and (f) 13 seconds.

The empirically observed flow patterns at the floor layer of the prototype are in close agreement
with those obtained through CFD simulation of the same layer. Therefore, it can be stated that,
despite the experimental uncertainties associated with the polystyrene beads, particularly their self-
weight and the magnetic interaction between them, the analog method for visualizing wind effects
proves to be a useful and efficient approach for understanding ventilation behavior in buildings
subjected to low-velocity airflow, such as the 5 m/s condition adopted in this study. Although not
evaluated here, it is expected that the proposed technique may also be effective under conditions of
more intense ventilation, potentially serving as an alternative to conventional methods such as
colored smoke. In this regard, the technique offers advantages related to simplicity, ease of handling,
and significantly lower cost. Additional investigations under different geometric configurations and
airflow velocities may be carried out in future studies, which could further consolidate the use of
polystyrene beads as an effective alternative for visualizing wind effects in a broader range of
applications.

7. Conclusion
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The main experimental uncertainties between the physical prototype and the computational
simulation are related to the weight of the Styrofoam balls. Although very light, they tend to
accumulate in certain positions. Additionally, friction between them during the experiment leads to
the phenomenon of electromagnetic static charge, which may exert some unmeasured influence on
the results. The computer simulation, in contrast, represents an average of the airflow movements in
discrete planes, functioning as a static snapshot of the average ventilation behavior under steady flow
conditions. Considering these scientific simplifications and analyzing the two strategies in a
complementary manner, we concluded that the diagonal positioning of openings substantially
accelerates wind speed in indoor environments. This design strategy is more effective than simply
increasing the number of openings when the intention is to enhance airspeed and air renewal. In a
similar sense, the movement of particles can be compared to people in a crowd attempting to enter
an indoor environment. When many entry points are available, the crowd progresses at a slower
pace. Conversely, a smaller number of openings positioned diagonally creates a longer and narrower
path, allowing greater acceleration and consequently higher speeds.

8. Patents

This section is not mandatory but may be added if there are patents resulting from the work
reported in this manuscript.

Supplementary Materials: The following supporting information can be downloaded at the website of this

paper posted on Preprints.org, Video S1: Experimental setup and flow visualization.
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