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Abstract. The unique integration of geometries and techniques allows
the natural organisms to adapt to different environments in creative
ways. In this study, a bio-inspired pneumatic facade is presented as
a strategy to improve the efficiency of natural ventilation performance
by controlling the adaptive openings. The Computational Fluid
Dynamics simulation has been conducted to visualize airflows in order
to explore how the changing configurations of openings enhance natural
ventilation efficiency. The airflows are investigated with changes in
wind speed and direction to find out the opening configurations which
provide indoor airflows at the comfort level of velocities. As results,
it was shown that indoor air velocities were modulated by controlling
opening sizes, geometries and positions of the openings, and it was
a beneficial strategy to apply the optimized opening configurations
implementing automatic control. Also, the air distribution can be
enhanced by changing opening configurations in changing conditions of
wind speed and direction. An effective methodology for an intelligent
façade opening control to encourage natural ventilation is presented in
this study to deliver users comfort and efficiency.
Keywords.
Natural ventilation; airflow simulation; pneumatic
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1. Introduction
Natural wind speed and direction changes. To evaluate the natural ventilation,
there is a need to understand the visualization of airflows within a space, how it
is affected by the sizes, geometries, positions of the window openings and the
driving force produced by the wind. This study aims to develop a systematic
strategy of optimized operation of adaptive building skin to enhance natural
ventilation performance. The airflow modeling is simulated to accelerate and
decelerate the wind velocities and to control airflow distribution by changing
opening configurations of building skin in order to supply pleasant and effective
indoor airflows at a comfort level. Computational Fluid Dynamics (CFD) is
executed as a means of investigating the movement of air in a test space in design
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processes. CFD simulations have been used to assess indoor natural ventilation
by solving the interaction between the urban wind flow and the indoor airflow
(Hooffa and Blocken, 2013). CFD enables the effects of design refinements, such
as modification of the opening sizes, geometries, and positions on the flow to be
examined and assessed (Cook et al., 2003). This study is to investigate how the
various opening configurations of adaptive façade should operate in accordance
with changing wind speed and direction for effective natural ventilation.
The biomimetic design approach is taken to solve the ventilation control
process. The stomata adjust internal carbon dioxide, oxygen and water levels
with the autonomic aperture of the paired guard cells reacting to the changing
environmental conditions. Likewise, a bio-inspired pneumatic facade is presented
for the opening and closing mechanism and stomatal geometry is interpreted for
the design morphology.
2. Pneumatic façade with tensile fabric
The tensile fabric in the form of pneumatic cushion structures is presented in this
study. Using membranes in inflatable structure delivers advantages of lightweight
structural performance and environmental performance with its flexibility and
climate adaptive properties such as abilities to control thermal and natural light
conditions. Since the iconic projects such as the Eden project in London,
the Allianz Arena Stadium in Munich and the Water Cube Swimming Pool
in Beijing promoted the trends, the range of applications has been extended
to permanent typologies of educational, residential and office buildings. The
lightness compared with glass and the physical improvements of the membrane
in resistance, transparency and maintenance performances have been favored by
many architects and users (Gomez-Gonzalez et al., 2011; Hu et al., 2017).
Also, the applications of tensile fabric brought advances in adaptive
architectural envelopes through kinetic and dynamic structures. The Media-TIC
building in Barcelona is designed to interact with its environment through
the adaptive ETFE skin. The building skin filters solar radiation through
automatic inflation of ETFE layers and achieves sun shading through a fog
system with nitrogen gas in the inflatable layers and it gained 20% of energy
saving (www.ruiz-geli.com/projects/built/media-tic). Badarnah (2007) proposed
a building envelope performing inhaling and exhaling for ventilation with surface
expansion and compression using the pneumatic material. The Breathing skin
(2016) built by Becker performs collective inflation or deflation which controls
the façade’s permeability to allow the amount of air, light, and visibility according
to the users’ preference.
3. Bio-inspired façade model
To develop effective and efficient building envelopes using natural dynamics of
structures to consume less energy is a challenge. In nature, the living organisms
perform integrated mechanisms activating their movement of transforming the
geometry to operate necessary functions to adapt to changing environmental
conditions. Actuation and sensing systems in plants are increasingly applicable
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to architectural models as generally, the plants have mechanisms to actuate
the movement of their organs accompanying changes in geometry to perform
important functions (Burgert and Fratzl, 2009).
The biological paradigm has become more important in the current
architectural designs.
The technologies have developed to support the
non-Euclidian form and intelligence of nature. Investigating and analyzing natural
systems are bringing models for dynamic and adaptive building skins. In this study
stomatal movement, function and geometry have been used as a natural means
for adaptive façade openings for effective natural ventilation. Stomata, which are
pores of plant leaves, have an active structure that independently performs opening
and closure in response to internal and external stimuli. The levels of humidity and
carbon dioxide are autonomously regulated by expansion and contraction of the
guard cells surrounding the pores. An operable pneumatic skin system is designed
based on these principles and methods (Figure 1).
The geometry changes to an optimized state to control indoor air quality and to
adapt the environmental changes simultaneously for effective natural ventilation.
The façade opening sizes and configurations are automatically adjusted to control
the air exchange volume and indoor airflow at a comfort level for the users.

Figure 1. Pneumatic structural unit with tensile material- module geometry and arrangement.

For façade openings, the following principles are applied: 1) generating
gradient façade opening patterns by parts movements, 2) activating opening
control in link to the wind speed and direction, 3) increasing and decreasing air
exchange volume controlling opening sizes of the pneumatic panels, 4) controlling
indoor air velocities by changing the facade opening configurations.
4. Method
To investigate how the various opening configurations of adaptive façade should
operate reacting to wind speed and direction for effective natural ventilation,
this study evaluates the optimized opening configurations; 1) to satisfy airflow
velocities in the range of 0.15 to 0.50 m/s, which is the comfort level of indoor air
speed for occupants, and 2) to supply effective and even air distribution throughout
the space. The airflow visualization using CFD simulation is conducted to
investigate.
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4.1. CONTROL PROCESS

The inadequate ventilation rates can lead to a decrease in users’ performances
(Coley and Greeves, 2004) and adaptive actions of adjusting windows to restore
comfortable conditions occur when the situation is already critical, especially
in relation to carbon dioxide concentration (Santamouris et al., 2008). Design
computation and technology is enabling the building to control itself before the
indoor environmental conditions reach the critical level. The automatic system
guaranteed a more comfortable environment controlling indoor carbon dioxide
concentration (Stazi et al., 2017).
This study aims to develop a methodology of changing sizes, geometries, and
positions of the façade openings adapting to natural wind speed and direction
changes. Figure 2 shows the conceptual control process. The required air
exchange rate (ACH) is determined by the indoor carbon dioxide concentration
measured by environmental sensors. As carbon dioxide concentration is higher,
more air exchange volume required. The total opening size is to be calculated
with wind speed to control air exchange volume. The CFD simulation is further
applied to visualize the effects of wind and buoyancy-driven natural ventilation
with the sensored ranges of wind speed and direction. Throughout conducting
CFD simulation the airflow distribution is visualized and effective opening
sizes, configurations and positions are searched to enhance natural ventilation
performance. The determined opening pattern is applied to the façade by actuators,
inflator and necessary equipment.

Figure 2. Conceptual control process for façade opening control.

4.2. CASE DESCRIPTION

The CFD simulation is set with an indoor space of 18.0 m (W) × 8.0 m (D) × 3.5
m (H) shown in Figure 3. The geometry is representative of an office space. The
façade is designed with 26 pneumatic panel modules with one opening for each
module. For effective natural ventilation, the opening sizes are set to be 4% of
the floor area based on ASHRAE standards. ASHRAE requires at least 4% of
the net occupiable floor area as the openable area for naturally ventilated indoor
space (ASHRAE Standard 62.1-2016 section 6.4., 2016). The openable area of the
facade is set 5.76 m² in total, which is 4% of the floor area of 144 m². The open
status of 100% means 4% of the floor area is open.
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Figure 3. Façade model with 26 openings, opening sizes vary with per opening of a) 100%
open - 0.73m (w) x 0.55m (h), b) 75% open - 0.63m (w) x 0.50m (h), c) 50% open - 0.53m (w)
x 0.45m (h), d) 25% open - 0.43m (w) x 0.35m (h).

4.3. CFD SIMULATION SETTING

The main alterations for the CFD simulations are a) various inlet and outlet surface
configurations of different opening sizes and positions, b) the air inlet velocities
of 1.5 and 3.0 m/s, and c) the wind directions of 0 and 45 degrees. The total
opening area is set by 2 percent to the floor area size, 50 percent of the openable
areas, which is 2.88 m². The mean velocity vectors on the horizontal planes were
measured. The unit conditions are described in Table 1.
Two sets of simulations were undertaken and the steady flow pattern examined
in each case. In both sets, three types of opening configurations were tested for
evaluation.
Table 1. Unit conditions for CFD simulation.

5. Results
5.1. EVALUATION OF WIND SPEED

The first simulation is to investigate the indoor airflow distribution influenced by
wind speed. The mean velocity vectors were measured in the test geometry with
three opening configurations. The total opening area is set to open by 2 percent
to the floor area size, 50 percent of the openable areas. The Gradual-a had the
openings of which each opening size varied from 0 to 100%, the Gradual-b from
50 to 100%, the Gradual-c from 75 to 100%. The Gradual-a had the smallest
opening sizes with more openings in number for the total opened area.
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Figure 4. Façade models with various opening configurations. a) Gradual-a, b) Gradual-b, c)
Gradual-c.

The airflow results are shown in Table 2. The air inlet velocities of 1.5 and
3.0 m/s were tested with the three opening configurations. At inlet velocity of 1.5
m/s for the Gradual-a, the velocities were assessed in the range of 0.01 - 0.35 m/s
and those were lower than 0.15 - 0.50 m/s, which didn’t satisfy the recommended
comfort level of airspeed for natural ventilation. At inlet velocity of 3.0 m/s, the
velocities ranged from 0.06 - 0.81 m/s, which were closer to the comfort level as
mostly ranged between 0.15 and 0.50 m/s. The Gradual-b showed the velocities of
0.02 - 0.39 m/s at inlet velocity of 1.5 m/s and 0.07 - 0.89 m/s at inlet velocity of 3.0
m/s, which were slightly higher than the Gradual-a. For the Gradual-c, velocities
of 0.02 - 0.43 m/s at inlet velocity of 1.5 m/s and 0.07 - 1.11 m/s at inlet velocity
of 3.0 m/s were measured.
Table 2. Airflow simulations for three opening configurations with wind speeds of 1.5 m/s and
3.0 m/s.

At inlet velocity of 1.5 m/s, the Gradual-c showed the most pleasant airflow
among the three configurations. At inlet velocity of 3.0 m/s, the Gradual-a showed
the comfort range of air velocities. Higher velocities were measured in larger
openings. The Gradual-b showed the evenest air distribution throughout the space.
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At the Gradual-a, a poor air distribution was shown at corners of the room and the
Gradual-c showed strong and unpleasant levels of velocities at the center.
5.2. EVALUATION OF WIND DIRECTION

Table 3 shows the results of airflow analysis according to the wind direction. The
simulation was conducted with the Gradual-b configuration setting the inlet wind
direction of +45 degrees. Three gradient opening patterns were set with different
positions of the largest opening, each from the center, left and right.
As shown in Table 2, when wind flows from the perpendicular angle the overall
indoor airflow distribution is quite symmetrical. When the wind inlet direction is
+45 degrees, the airflow circulation is biased to one side and the mean airspeed is
higher. The simulation results are shown in Table 3.
Table 3. Airflow simulations for three opening configurations with wind direction of +45
degrees.

It is seen that increasing sizes of the east openings and decreasing the west
openings like the Gradual-b-right, which is making larger openings to the wind
direction, distributes the air more efficiently to the left and right inside the room,
making more inflow and distribution less biased. If the opening sizes of the
opposite side to the wind direction was increased like the Gradual-b-left, the inflow
air flows out immediately and the air gets concentrated on the wall. It causes the
air distribution more biased and the ventilation efficiency lowered. Therefore, the
Gradual-b-center is beneficial for air circulation when the incoming wind direction
is perpendicular and the Gradual-b-right is advantageous for the wind direction of
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+45 degrees. It is effective to control the air distribution in an indoor space by
changing the position of larger openings aligning to the wind direction. It proves
that the strategy of controlling opening sizes and positions to modulate indoor
airflow is effective.
6. Conclusions
Nature has an infinite source for architectural solutions which attracts many
researchers and architects for various aims. The unique integration of geometries
and techniques allows the natural organisms to adapt to different environments
in creative ways. In this study, the properties and principles of plant pores have
been applied for technological solutions for natural ventilation. A bio-inspired
pneumatic facade is presented as a strategy to improve the efficiency of natural
ventilation by controlling the adaptive openings.
The visualization of airflows has been explored and analyzed in order to
investigate how the changing configurations of openings can enhance natural
ventilation efficiency. To evaluate the effects of the opening control, two sets
of CFD simulations have been conducted. The various opening configurations
were tested under different wind speed and direction to find out the opening
configurations which provide indoor airflow distribution at the comfort level of
velocities.
As results, it was shown that indoor air velocities were modulated by
controlling opening sizes, geometries and positions of openings in the same
opening area. Besides the opening area size, the configuration was an important
influencing factor to modulate indoor airflows. It was effective to apply smaller
openings in higher wind velocities and larger openings in lower wind velocities as
higher velocities were measured at larger openings. In terms of wind direction,
larger openings towards the wind direction and smaller openings towards the
opposite were more effective.
It is a beneficial strategy to apply the optimized configurations implementing
automatic opening control to enhance natural ventilation in changing wind speed
and direction, providing a comfort level of air velocities with efficient air
distribution. For future research, the effectiveness of the pneumatic skin in
its annual performance will be further discussed, setting a site with its yearly
wind speed and direction. This approach can be further broadened to the
comparison in its annual efficiency between the dynamic mechanisms and the
fixed configurations. Also, the reliability of the simulation results will be further
evaluated with a fabricated model for the accuracy of the simulation results.
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