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Abstract

Performance-oriented design has as a primary aim to in-
troduce spaces that achieve acceptable levels of human
comfort. Wind-induced airflow plays a significant role in
the improving occupants’ comfort in a building. This paper
explores the extent to which simulation of natural airflow
can potentially be a contributing parameter in the concep-
tion of performance-aware designs.

Testing the natural ventilation performance of a pavil-
ion, the study employs Fast Fluid Dynamics simulation. A
performance analysis is conducted, whereby an array of
automated feedback loops carried out by a genetic algorithm
can produce a number of acceptable solutions as regards the
optimization of facades’ openings. The experimentation
conducted proves the ability of the model to yield design
instances that fulfill a number of environmental criteria re-
lated to airflow and human comfort. In this light, the paper
suggests that the aforementioned method can be used as an
experimentation platform to influence the direction a de-
signer may take when considering a design proposal.

1. INTRODUCTION

Performance analysis in the field of architecture allows
the designers to become aware of the buildings’ behavior as
regards their relationship with the environment. Researchers
focus on different ways to predict the interaction of a de-
signed proposal with natural elements, towards a more com-
fortable built environment that achieves, in parallel, low
levels of energy consumption. Moreover, building engineer-
ing aims to solve everyday problems, such as providing suf-
ficient day lighting and indoor air circulation. As a result, a

great amount of knowledge in the territory of natural ele-
ments, such as sun and wind, is now available. It is on the
designers’ remit to integrate this knowledge into their plans,
but as a common practice it is not until the last phases of the
design process that they engage with such issues.

This study focuses on wind, which is a dynamic phe-
nomenon that can exhibit very complex behavior in relation
to built forms. Therefore the question arises of how the
building skin may respond to it. In this study an exploration
is carried out regarding the shaping of fagade openings as
they get informed about the state of wind around them.

In recent years, mechanical ventilation has been pre-
ferred to natural ventilation as it can provide stable air con-
ditions and resolve airflow problems triggered by inadequa-
cies in design (Cowell 2012). Nevertheless, heating, ventila-
tion and air conditioning systems (HVAC) are complex and
need a large number of components to operate. In addition,
this kind of technology consumes a great amount of energy,
whilst not always managing to deliver the desired indoor
climate (Kleiven 2003).

Consequently, architects propose the integration of nat-
ural ventilation techniques in order to create functional
buildings (Mendez 2012). In this case, computational
achievements like Computational Fluid Dynamics (CFD)
and evolutionary algorithms which were investigated during
the development of this paper can be proved as potentially
useful techniques to design, taking into account perfor-
mance analysis.

Natural phenomena simulated in computer models re-
quire a skilful expert user. Wind engineers are employed for
the interpretation and operation of such complex simulations
(Malkawi 2004). Moreover, powerful computer processors



and a great amount of time are needed until the simulation
model converges in an accurate result. Recently, in the field
of fluid dynamics a less accurate but adequately informative
model was presented. This model is Fast Fluid Dynamics
(FFD), firstly presented by Stam (1999), and this has been
the model used for the tests conducted in this research.

The main objectives of this paper are to highlight the ar-
chitectural consequences and possibilities as these are
formed by the integration of wind analysis in the design
process. The goal of the simulation model presented, is to
provide optimum airflow rate and distribution in the build-
ing’s interior. How can we design a facade that allows the
appropriate amount of air to circulate through the internal
space? In addition the study presents an exploration of natu-
ral ventilation in combination with the forced opening and
closing of fagade components that imply random movement
of people through the building envelope.

2. BACKGROUND

Hensel and Menges (2008) argue that considering the
performance of a design during early stages, both the mor-
phology of the structure and its environmental performance
is important. In this light, form generation and environmen-
tal analysis become equal factors to the decision-making
process. Thus, performance-driven design can take place
even from the phase of conception. The scope of such a
strategy is not to gather specific and accurate information
about energy performance but rather observe and manipu-
late the “tendencies or patterns” of the design’s behavior in
accordance to natural forces (Hensel and Menges 2008).

2.1. Natural ventilation principles and comfort levels

Utilisation of the natural driving forces for the purpose
of ventilation has for several decades provided the desired
thermal comfort and air quality for people. In traditional
architecture of south eastern countries porous structures (i.e.
screenwalls) were widespread as a way of providing good
comfort levels for the inhabitants (Hensel et al 2008; Hensel
2008). The performance analysis of these structures can
prove their efficiency to achieve high rates of air exchange
due to the availability of air, passing through the perforated
building envelope (RIBA 2011).

Natural ventilation is a method to deliver air into build-
ings and replace the existing aged air with fresh air, using
the force of wind (Cheung and Liu 2011; RIBA 2011). The
most common types of this method is the stack effect, ena-

bled by wind towers and cross-ventilation, enabled by open-
ings on opposite sides of the buildings (RIBA 2011). The
second is the case examined in this study. The wind is the
driving force of the whole system. The way to allow this
force to move through indoor spaces and also control its
distribution is to design openings that affect the circulation
of air and channel it to specific directions. The parameters
that define the requirements of airflow depend on the com-
fort level standards (ASHRAE-55 2010; ISO 2005).

It has been studied and estimated that the way people
perceive their satisfaction comfort levels depend on parame-
ters such as the air temperature, the mean radiant tempera-
ture, the air velocity and the relative humidity of the space
they live in. Apart from the comfort level parameters, one
should also consider the local climate so as to draw some
conclusions as regards the applicability of natural ventila-
tion in each case. The above parameters should be consid-
ered before implementing the model presented in this paper.

2.2. Simulations of Fluid Dynamics

Computational Fluid Dynamics are models used to pre-
dict air distribution using mathematical equations to solve
the flow of air in spaces (Awibi 1989). Carillho de Graca et
al (2002) have implemented CFD simulation to assess the
air circulation performance in indoor spaces in specific
countries. Suga et al (2010), focused on the design of win-
dows, taking into account wind-flow. Also, Cheng and Liu
(2011) examined the patterns created by air around build-
ings, with the objective to optimize the void space among
them. These studies used the CFD model as an evaluation
analysis only for orthogonal rooms or buildings and typical
rectangular windows.

Stam proposed a different way to approach the simula-
tion of fluids. The FFD model, which he proposed, was ini-
tially introduced for the game industry (Stam 2003). Chen
and Zuo (2007) validated the model for several situations,
among which indoor ventilation can be found. In a more
recent study of them, the conclusions that are drawn apart
from the accuracy of the model also prove that it is a much
faster solution in comparison to conventional CFD models
(Chen and Zuo 2009). Computing time is considered an
important factor when trying to implement a methodology
during the conceptual phase of design.

To date there is a limited number of studies that aim to
prove the applicability of this model in building engineer-



ing. Such an approach has been proposed by Chronis (2010)
and Chronis et al (2011) as a form-finding method. His re-
gard was not environmental but an effort to find forms
which are informed by the wind load. Hence, this model has
not yet been used for wind-induced indoor ventilation that
can provide human comfort investigating the transfor-
mations of the apertures of a fagade, as the case presented in
this paper.

In the studies discussed above, it is a usual practice to
couple fluid simulations with genetic algorithms. This mod-
el has been used extensively by Malkawi, who have also
noted the importance of visualization during the optimiza-
tion process(Malkawi et al. 2005). This enables the designer
to visually evaluate the good solutions carried out by the
algorithmic process, providing him with an opportunity to
select from a number of good solutions as regards air simu-
lation (Malkawi et al 2005). His studies focus on mechani-
cally ventilated systems. The coupling of FFD and GA have
also been recently realized and proved to be an effective
strategy (Chronis 2010).

The space tested in this research exhibits similarities
with previous studies. These similarities include the fluid
simulation and main principles of the genetic algorithm
(Chronis 2010), as well as the setting of the space and the
placement of openings on windward and leeward side
(Malkawi et al 2005; Cheung and Liu 2011). In the contrary,
a different approach is suggested as regards the geometry of
the fagade’s openings, which is non-orthogonal, and the
optimization for natural ventilation using FFD as the evalua-
tion method.

3. METHODOLOGY

This paper proposes a simulation model that aims to give
the designer an insight about the natural ventilation perfor-
mance of a built form. Such a methodology can be consid-
ered useful for architectural projects located in countries
with climate that exhibits high temperature and moderate or
high humidity. Although there is not a specific brief to be
fulfilled, an assumption for the parameters that would ap-
pear in such a case was made.

3.1. General setup and simulation environment

As an initial step to set up the context for the experimen-
tation, specific assumptions were made in respect to human
related and environmental parameters. The calculation are
made for an unfurnished room and the use of space is con-

sidered to be a communal space. Hence, the metabolic rate
of the occupants is 1.2 which implies sedentary activity
(ISO 2005). The clothing insulation that influences the hu-
man comfort levels is 0.7. Using the above values it is pos-
sible to have as an output the desired air velocity which in
this case is in a range between 0.4ms' and 0.8ms’
(ASHRAE-552010).

When cross-ventilation is the objective, it is a common
practice to place openings on the windward and leeward
side of the building. Using a wind rose from Rome as a ref-
erence, the apertures are placed accordingly (figure 1). Due
to the hot climate in this city, it is considered a suitable case
study for a natural ventilation system.
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Figure 1. The space tested placed on the wind rose diagram.

As for the rest of the structure, ie meaning the remaining
walls, the ceiling and the floor, all have a flat shape, creat-
ing an orthogonal volume of fixed area, in order to eliminate
the complexity of the system. Moreover, the objective of the
investigation is to optimize the apertures’ form and not the
overall shape of the building envelope.

This paper engages with curved openings optimization
for natural airflow as they are formed by a series of louvres.
In order to evaluate the performance of the model, testing
was implemented on an existing type of louvres’ geometry.
In specific, the properties of the louvres were based on the
fagade of the Thematic pavilion at Expo 2012 in Yeosu,
Korea. For this project Soma architects and Knippers Helbig
developed a series of elastic fins that can perform complex
deformations (Knippers and Speck 2011). The building shell
of Nebuta house in Japan, realised by Molo, was also taken
as reference for the form of the louvres. In both cases an
array of fins creates variations in the sizing of the openings
due to the ability to bear torsion.

The model is implemented in Processing language and
allows three-dimensional free-form geometries to be pre-
sented. The whole configuration of space is divided in two



categories: the static elements and the moving elements. The
static elements consist of the ceiling the floor and two lat-
eral walls while moving elements are proposed for the two
remaining sides of the space which are also the windward
and leeward side (figure 2). In the above described design it
is suggested that the moving elements will replace the role

of doors and windows, if it is thought as a real building. The
overall volume occupied by the simulated model is charac-
terized by its width (4.8m), length (6.15m), and height
(3.9m).

Figure 2. The louvres closed (left) and open (right).

Each louvre in the simulation environment, is a non uni-
form b-spline surface (NURBS). Trying to simulate the be-
havior of the elements found on the facades mentioned
(Soma pavilion, Nebuta house), the louvres should perform
a certain range of movements. In both projects the property
of twisting is prevalent. For this to be achieved, a Gaussian
distribution was incorporated in the NURBS algorithm.
Creating a Gaussian function is a simple way to achieve the
expected type of relation between the adjacent control
points (figure 3).
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Figure 3. The louvres simulated as NURBS surfaces.

3.2. Implementation of Fast Fluid Dynamics

FFD has already been used in a number of studies,
where a detailed explanation of the scheme can be found
(Stam 1999; Chen and Zuo 2007; Chronis 2010). The algo-
rithmic model used is based on an implementation, in three-

dimensional space, of Stam’s model (1999) by Ash (20006),
which was later on coded in Processing by Chronis (2010).

The fluid solver runs iteratively to define the fluid
movement that will take place in every time step. The model
is grid based which in three-dimensional space consists of
uniform voxels. The visualization of the whole scheme is
exclusively based on a range of colours that represent the
value of velocity in each voxel, using a mapping function.
Furthermore, the behavior of the system relies on the initial
velocity forced into the system to stimulate the fluid. While
the research focuses on natural ventilation this velocity rep-
resents the wind. Throughout the simulation, the first row of
voxels on y direction is prescribed to have a specific veloci-
ty.This implies that the wind is blowing continuously with a
specific direction and velocity.

As a further step, a three-dimensional vorticity confine-
ment function was incorporated into the algorithm. This was
based on a two-dimensional scheme encoded in Java by
Mckenzie (2004). The specific extension aims to reduce the
numerical dissipation that exhibits the FFD model. Creating
small swirling flows commonly found in smoke simulation
the velocity field is influenced (Fedkiw et al 2001).

It is also worth mentioning that a visual representation of
the information that the fluid simulation can provide was
created. Trying to visualize the indoors condition of the air-
flow, a function in Matlab was used to create a three-
dimensional graph from the given velocities (Matlab web-
site 2012). For every test a memory structure was created
where the velocity value of each cell located at height equal
to 1.5m was kept. These values were later on parsed by a
Matlab function and a three dimensional graph was created
where the velocity component specified the colour and the
height of each part of the surface (figure 4).

Velocily

height=1.5m
Velocities saved ¥ ~
from this height NG X

Figure 4. From left to right: FFD domain, Visualization of velocities
in 3d space using the surface function in Matlab.

The fluid solver, as the majority of CFD programs, is
voxel-based. The NURBS surfaces and the remaining ele-
ments that confine the room, were incorporated into the flu-



id solver using a parametrization technique which subdi-
vides each surface into discrete voxels. The voxels that de-
pend on the shape of the NURBS are enabled to change
their state, according to the displacement of the surface,
while the remaining voxels are static, and unaltered for each
test. These voxels represent the internal boundaries of the
fluid solver, redefined in every time step . The size of the
fluid domain for all the tests on the x, y and z axis was set to
76, 150 and 50 respectively. In total 57 x10° voxels were
simulated and their size was uniform. Size values between 2
and 5 were tested and 3 was chosen as the voxel size that
would be used in the final tests (figure 5).

NURBS surface voxel size =5

voxel size =3 (selected
(inadequate meshing) solution)

voxel size =2 (finer grid-
more time needed for
the simulation)

Figure 5. The meshing of the surfaces as it occurs due to different
voxel size.

The simulated room occupies 34x10° voxels. Numerical-
ly the space that can possibly be occupied by people is taken
in a distance of 0.6cm from the lateral walls and 1m of the
ceiling. This region was used for the calculations that took
place, in order to evaluate the performance of the room for
natural ventilation. This is a common practice, since in the
periphery of a room the condition of air does not affect con-
siderably the human comfort (ASHRAE-55 2010; Malkawi
et al 2005).

3.3. Genetic algorithm

An evolutionary method was implemented along with
the FFD scheme to enable an automated evaluation of a
large group of possible design solutions. The algorithm im-
plemented relies on an example created by Turner (2010). In
specific, the genetic algorithm (GA) is based on a standard
number of population members that are evaluated by a fit-
ness function. Each member consists of a possible instance
of the design. The differentiation between each instance
depends on the genes, as they are encoded. In the case pre-
sented, the genes determine the displacement of the control
points for each louvre on the x and z direction. These genes,
random initially, are assigned with a range of values, and
the pace according to which these values can be increment-
ed. The possible values are discrete from 0 to 5. The lower
limit of this range means that the louvre is completely
closed and the displacement is 0°, while the upper limit

means that the louvre, at the height of 1.5m, is open at 50°.
The pace of the inclination is 10° (figure 6).
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Figure 6. Representation of the GA scheme and the possible values
of the genes.

A fitness function, related to natural ventilation, deter-
mines the effectiveness of each solution. Afterwards the
whole population is sorted from the less to the most ful-
filling option. The next step is the mutation and crossover of
the possible values of the genes. Two instances are selected
and a percentage of their genetic elements is passed to a new
instance, while there is also a probability of new solutions to
occur. The resultant solution is then evaluated replacing the
less effective member of the existing population (figure 7).
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Figure 7. Flowchart of the GA scheme.

3.4. Multiple criteria fitness function

The fitness function elaborates the objectives of the
problem into an algorithmic process. In the case presented,
the airflow is adjusted due to the transformations of the fa-
cades elements, until an appropriate airflow pattern is met.
The main parameter that influences the airflow is the veloci-
ty of air in the occupied space. In this light, velocity is used
to recognise the behavior of the wind indoors.

Although the velocity component was the only key ele-
ment used for the evaluation scheme, it was used in a num-
ber of ways that could provide adequate information con-
cerning the indoor conditions. Four different functions were



incorporated into the fitness function creating multiple crite-
ria for the evaluation process. These required the calculation
of the average velocity, the air exchange rate, the standard
deviation and the maximum velocity.

The average velocity of the values found in the occupied
space, should fall into a range so as the fitness to increment.
The upper limit for the average velocity was 0.8ms™ and the
lower 0.4ms™. If the values did not fall into this range the
fitness would be influenced negatively.

Furthermore, since the aim is to achieve a great degree
of air exchange, to replace the aged air with fresh, the calcu-
lation of volumetric range exchange was adapted. Examin-
ing the voxels located in the interior side next to inlet open-
ings, the area they occupy was multiplied by the average
velocity found in their centres. This equation is commonly
found in environmental studies as regards air (Autodesk
2011). The higher value of the volumetric rate the better the
resulting fitness.

Additionally, in order to achieve a uniform distribution
of air indoors one more function was introduced. This func-
tion was formulated for eliminating the deviation from the
mean velocity. Standard deviation increments in a high de-
gree when a great difference from the average value is
found and respectively the fitness decreases. As stated in
previous studies, it is considered as an effective way to
achieve a better distribution of uniform air velocities
(Malkawi et al 2005).

Moreover, the maximum velocity found indoors was al-
so integrated in the fitness function. A high value for maxi-
mum velocity affects inversely proportional the fitness val-
ue. As this function also influences the evaluation part of the
GA, the solution space was further constrained.

The above values are considered integral parameters that
affect the effectiveness of a natural ventilation system.
Thus, it was decided to elaborate them in a way that they
could equally affect the fitness of a solution. In this respect
all the values as they are computed by each function were
mapped to numbers raised to the power of -1.

4. TESTS AND RESULTS

The first test consisted the ventilation performance anal-
ysis of a room with orthogonal openings so as to provide a
set of measurements. These values provide the study with a
performance benchmark in order to compare the effective-

ness of the proposed fagade that consists of louvres, to a
convetional type of fagade, that consists of common win-
dows and doors (figure 8). The second test examined the
possible transformations of 8 louvres, so as to provide suffi-
cient wind-induced ventilation. For the rest of the tests one
or two louvres, of the windward fagade, were left open
throughout the simulation as if people were allowed to pass
from the open louvres.
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Figure 8. Diagrammatic representation of the rooms tested and re-
spectively planar sections, across the x and y axis, for z=1.5m during the
fluid simulation.

The most effective way to introduce sufficient airflow
indoors is the creation of inlets that are slightly smaller than
the outlets (RIBA 2011). This design principle for cross-
ventilation appeared in the solutions presented in this study,
proving that the solution follows the general guidelines of
designing for natural ventilation. In addition, the coupling of
FFD and the optimization method is effective and sufficient-
ly creates solutions that can be considered acceptable, as we
can also visually evaluate from the 3d representation of the
air velocity distribution found in the room (figure 9). Thus,
the model generates solutions that could provide informative
insight during the process of decision making, even for
complex fagade configurations as the one implemented in

the present experimentation.
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leeward facade

Velocity

windward facade

Figure 9. The optimized form of the openings and 3d representation
of the velocity values found indoors that exhibit good distribution.



Moreover, the tests that factor in human circulation,
where a number of louvres have openings with inclination
set at 50°, enabling the remaining louvres to be optimized,
achieved to converge in acceptable solutions in regard to
human comfort levels. Among the successful tests, a specif-
ic pattern of the configuration of louvres came up in the
solutions. Firstly, once more the sizing of inlets and outlets
roughly matched. Secondly, the pattern that emerged indi-
cated an interaction between the louvres of the windward
and the leeward facade. As a general overview, the louvres
placed in opposite positions between the two sides exhibited
inversely proportional inclination creating a better distribu-
tion of air (figure 10). This shows a trend towards the solu-
tion of the addressed problem, converging in an optimal
form of the two opposite fagades.

third louvre open first and second louvre open

Figure 10. Two examples that depict the trend appears between the
windward and leeward facades in the optimized solutions.

As presented in this paper the method of computing the
fitness, combined four different functions. In this light, a
system of multiple layers was created for the evaluation
process. This method provided the study with a complete set
of criteria with the aim to create a robust methodology that
allows an accurate evaluation method. However, this meth-
od added extra complexity to the optimization problem re-
sulting in a high level of difficulty towards the convergence
in one solution. The four calculations taken into account
were conflicting. For example, throughout the optimization
process a satisfactory result should exhibit average velocity
that falls in a specific range of low values and low maxi-
mum velocity but high volumetric rate exchange, which are
contradictory attributes. Although the problem was complex
throughout the majority of the tests the genetic algorithm
managed to converge in solutions that achieve the required
standard conditions.

The coupling of FFD and GA is a computational de-

manding scheme, however. For every design instance to be
evaluated the fluid simulation should run across the whole
domain creating a time consuming performance analysis
method where approximately 6 hours needed until a the GA
converges in a solution. The complexity appears visually in
the fitness graph of the tests where two louvres in a row
should remain open and thus a great amount of air was in-
troduced indoors. In these cases the optimization process
remained steady in local optima, for about 100-200 genera-
tion, until a better solution was found (figure 11). Hence, a
refinement of the optimization algorithm so as to integrate a
hybrid-heuristic model is proposed for further investigation.

Fitness Graph | st & 2nd louvres open - 6 louvres free Fitness Graph | 3rd & 4th louvres open - 6 louvres free
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Figure 11. Improvement over generations of three population mem-
bers (optimization process).

5. CONCLUSION

The paper presented the extent to which simulation of
natural airflow can potentially be a contributing parameter
in the conception of performance aware designs. A specific
case study, where two facades consisting of elastically de-
formable vertical louvres, was implemented to enable exper-
imentation. A set of fulfilling design instances that have
been analysed for their ventilation performance have been
generated. The coupling of fluid dynamics simulation and
genetic algorithm have proved an effective way to design
taking into account wind-induced ventilation. The aftermath
of integrating such a methodology could be the choice of
passive cooling systems instead of mechanically air condi-
tioning systems, which are more popular in architectural
concepts to date. Providing a platform for experimentation,
this paper aims to stimulate a reciprocal conversation be-
tween performance and shape. As a general overview, this
paper underlines that the form of a structure can be enriched
by the information provided from its performance attributes.
This way a structure will be able to exhibit inherent per-
formative qualities from the initial stages of its creation.
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