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ABSTRACT

Double skin facades (DSFs) are gaining recognition as a technology that, while giving a
modern transparent appearance to buildings, have the capability to moderate the indoor
thermal conditions and the potential to reduce energy demands.. A typical DSF consists of
an additional fully glazed external skin installed over the conventional building facade
forming an air cavity in which sunshade devices are often installed to prevent overheating
in the internal rooms. The majority of the existing studies on DSF are based on air-
conditioned models under temperate climate conditions, where most DSFs are
implemented. However, developments in warmer climate countries such as Brazil are also
considering the application of this technology as a solution to improve thermal performance
in buildings. Therefore, investigations to understand the DSF thermal and airflow processes

and implication of its use in naturally ventilated buildings under such climates are needed.

The aim of this study is to determine the thermal performance of office buildings with DSF
under Brazilian climate conditions. Firstly, the key parameters affecting the thermal
performance of buildings with DSF are identified through critical literature reviews. Using an
office building as a reference model, computational thermal dynamic simulations are
performed to demonstrate the influence of each individual key parameter on the building’s
thermal behaviour. From the findings of the parametric analysis, optimized models that
utilise a combination of solutions to maximize the building thermal performance are
developed and analysed. Finally, acceptable thermal comfort levels of the optimized model

in different Brazilian climatic regions and periods of the year are determined.

This study evaluated the key parameters affecting the thermal performance of buildings
with DSF, including: the significance of material selections in design solutions to maximize
airflow through the building; the prevention of unintentional reverse flow on the upper floors
and maintenance of balanced airflow rates across all floors; the impact of solar incidence

and wind conditions on the DSF’s thermal performance.

Results from the simulations of the optimized model under different bioclimatic zones of
Brazil indicated that in most parts of the country the thermal comfort acceptance levels are
as low as 60%, especially in the hotter areas of centre west regions, coastal areas and

north of the country.

The outcomes of this research provide insight and understanding on the functioning of the
DSF in naturally ventilated buildings in warm and hot climates. DSFs in naturally ventilated
buildings under Brazilian climates generally presented lower thermal acceptability when
compared to single skin models due to the high outside temperatures and the airflow
resistance caused by the application of the second skin. Their application will therefore not

have direct benefit to the thermal performance.
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Chapter One

Introduction

This Chapter provides an overview of the background for double skin facades, its
application in warm regions and the relevance of the study to Brazil. It also sets out the
research rationale, scope, aim, objectives and structure of the thesis.



1.1 Background
1.1.1 Introduction

The incident solar radiation on the building surfaces, the high outside air temperatures
entering the building through the openings and the heat transmission through the
building fabric are some of the reasons to the increasing building indoor temperature to
a level that causes discomfort in warm and hot climates. Fundamentally, when there is
a gradual accumulation of heat inside the building that is not being removed or reduced
it is said that the building is overheating. In hot and tropical climates, the overheating
risk can occur during the whole year and it is often addressed by installing mechanical
cooling, which leads to additional running costs and energy use, and increasing in
carbon emissions (CIBSE, 2010).

The use of air conditioning was being extensively applied to buildings in hot and
tropical climates as a strategy to mitigate the uncomfortable environment until 1970s
and 1980s when the energy shortages triggered global awareness about energy
efficiency and sustainable design in buildings. From that, professional designers
started to raise interest in the application of passive architectural design solutions with
the aim to improve the buildings’ indoor thermal conditions to reduce or mitigate the
energy demands. In a ‘passive building’ the indoor environment is regulated by its
architectural design and components, making use of the resources available in the
immediate surrounding environment in order to avoid the need of mechanical heating

and cooling systems (Nayak and Prajapati, 2006; Nicol et al., 2012).

Nicol et al. (2012) identified the ‘disconnection’ of the building interior from its
surrounding environment by unsuitable envelopes as one of the main reasons for the
poor quality of the indoor conditions which results in user discomfort (Sadineni et al.,
2011; Ochoa and Capeluto, 2009; IEA, 2013a; b). The envelope not only forms the
primary thermal barrier between the interior and the exterior, playing an important role
in determining levels of comfort and ventilation in the building, but it is also an

important aspect of its aesthetics and image (Sadineni et al., 2011).

Within this context, the double skin facades (DSFs) are gaining recognition as a
passive strategy technology that while giving a modern transparent appearance to
office buildings, has been claimed to be able to moderate the indoor thermal conditions
either for cold and hot areas and therefore reducing energy demands. It consists of an
additional fully glazed external skin installed over the conventional building facade,

forming an air cavity in which sunshade devices are often installed to protect the



internal rooms from overheating caused by excessive solar heat gains (Oesterle et al.,
2001).

1.1.2 Double skin facade evolution

The DSF was firstly described by the director of the Industrial Museum of Brussels in
1849, Jean-Baptist Jobard, as an architectural solution that should allow warm air
circulation within the cavity in winter. Examples of non-ventilated DSFs were adopted in
the vernacular architecture of temperate climates, in which the cavity was used as a
buffer zone. At beginning of 1900s an operable cavity opening was applied to the Steiff
Machine Hall building in Germany, which can be regarded as an early example of a
naturally ventilated DSF. In 1929, Le Corbusier designed DSF for the La Cité de
Refuge claiming that the ventilated cavity would prevent heat transmission through the
building facade and therefore improve the building thermal comfort conditions
(Saelens, 2002).

The energy crises of the 1970’s and 1980’s motivated improvements on the solution
and mechanically ventilated facades were increasingly implemented in European
buildings (Saelens, 2002). From then on, the increasing environmental concerns and
the positive corporate image of ‘green buildings’ strongly influenced the proliferation of
DSFs. The UCB centre, built in Brussels in 1980’s was one of the first DSFs to be
reported with the application of shading devices within the south facing cavity as an
attempt to mitigate the heat gains during the summer without conflicting the
transparency design philosophy (Kragh, 2001).

Over the years, the DSF design has been progressively evolved as a solution that
takes into account the aspiration for transparent aesthetic facades combined with
environmental functionalities. Nowadays over 50% of DSFs are located in continental
and northern European countries, of which 20% are in Germany, one of the first
countries that started to develop and apply this concept. Japan also accounts for a
large percentage, about 13% and the rest of the buildings with DSF are in Canada,
USA, Australia and other parts of the world (Andelkovi¢ et al., 2015).

1.1.3 Application of double skin fagade in warm climates

Low energy buildings with DSF in European and other moderate climates have
adopted specific features such as use of highly insulated building skins, high quality
low U-value glazing and heat recovery ventilation in winter, to deliver effective
performance during cold months and to enable reduction of heating loads. However, a

number of cases have presented poor performance during warmer months caused by
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overheating, which consequently increases the cooling loads (Darkwa et al., 2014). In
such cases, greater air-conditioning system capacities are needed, and their energy
consumptions often exceed the winter heating energy savings. Therefore, the design
solution could result in a step backward regarding energy efficiency and the beneficial
use of passive solar energy (Streicher et al., 2007; Marques da Silva et al., 2015). This
shortcoming has instigated the development of additional features such as sun
protection devices, modification of facade geometry and ventilation schemes in order to
achieve more effective performance during the summer periods (Gratia and De Herde,
2004b; Eicker et al., 2008). From that, different modes of DSF operations for both
winter and summer conditions have been considered (Mingotti et al., 2011; Gratia and
De Herde, 2007a).

The potential to reduce cooling loads during the summer in highly glazed buildings has
motivated the adoption of the DSF technology in modern cities in warm and even hot
climates as an iconic successful corporate image associated with sustainability. With
these impetuses, a number of experimental and numerical studies about the viability of
implementation of DSF have been performed considering the possibilities of using the
technology in countries with warmer climates such as in China (Zhang et al., 2010),
Spain (Torres et al., 2007), Singapore (Chou et al., 2009), United Arab Emirates (Radhi
et al., 2013), India (Singh et al., 2011) and Malaysia (Rahmani et al., 2012).

Although most of the studies on DSF in warm and hot climates are based on air
conditioned models, recently there is a growing interest in the application of the
solution as a potential driver of ventilation to the building’s user spaces. The re
adoption of natural ventilation in buildings is obvious by their advantages over
mechanical ventilation systems in terms of energy and environmental benefits,
improved indoor air quality, reduced implementation and operational costs, and
increased occupant satisfaction (Day and Gunderson, 2015; Aflaki et al., 2015; Wood
and Salib, 2013).

In naturally ventilated buildings, the flow of air within the DSF cavity is driven by the
thermal buoyancy force as a function of the temperature difference between the
warmer cavity air and the surrounding cooler air. The hotter cavity air functions as a
thermal chimney that induce the suction of cooler air from the outside driving a
continuous convective air stream through the building. Thus, the higher the increase of
cavity temperatures in relation to the outside air, the higher the air movement created
within the building, which would increase occupant satisfaction in warm and hot areas.
However, due to the complex interactions between the facade and the building, the

application of natural ventilation for cooling proposes in hot climates may require
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special features in the building design and operation, such as solar control devices to
prevent excessive heat gains, appropriate form and shape of architectural building plan
combined with adequate orientation according to sun and wind exposures (CIBSE,
2005).

Although being seen as potential a sustainable design solution to office buildings in
warm and hot climates, the current inefficient design of the technology often add
significant heat gains in such buildings. Extreme increasing of the temperature inside
the cavity has been identified as a critical matter in DSF buildings placed in warm
climates. This can be attributed to the limited cooling potential by the prevailing climate
and by occupant expectations of thermal comfort (CIBSE, 2005). Although the
greenhouse effect within the cavity can be moderately advantageous to the fagade
functioning by inducing ventilation through thermal buoyancy within the vertical cavity,
the faulty operation of the facade openings are the most critical causes that contribute
to uncomfortable temperatures in the buildings (Hamza, 2004; Gratia and De Herde,
2007a). Although some experiences has shown uncomfortable temperatures occurring
during the hottest moments of the year in some climate conditions, no available
research applying specific features to reduce the overheating risk in such buildings has

been conducted.

Therefore, the DSF has been proposed as a passive strategy that if adequately
designed may be able to improve the thermal performance of naturally ventilated
buildings in hot climates (CIBSE, 2005; Nasrollahi and Salehi, 2015). Although the
technology has recently been a subject of intense investigations, the understanding of
its functioning on naturally ventilated buildings can be considered still at its infancy.
Moreover, acquiring fundamental principles for the DSF design and operation across a
wide range of climatic conditions is still needed (Mingotti et al., 2011; Darkwa et al.,
2014).

1.1.4 The Brazilian context

The application of DSF is not common in Brazil despite the increasing demand for
improved design and performance of buildings. This can be attributed to the lack of
legal standards from governmental bodies, the under-developed building industry and
the lack of knowledge pertaining to the technology’s design and performance among
the majority of the construction companies, designers, facades developers and
suppliers (Marcondes, 2010). However, recent regulations (ABNT, 2010; 2013) have
encouraged energy efficiency and more efficient design solutions of building systems.

The expectations regarding the country’s growing economic capability also create a



favourable impetus for the implementation of environmentally attractive design

solutions such as DSF, especially in large corporate buildings.

In Brazil, one of the first buildings with DSF was completed in 2008 in Rio de Janeiro
city. The same ventilated 60cm-cavity DSF was implemented on all external facades of
the building without considering the orientations. The windows are sealed and air
conditioned system is used all the year round (Marcondes, 2010). Beyond Rio de
Janeiro, the applicability of DSF in office buildings in the federal and other eight capital
of states in Brazil was evaluated by Leé&o et al. (2009) who demonstrated the potential
energy savings based on air-conditioned building models.

Brazil presents a wide range of climate conditions that vary from the cold south region,
where some similarities with European continental climates are found, to the typical
tropical climates in the coastal areas, as a result of its large extension, variations in
altitude and precipitation levels. With this great variability of climates, the potential of

applicability of the DSF in naturally ventilated buildings is not obviously clear.

The amount of solar incidence is another determinant for the climate characteristics
and plays an important role on the level of thermal buoyancy force and the consequent
potential of ventilation in the DSF (Kim et al., 2009). As the Brazilian territory is mostly
included in the inter-tropical region, it has a great potential to capture solar energy over
the entire year. The daily horizontal global solar irradiation is fairly uniform in the
territory and greater than those observed in Japan and some European countries, as
shown in Figure 1.1. The greatest values for annual mean global solar irradiation are
registered in the semi-arid area of Northeast region followed by Midwest and Southern
regions. On the other hand, due to the high precipitation levels and low latitude
localization, the lowest solar incidences are found for north and south regions,
respectively (Martins et al., 2012). The abundance of solar energy resources, which is
an essential mean to drive airflow through the DSF, indicates the country has the

potential to exploit the DSF technology.
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Figure 1.1 - Annual mean daily solar irradiation in the Brazilian territory and comparison with
other countries. Source: Martins and Pereira (2011).

1.2 Rationale

The DSF is a complex design solution which, while providing transparent aesthetic of
modern office buildings, has the potential to improve a building’s thermal performance
if appropriate design strategies are applied. However, the complexity of the thermal
processes involved in the DSF operation and the numerous aspects to be considered
such as the building geometry and materials selections, demand comprehensive and
holistic studies, especially when applied to naturally ventilated buildings under warm
and tropical climates. Moreover, the majority of the existing studies have been confined
to the thermal performance of air conditioned models and focused on temperate
climate conditions, where most DSFs are implemented.

In this study, thermal performance is expressed in terms of the occupancy periods
during which defined thermal comfort conditions are acceptable or unacceptable. The
determination of thermally comfortable or uncomfortable hours provides a means to
evaluate whether or not the DSF is a viable solution. Establishing profile of likelihood of
thermal comfort will enable understanding of the building’s response to the changing

outdoor climatic conditions and regulation of indoors conditions.



Currently, there is a lack of studies that investigate the individual or combined
influences of architectural configurations together with the effects of surrounding site
conditions on the building’s thermal behaviour. Many of the current studies have
focused on the DSF cavity as an ‘isolated’ structure, which is often treated as a local
feature without taking into account its thermal influence on the user space. Although
the occurrence of overheating during the warm and hot seasons has been recognized
as a key issue, there is still a lack of understanding and validated design solutions.

The lack of knowledge, guidelines and validated methodology on design and
performance prediction has been identified as barriers for the implementation of the
DSF. Such issues are hardly addressed in warm climate countries (Shameri et al.,
2011; Hgseggen et al., 2008) such as in Brazil, especially when applied to naturally
ventilated buildings. Therefore, with the purpose of contributing to a holistic view about
the viability of implementation of DSF as a passive design solution for a naturally
ventilated building with DSF in Brazil, this study aims to answer the following key

questions:

What are the influences of architectural configurations and external climates on
the thermal performance of naturally ventilated office buildings with DSF?

To what extent will naturally ventilated office buildings with DSF meet the

thermal comfort requirements in different climate regions of Brazil?

Although studies have already identified that buildings with DSF under warm and hot
climates presented risk of overheating specially during the warmer months, the
ventilation promoted by the cavity thermal buoyancy can be able to provide occupant
satisfaction due to the increase of air movement through the building. Thus, based on
the possibility of applying different DSF design strategies to increase the building
thermal performance by enhancing the natural ventilation to avoid overheating within

the building, this thesis has the following hypothesis:

Enhancing the natural ventilation through the suitably applied double skin
facade can improve the thermal performance of office buildings under Brazilian

climates.
1.3 Scope of the research

Apart from thermal issues, there are a number of other considerations in the process of
designing a DSF such as acoustic characteristics (Oesterle et al., 2001), night time

ventilation (Gratia and De Herde, 2004b), maintenance of shading devices, increased



weight of the building structure, fire regulations and reduction of available floor space
(Torres et al., 2007). Furthermore, the costs associated with the design, construction
and maintenance, which are considerably higher than a traditional single facade
(Oesterle et al., 2001; Poirazis, 2006), is one of the main considerations about the
viability of implementation of DSF.

Although these aspects must be addressed when deciding about the implementation of
the DSF technology, they are not part of this investigation, which focuses solely on the
thermal performance. However, some of these aspects are touched upon in the

discussions underpinning the final conclusions.
1.4 Research aim and objectives

The aim of this study is to determine the thermal performance of office buildings with

DSF under Brazilian climate conditions.

In order to achieve this aim, the following objectives are developed with reference to

office buildings with DSF in Brazil:

I. To differentiate the characteristics of the Brazilian climates and to identify the
corresponding thermal comfort requirements in naturally ventilated office

buildings.

II. To develop a reference model of a naturally ventilated office building appropriate

for the DSF application.

[ll. To identify and evaluate key parameters governing the building thermal

performance.

IV. To develop optimized naturally ventilated building models with DSF to operate

under Brazilian climatic conditions.

V. To establish the annual thermal comfort acceptability of optimized models under

different Brazilian climates.
1.5 Thesis structure

Chapter one provided an overview of the evolution of the DSF and discussed its
application in warm regions, indicating Brazil as a country with potential to exploit the
DSF technology. It also demonstrated the research rationale, scope, aim and

objectives of the thesis.



Chapter two reviews the current body of literature on studies of thermal performance
of DSF and it explains the physical working principle of the technology when applied to
naturally ventilated buildings. The main findings of the studies are analysed and
ordered in three groups of identified parameters affecting the thermal performance of
buildings with DSF. The chapter concludes with a set of guidelines for the design of
naturally ventilated buildings with DSF in warm climates.

The third chapter describes the climatic conditions of the different bioclimatic zones
of Brazil evaluating the climatic potential for natural ventilation. It also includes a
discussion about the existing comfort criteria and establishes an indicator to evaluate

the thermal performance of naturally ventilated buildings models.

Based on the knowledge gained from the literature review, chapter four defines the
proposed methodology of this study. It describes the process of model development;
the key design and site parameters selected to evaluate, the modelling and simulation
processes and the procedures used to demonstrate the influence of each individual key

parameter on the building’s thermal performance.

Chapter five presents the results of the parametric analysis, demonstrating the
influence of each individual key parameter on the building’s thermal behaviour. It also
includes the development and analysis of the optimized models, which utilise a

combination of solutions to maximize the building’s thermal performance.

Results from simulations of the optimized model of naturally ventilated office building
with DSF for the Brazilian bioclimatic zones are presented in Chapter six. It
establishes the thermal comfort levels of the model under different Brazilian climate

conditions at different periods of the year.

Chapter seven summarises and concludes the study based on reflections upon the
findings. It also includes the limitations of the research and proposes further studies

that may follow from this study.
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Chapter Two

Double skin
facade and key parameters

This chapter presents an overview of current studies on DSF and introduces the heat
exchanges and airflow processes that occur in the cavity. It also critically reviews the
state of the art of current body of literature about the thermal and energy performance
of the DSF. The studies analysed were divided into three groups to provide a clear and
structured understanding of the individual parameters affecting the building thermal
performance. The chapter concludes with the main findings from the studies reviewed,
informing the development of a base case model and the identification of the key
parameters affecting the building thermal performance.

11



This chapter begins with an overview of studies on general aspects of DSFs followed
by a discussion on the fundamentals heat exchange and airflow mechanisms occurring
in a building with a DSF. The fundamental thermodynamic principles and terminology
applied to buildings were mostly derived from technical standards (ASHRAE, 2009;
CIBSE, 2005) which address concepts, examples and calculations applied to generic
thermal chimneys found in buildings.

It follows by the main body of computational simulations and experimental studies on
DSF reviewed. They are grouped according to their contributions in relation to the
parameters influencing the thermal and energy performance of buildings with DSF.
Although a number of the studies reviewed used air conditioning models, which reflect
the historical use of this type of system, their developed methodologies and findings
are significantly relevant in informing the current and future advances of DSF
applications in naturally ventilated buildings. Their inclusion is therefore, considered
essential to this review. Some of the studies investigated several parameters and were
therefore placed in more than one category. For each parameter, the main findings of
the related studies that directly or indirectly contribute to the understanding and
implementation of such technology are summarized in a table. Among many DSF
aspects described in the literature, the parameters found to have the most prominent

effect on energy, thermal and ventilation performances are reported in this review.

The last section of this chapter recapitulates the main findings from these studies,
underpinning the development of a naturally ventilated base case building model and
the identification of the key parameters affecting the building thermal performance. It
also indicates what still need to be evaluated for a comprehensive understanding of a
more effective design of DSF when applied to naturally ventilated buildings under warm

and hot climate conditions.
2.1 Overview of studies on double skin facades

The studies reviewed in the following sections of this chapter allowed the development
of an overall understanding of the DSF conceptual and historic aspects, what are the
motivations and expectations from its use and general information concerning its
requirements in modelling approaches for airflow and thermal simulations. The
advantages and disadvantages regarding the DSFs applications and the real cases
examples presented by some studies allowed a factual understanding of the positive

aspects and the constraints that limit its use.
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Key publications reviewed included the book by Oesterle et al. (2001) which presents a
comprehensive description of the technology, providing both a theoretical framework
for its use and numerous practical examples. It also includes design issues about
acoustics, thermal insulation, smoke control systems, economic viability and
construction of DSF. Additionally, reports about DSF generated from extensive
research projects are reviewed such as Belgian Building Research Institute (BBRI,
2002), which resulted in the document ‘Source Book for Active Fagades’, and the
BESTFACADE, which was sponsored by the Energy Intelligent Europe Program of the
European Union and presented the state of the art of several DSFs in European

countries (Schiefer et al., 2008).

Wide range of reports and books about the advances on DSFs developments, such as
by Lee et al. (2002) and Compagno (2002) in glazed building skins are studied. The
extensive literature review produced by Poirazis (2006) presents reflections about the
design and operation of the technology including real examples of several office
buildings with DSF. Additionally, dissertations about the theme such as by Saelens
(2002), Dickson (2004), Hamza (2004), Kalyanova (2008) and Azarbayjani (2010)
includes literature reviews and clarifications about the evolution of the DSF. Details of

these studies are reported in sections 2.3 to 2.5.
2.2 Double skin fagade working principle

The DSF is a type of thermal chimney that can promote natural ventilation in the
building by using solar induced thermal buoyancy and pressure variations resulting
from the effects of wind around the building. Thermal stack and wind effects never act
in isolation and the magnitude and pattern of natural air movement through the building
depends on the strength and direction of these combined natural driving forces and the

resistances to the flow paths.

The thermal buoyancy within the cavity is created mainly as a result of solar radiation
reaching the DSF. Fundamentally, part of the total of shortwave solar radiations
incident on the outer layer of the DSF is reflected to exterior, some is absorbed by the
material and some directly transmitted into the cavity, according to the properties of the
glazing used. A portion of the radiation absorbed is converted into heat energy and
stored in the glazing, thereby rising its temperature. Part of this heat energy is
transferred into the cavity by convection, increasing the air temperature and part of it is
reemitted to outside and to the cavity as longwave radiations. Similar heat exchange
processes occur with the radiations that reach the internal skin. If received on an

opaque material, some of the radiations are absorbed and some are reflected back to
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the cavity. The absorbed radiations increase the temperature of the inner layer and this
energy is then reemitted towards the office room and the cavity by means of
convection, therefore contributing to the increasing of air cavity temperature. In reality,
multiple reflections occur repeatedly between the two skins and the increase of the
layers’ temperatures cause heat gains by convection of air within the cavity (Pérez-
Grande et al.,, 2005). Figure 2.1 shows a schematic representation of these heat
exchanges in the DSF.
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Eigure 2.1 - Heat transfer and airflow mechanisms occurring in the DSF and the adjacent office
oor

Shading devices are commonly placed within the cavity to reduce the amount of
transmitted solar radiations into the room space that lead to increase in the room air
temperature. The shading device can also contribute to the increase in air temperature
within the cavity space, since part of the radiations transmitted through the outer layer
is absorbed by the shading device material and released to the air cavity by convection
(Pappas and Zhai, 2008).

As the warmer cavity air expands, it becomes less dense and rises to the top of the
cavity, creating a stack effect within it. The increase of cavity air temperature in relation
to outside air creates a difference in air density. The decrease of pressure with height
creates a pressure difference between the cavity and the external air between the
lower and upper ends of the DSF cavity (Figure 2.2). As a consequence, air from the
cavity will be pulled out through the top opening, while air from exterior will be pushed
to enter the cavity through the bottom aperture (CIBSE, 2005).
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Figure 2.2 — Schematic representation of pressure gradients inside the cavity and outside the
building. Source: adapted from CIBSE (2005).

In cross flow naturally ventilated buildings, the displacement of air within the cavity
pulls air from the adjacent office rooms, which is replaced by outdoor fresh air from
window openings in the opposite fagade that passes through the occupant space
before being discharged into the cavity. The air in the cavity is continuously heated by
the incident solar radiations on the fagade when available, thus forming a continuous
convective air stream through the DSF (Radhi et al., 2013; Ding et al., 2005), as shown
in Figure 2.1.

The airflow in such a thermal chimney can be quantified by the following empirical
equation (ASHRAE, 2009):

Q = CpAy/2gAHypy, (t; — to)/t; (Equation 1)

Where: Q = air flow rate, m*/s; A = area of the opening, m% CD = discharge coefficient
of the opening; g = acceleration due to gravity, m/s? AHyp. = vertical distance from the
neutral pressure line (NPL) to the aperture, m; t; = air temperature in cavity (higher

temperature), K; t, = outdoor temperature (lower temperature), K.

This equation shows that in buildings with DSF, the key variables determining the
thermal airflow through a building are the cavity height and cross-sectional area, the
position and area of the window’s openings and the temperature difference between
the air inside the cavity and the external air. Secondary and interacting factors such as
the building compartmentation, the thermal properties of building fabric and glazing,
and the internal heat gains may affect how the heat is exchanged and the consequent

path of airflow in the building.
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An important variable of the equation is the height of the neutral pressure line (NPL),
which is defined as the point at which the inside and outside hydrostatic pressure
gradients intersect, as indicated by Figure 2.2. The position of the NPL relative to the
apertures defines the direction and magnitude of the airflows through the building.
When the cavity air is warmer than the outside air, inflow will occur through lower
openings and outflow through higher openings. As the location of the NPL is influenced
by the interior compartmentation of the building, it is not unique or necessarily located
at the mid-height of a building. NPL may also exist locally across the vertical height of
an opening, such as a window connecting the room and the DSF cavity. This can
cause local air recirculation which consequently disturbs the overall air exchange
between the building and the DSF (CIBSE, 2005; ASHRAE, 2009).

Another important parameter that contributes to the resulting air movement within the
building is the wind effect that varies according to the external surface pressures acting
across the building envelope. When wind approaches a building, it creates a
distribution of static pressures on the building’s exterior surface that depends on the
wind direction, wind speed, air density, surface orientation, and surrounding
obstructions (ASHRAE, 2009).

Studies by Gratia and De Herde (2004a) and Lou et al. (2012) indicate that the airflows
in the cavity reach their minimum when the wind direction is parallel to the facade but
they increase when perpendicular, especially if the DSF is located at the leeward side
of the building, which reinforces the cavity’s stack effect. The wind effect should
therefore be utilised to promote airflow from the user room to the cavity of DSF,
although sometimes its magnitude may mask the thermal buoyancy effect. However, it
is not always possible to achieve a high difference in pressure coefficient for all wind
angles, and because wind direction is a varying parameter, a design that relies on a
large difference in wind pressure coefficient is unlikely to be robust. For this reason, it
is recommended that the building design should be based on thermal stack effects
alone, and in such a way that the inclusion of wind effect is used to enhance the driving
forces (CIBSE, 2005).

The following sections review the state of the art of current body of literature about the
application of DSF technologies in order to provide an understanding of the individual
influence of the design and site parameters on the building thermal performance.
Three groups of parameters are identified as having significant impact on the DSF
performance: the ‘fagade’ parameters, which involves the features of the cavity and the
external layer of the facade; the ‘building’ parameters, which comprises the physical

configurations of the building, including the inner layer of the DSF; and the ‘site’
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parameters, which are related to the effects of the outdoor surrounding conditions on
the building thermal behaviour. At the end of each section, a table summarizing the
main findings of the cases reviewed including the major findings from each study.

2.3 Facade design parameters

This section presents the influence of the key facade parameters on the building
thermal performance. It includes the height, structure, depth and openings sizes of the
cavity, definition of the glazing properties applied on the outer DSF layer and the
application of shading device within the cavity. These design solutions have a
significant impact on several aspects of the building such as thermal exchanges,

ventilation magnitude and shading control (Shameri et al., 2011).
2.3.1 Height of the cavity/number of floors

As indicated by the empirical equation determining the airflow in a thermal chimney
presented in section 2.2, one of the main factors that affect the magnitude of the
thermal buoyancy in DSFs is the height difference between the inlet and the outlet
openings of the cavity, which determines the difference in pressure between those
apertures. A taller cavity produces a stronger stack effect, creating a greater airflow
rate (Oesterle et al., 2001; Mingotti et al., 2011). The magnitude of the airflow induced
in the cavity is especially important in warm and hot areas, where the buoyancy force
should be enough to extract excessive heat through cross ventilation from the user

rooms.

Monitor points placed along the height of the cavity by Radhi et al. (2013) measured air
temperatures at different heights of a 3-floor high building. A maximum difference of air
temperature at the bottom and top of the cavity was 3.2°C at 9:00 when the outside air
temperature registered 31°C on a summer day of Al-Ain city (24.2° N, 55.7° E). The air
temperature and flow of the cavity was also compared by Pappas and Zhai (2008) in a
single and a five stories building models. It was observed that, even under solar
incidence as high as 500 W/m?, the resulting air velocity through the cavity due to

buoyancy is less than 1 m/s in both models.

Fundamentally, taller cavities tend to generate greater pressure difference between its
apertures, which increases the airflow rates within it. However, studies reviewed in this
section indicate that the temperature stratification in the cavity air can significantly differ
between different building models and under different solar incidence. Therefore,
evaluation of ventilation rates for different building geometries and under different

outdoor conditions has to be individually analysed.
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In addition, the influence of a residual chimney extended above the building roof
(Figure 2.3) on the thermal performance of a naturally ventilated model was
demonstrated by Ding et al. (2005). The results show that increasing the height of the
cavity, the NPL is raised above the upper window. This results in higher airflow rates
within the cavity and therefore, higher air change rate on each floor, especially in the
upper floors. The study recommends that the effective cavity extension should be more
than two-floor height.

SOLAR
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STORAGE WALL
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Figure 2.3 — DSF with thermal storage space above the cavity proposed by Ding et al. (2005).

However, the necessary height of the residual cavity may be different for other building
geometries and needs to be calculated according to the number and area of the
windows openings and the outlet area on the top of the cavity. Furthermore, the
extension of cavity above the roof of the building may be limited by a number of factors
such as safety, building regulation and costs. In these cases, mechanical ventilation
can be used on the upper floors and the cavity height above the upper naturally
ventilated floor will act as chimney extension. Table 2.1 presents the studies evaluated
in this section, summarizing main findings of the cases reviewed. It contains the
location/climate, the type of tool and the major findings from each study. The type of
ventilation applied to the model is also presented, where A/C, N/V and M/V stand for air

conditioning, naturally ventilated and mechanically ventilated models.
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Table 2.1 — Summary of research on ‘cavity height’ and key findings

Author . o Venti- L .
Param. lyear Location  Variation Tool lation Major findings/Observations
¢ A taller cavity will produce a
Pappas One and Energy stronger buoyancy force, creating a
and Brussels five Plus (BES) ) greater airflow rate.
Zhai Belgium stories + Phoenics ¢ The cavity air temperature
(2008) (CFD) increases towards the top of the
cavity in a fairly linear progression.
- Design- . . .
Radhi Monitorin Builder ¢ A maximum difference of air

Al-Ain g points: temperature in 3-stories building

(gf)iﬂs') city,UAE 2.2,6.2, P(Egesrzi:s AIC was 3.2°C, when the outside
10.2m (CED) temperature registered 31°C.
¢ Increasing the height of the
. Residual thermal storage space increases
D'g?_ et Tokyo, cavity: Lrglr)ﬁrennetzsij NV pressure difference between t_he
(2005) Japan 3.75, 7.5, CED top and the bottom of the cavity,
11.25m resulting in higher airflow rates

within it.

To extend the cavity above the roof of the
building is a solution to increase difference I

between inlet and outlet flows. But it needs to
be calculated for different building geometry. H
Impact Close windows of upper floors may be a

to this solution to increase the difference between
study
inlet and outlet flows.

Height of the cavity/Number of floors

Even under high solar incidence (500 W/m?),
the resulting air velocity through the cavity due
to buoyancy is less than 1 m/s.

2.3.2 Structure

The height of the cavity is not only determined by the number of floors, but it is also
defined by how the cavity is internally divided. As there are numerous variations in the
DSF construction types, a structural classification by Oesterle et al. (2001), according
to the form in which the intermediated cavity is compartmentalised (Figure 2.4),
assesses and compares the merits of the various typologies. The four types identified

are as follow:

a) The box window type has the cavity between the two layers divided horizontally
and vertically along the constructional axes, on a room-by-room or on an individual
window element basis. In this case, the windows on the inner layer can be operable to

allow for natural ventilation.

b) The shaft-box is a special form of box window type in which the continuous
boxes form a vertical shaft that extends over a number of stories to pronounce the
stack effect. The typology has a positive effect on acoustic insulation against external

noise.
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c) The corridor type closes the intermediate space between the two skins at the
level of each floor and divisions are included along the horizontal length. The inlet and
outlet air openings on the external facade layer are to be situated near the floor and the
ceiling of each level and the exhaust air from one room should be avoided to enter in
the room above. In this case, special care should be taken to avoid sound transmission

from room to room.

d) The multi-storey style has the cavity adjoined vertically and horizontally by a
number of rooms, covering the entire facade of the building. The ventilation of the
cavity occurs via large openings at the bottom and top of the facade. The position of
the NPL may cause weak or reverse airflow on the upper floors and therefore,
mechanical ventilation may be required on such levels (Oesterle et al., 2001). This

typology is suitable where external noise levels are very high.

@) (b) (©) (d)

Figure 2.4 — Classification of DSF structure: (a) box window, (b) shaft-box, (c) corridor and (d)
multi-storey

Comparisons of the thermal performance of types of DSF structure by Torres et al.
(2007) and Hong et al. (2013) indicate that the shaft and the multi-storey styles present
the greatest temperature gradient along the cavity due to its height. The pronounced
stack effect accentuates the cavity ventilation rate, resulting in a lower air temperature

within it, which reduces heat gain in the occupied spaces.

As the height of the facade is crucial to the DSF performance due to the enhancement
of the buoyancy effect, the shaft-box and multi-storey types present suitable
performance for naturally ventilated buildings. On the other hand, in the box-window
and corridor cases, the height difference between the inlet and outlet openings is
smaller, covering only one floor. Thus, the DSF tends to be less effective in promoting

natural ventilation. Summary of the findings are presented in Table 2.2.
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Table 2.2 — Summary of research on ‘structure’ and key findings

Param. A};g;c:r Location Variation Tool };?inot'n' Major findings/Observations
Torres et Barcelona C(;r;lgor TAS e The stack effect of multi-story and

A/C  shaft types are more accentuated,

al. (2007) Spain Sr?(;Jrlgy (BES) increasing its ventilation rate.
Box, e The multi-storey type had the
Hong et Seoul, corrid_or, De_sign lowest cooling .Ioads because the
al. (2013) South multi- Builder A/C  natural ventilation prevented the
) Korea storey (BES) rising in air temperature due to the
and shaft solar heat gains.

Structure

Impact  The shaft-box and multi-storey types I I

to this presents suitable performance for naturally
study ventilated buildings.

2.3.3 Cavity depth

One of the factors most studied about the DSF cavity design is its depth, which may
vary from 10cm to more than 2m according to different design concept, needed space
for shading device and access for maintenance and cleaning (Pappas and Zhai, 2008).

The influence of cavity depth on the amount of solar heat transferred through the DSF
layers and the resulting air temperatures and ventilation rates produced in the building
were evaluated by Gratia and De Herde (2007a), Torres et al. (2007), Rahmani et al.
(2012) and Radhi et al. (2013). Although the studies tested different model dimensions,
they all agree that narrower cavities resulted in greater air temperature, an accentuated
stack effect and a stronger air speed within the cavity. As a consequence, a more
effective extraction of the warmer air from the cavity was carried out and the total heat
transfer towards the inner spaces was reduced. In these cases, reductions in the

energy consumption during the warm periods were observed.

In naturally ventilated buildings, although narrow cavities tend to enhance the stack
effect, it also creates higher resistances to the airflows. Additionally, the discharge of
cooler air from the adjoining space to the cavity may influence the magnitude and
pattern of airflow in both the cavity and the building. Thus, the effect of airflow from the
user room into the cavity air movement needs to be investigated and adequate cavity
dimensions for naturally ventilated buildings are likely to be different from air

conditioned buildings.

Other aspects that can influence the cavity dimension such as additional cost due to

greater use of materials, increasing weight of the additional structure and adequate
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space for shading device installation were pointed out by Torres et al. (2007). Another
relevant constraint is the space required if the cavity needs to be accessed for
maintenance proposes. Torres et al. (2007) indicated that a 40cm wide cavity is the
minimum required in those cases. On the other hand, as the cavity space is usually not
occupied, loss of the internal area may be a limiting aspect of the cavity depth, which
normally does not exceed one meter. Table 2.3 presents a summary of the findings of
this section.

Table 2.3 — Summary of research on ‘cavity depth’ and key findings

Param. A/uthor Location  Variation Tool Ve_ntl- Major findings/Observations
year lation
. 10, 30, e Increasing the cavity depth up to
Rahmani Johor 50,100  FloVENT 1m reduces solar heat gains in the
etal. Bahru, d CED AlC - .
(2012) Malaysia an ( ) building, but fo_r I_ager cavities, the
150 cm DSF has its efficiency reduced.
%i?llé:]enr e Heat transfer rates decrease when
the cavity depth is reduced due to the
: ) 50, 70, (BES) + . e
Radhi et Al-Ain 100, 120 PHONIC A/C higher ventilation rates.
al. (2013) city,UAE 15(‘) cm, ES- e Cavity size between 0.7 and 1.2 m
FLAIR can give a balance between solar
(CFD) gain and heat transmission.
) e Narrow cavity with no horizontal
= Torres et Barce 40, 60, TAS partitions may demands less cooling
o lona, 80, 100 AIC
2 al. (2007) Spain em (BES) loads due to the accentuated stack
- P effect occurring in the cavity.
}% ;Lat['fe Uccle 30, 60 TAS o Air temperature in deeper cavities
O H - 120, 240 AIC is slightly lower than air temperature
erde Belgium cm (BES) in lower DSF depth
(2007a) pth.

Narrow cavities enhance the stack effect,

but it can create a higher resistance to the
flow supplied from the user rooms.
Impact

. A minimum of 40cm is required if the cavity
to this ;
needs to be accessed for maintenance
study
proposes.

A maximum of 1m wide is recommended to
avoid losing area in the office.

2.3.4 Cavity openings

The cavity depth limits the maximum openings areas at the bottom and the top of the
cavity, which strongly affect the overall thermal performance of the building with DSF.
The opening areas influence the resulting air temperature within the cavity and the
buoyancy force in the DSF. The inter-relationship among the openings dimensions, air
temperature and airflow rate were studied by Gratia and De Herde (2007a), Safer et al.
(2005) and Torres et al. (2007). They observed that cavities with larger openings
presented lower air temperatures and higher airflow rates than cavities with smaller
openings, which can be attributed to the resistance created to the ventilation paths.

Increase cavity opening areas from 5 to 15% led to a decrease of air temperatures of
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5.6% in a corridor type facade (Torres et al., 2007). The cavity airflow observed by
Gratia and De Herde (2007a) was threefold higher when the cavity top opening area
increased from 8% to 20%.

Although studies by Gratia and De Herde (2007a), Safer et al. (2005) and Torres et al.
(2007) present the benefits of increasing cavity opening areas, fully open top and
bottom openings were not tested. This still needs to be tested as it would potentially
enhance the ventilation in the cavity due to the lower resistance to air movement in
wider cavity depths. The top of the cavity is especially important to the airflow rates in
naturally ventilated buildings as it is likely to be the only outlet aperture. Therefore, for
enhanced building ventilation, the top of the cavity is likely to be as large as possible.
Although not mentioned in the literature, closing the bottom of the cavity may induce
higher airflow rates from the windows opposite to the DSF, which would improve
thermal comfort acceptance conditions in warm and hot climates. A summary of studies

on ‘cavity openings’ is presented in Table 2.4.

Table 2.4 — Summary of research on ‘cavity openings’ and key findings

Author Venti-

Param. lyear Location Variation  Tool lation Major findings/Observations
30 and ¢ Only cavity was modelled.
o .
if\:r Not t%o /; r(])(]; Fluent MV . f':'he air pat?hdoe_s nc:t h_:;lvg "
: specified P (CFD) cavity influence on the air velocity in the
(2005) bottom cavity, while the openings areas are
of cavity important factors to be considered.
5,10
and 15% .
Torres Barcelona, of top TAS e Larger openings hel_p to extract
et al. : AlC warm air from the cavity as higher air
(2007) Spain and (BES) flow rates occur
" bottom '
E’ of cavity
5 Gratia 8 and e Null wind speed.
o 20% of L
o and De Uccle, TAS e Cavity air temperature decrease
> . top and AIC : ; :
2 Herde Belgium bottom (BES) does not vary in a linear way with the
5 (2007a) of cavity size of the openings.

Large openings lead to higher airflow rates

within the cavity. But fully open top and
bottom were not tested.
Impact

. Top of the cavity is likely to be as large as
to this ossible
study P '
By closing the bottom of the cavity may

improve airflow ventilation through the user
rooms. —|

2.3.5 Outer skin glazing properties

Another fundamental factor for improving airflow rates within the DSF cavity is to
increase the air temperature difference between inside and outside. The properties of

the glazing applied on the outer layer of a DSF have a significant influence on the
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building thermal and ventilation performances, as it directly influences the solar
radiation transmitted into the cavity. Due to the numerous glazing types currently
available, there is an ongoing debate about the best choice considering the complex
heat transfer and resulting airflow mechanisms in the DSF.

Pérez-Grande et al. (2005) investigated the influence of the several glazing optical
properties on the transmission of solar radiation on both inner and outer layers of a
DSF. It was found that a low transmittance and high absorptance glazing applied on
the external skin combined with low emissivity glazing on the internal pane can lead to
a reduction in solar heat gain to the occupied space. In this case, most part of the heat
is stored in the outer glazing material before reaching the cavity. In reality, this
configuration acts as a shading device and does not increase the ventilation within the

cavity.

On the other hand, the application of a high-absorbing inner layer glazing in
conjunction with an equal transmittance/absorptance glazing of 40% on the outer layer
resulted in the highest air mass flow rate passing through the cavity (Pérez-Grande et
al., 2005), as shown in Figure 2.5. In this case, the air temperature within cavity
increases due to re emission of longwave radiation into cavity from the outer and inner

glazing layers. This improves the stack effect and the ventilation within the system.
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Figure 2.5 — DSF performance according to the glazing characteristics by Pérez-Grande et al.
(2005)

It is a common practice to use double glazing on the inner layer and single glazing on
the outer skin of DSFs. Nevertheless, two of the case scenarios tested by Chan et al.
(2009) used single and double glazing on the inner and outer DSF layers, respectively

(cases (c) and (d) of Figure 2.6, which presents the percentages of energy savings in
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relation to a single skin facade). The resulting energy savings of cases (b) and (d) were
similar, which can be explained by the use of reflective glazing on the outer layer of
both cases. The reflection of shortwave radiation by the outer DSF layer avoided solar
heat gain into the cavity and the room, decreasing the cooling loads. This indicates that
that the optical glazing properties have more influence on the final thermal performance
than the number of glass sheets.
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Figure 2.6 — Performance of a building with DSF under variations of the glazing properties
resulting from study by Chan et al. (2009)

In naturally ventilated buildings, it is fundamental to enhance airflow rates in the cavity
by increasing its air temperature. The application of a single glazing with higher
transmittance on the outer layer tends to pronounce this behaviour. Section 2.4.1
continues this discussion indicating the findings about the influence of the choice of
materials to the inner skin layer. Table 2.5 presents the studies evaluated in this

section, summarizing main findings of the cases reviewed.
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Table 2.5 — Summary of research on ‘outer skin glazing properties’ and key findings

Author . o Venti- L .
Param. lyear Location Variation Tool lation Major findings/Observations
Manz Glazing Lab e The solar energy absorbed in
etal. Igl\jveltbz eer:g ?g thermal experi - the DSF was efficiently removed
(2004) properties ments by mechanical ventilation.
Guardo Glazing e A reduction of external glazing
Barcelona, transmi- transmissivity of 55% can lead
et al. : e CFD AlC ;
Spain ssivity and to 40% of reduction of solar
(2009) A .
emissivity heat gain.
» Highest airflow rates are
Pérez- resulted for outer and inner
Grande Gazing FLUENT i layers with 0.2 and 0.1 of
etal. - properties (CFD) reflectance, 0.4 and 0.1 of
(2005) transmittance and 0.4 and 0.8
2 of absorptance, respectively.
% Gratia Material: : (':\:z!rvg:;dziizeter:ﬁsmits most
o and De . reflective, TAS o
L Do v S @M gressndacom
= 20073 absorbin ;
g (2007a) g 51% of it.
‘—; e In warm climates, double
c , . . glazing minimises convective
=< Mingotti Cold and Single and Analytical and radiative components of
v etal. : double AIC
= warm climates : model heat transfer across the facade,
a (2013) glazing . :
5 leading to a smaller heat gain
o into the user room.
Chan et Glazng  Energy ransmiseniy double glazin
al Hong Kong type and Plus AC can decreasg the hea? ain%nd
(2009) position (BES) 9

the building cooling energy.

High transmittance glazing applied to outer layer
increases air temperature and stack effect in the

Impact  cavity.

to this

study  The optical properties of the glazing have more
influence on the energy transmitted through the

DSF layers than the number of glass sheets.

2.3.6 Shading device

The primary reason for implementing shading devices in DSF building is the possibility
of reducing overheating during the hottest periods as they can reduce the solar energy
transmitted to the user space. In DSF buildings, shading devices are usually positioned
within the cavity in order to protect them from excessive rain, sun and pollution, thus
reducing maintenance costs. Furthermore, as explained in section 2.2, the application
of shading device may contribute to enhance the stack effect in the cavity by increasing
the air temperature. Currently, there is a number of available shading device types
such as roller shades and louvered blinds, which can be fixed or controlled manually or

automatically (Pappas and Zhai, 2008; Mingotti et al., 2011).

The position of the shading device, close to the inner layer, to the outer layer, and in

the middle of the cavity (Figure 2.7a), was examined by Gratia and De Herde (2007b)
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and Jiru et al. (2011). The results showed that the temperature of the inner glass
surface became higher when the systems were positioned close to it. This caused a
higher heat transfer from the cavity into the indoor space and consequently, higher
cooling loads were resulted in the user rooms. On the other hand, when the blinds
were placed in the middle of the cavity, the air circulation was well distributed on both
sides of the blinds. In this case, a lower temperature was observed on the inner glass
surface and the lower heat transfer to the user space decreased the annual cooling
loads.

The influence of different blind’s angle on the radiative heat transfers and on ventilation
performance in the DSF system was investigated by Ji et al. (2007), Jiru et al. (2011)
and Marques da Silva et al. (2015) (Figure 2.7b). They observed that when the slats
are on vertical position, the air temperatures of the two side gaps approach each other
more than in other cases. The lower resistance to the flow combined with the enhanced
buoyancy effect, increased the natural ventilation in the cavity in up to 35%, when

blind’s angle was 80 degrees compared to the horizontal slates case (Ji et al., 2007).

0° 45° 80°

(@) (b)

Figure 2.7- Variations of the shading device (a) position proposed by Gratia and De Herde
(2007b) and (b) angle evaluate by Ji et al. (2007).

Simulations comparing the effect of colour (white and black) of the material used on the
shading device were performed by Haase et al. (2009). The results showed that the
cavity with black blind presented air temperature 11°C higher than with the white blind.
Most of the incident solar radiation on the white material is reflected back to outdoors
through the outer skin, and only a small part of the energy is absorbed by the material.
In the black blind, on the other hand, a great amount of energy is stored into the
material and released to the cavity air by convection and in the form of longwave

radiation.
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From the studies reviewed, it can be concluded that shading devices increase the air
temperature, and therefore the ventilation rates inside the cavity, especially if made of
dark colour or high absorptive materials. The decision about the location of the blinds
has also considerable influence on the air temperature and ventilation rates within the
system. Placing the shading device in the middle of the cavity allows for effective air
circulation on both sides of it, but if it is placed close to the inner layer, higher heat
transfer towards the internal environment may occur. Regarding the angle of the blind,
it was suggested that horizontal angles act as an obstruction to the air circulation;
therefore, higher angles seem to be more appropriate. Summary of the findings are

presented in Table 2.6.

Table 2.6 — Summary of research on ‘shading device’ and key findings

Param. A;;g::r Location Variation Tool ?ﬁ?g:{ Major findings/Observations
;rdat[l)ae Uccle ng'tté?n' TAS e When b!inds are.placed in thg middle
Herde Belgiw:n middlé (BES) AlC of the cavity, the air movement is well
(2007b) inner‘ established on both sides of the gap.
Slat angle: e The heaF transfer.into the room for
_ 00 450 90 Fotallly vertical ;Iats is lower than
Jiru et Torino T Ansys inclined or horizontal slats cases.
al. Ital ' Fluent A/C . - .
(2011) aly (CFD) e The inner position lead to a high
temperature on the inner glass surface,
increasing heat gains to the indoors.
Slat angles ANSVS e The presence of blinds offers the
Jietal. (0°, 30°, CFgl( ) shading functions and enhances
© (2007) - 45°, 60°, (CFD) natural ventilation in the cavity (up to
g 80°) 35%) reduces heating loads by 75%.
3 Blind TRNSY e The black roller blind is largely
=2 Haase Hong colour: S and responsible for high cavity air
= etal. Kong, black. TRNEL AIC temperatures, which achieved up 11 °C
e (2009) China white’ ow higher than the case with white
0 coloured roller blind.
Marque . ¢ Vertical slats promote proximity of air
Sﬁviaet Mide';"a Slgoar;%[)es Tga;cser temperatures of both sides of the gap.
al. climate anoi 90°) tests o_Horlz_ontaI slatg resulted in lower
(2015) airflow in the cavity.
Dark colour or high absorptive materials I I t
increases the ventilation in the cavity \
ms&t Shading devices should be placed in the N\
middle of the cavity A}
study \
Horizontal slates angles should be avoided \
as it may obstructs the up lift air circulation \

Based on the existing literature review, the building with DSF thermal performance is
highly dependent on the geometry of the fagcade due to the ventilation mechanisms and
heat transfer processes occurring inside the cavity. The airflow path, the air velocity
and the air temperature distribution along the height of the cavity are affected by a

number of parameters such as the shading device configurations, the cavity depth and
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height and glazing properties. Incorporating all these within the chosen DSF structure
and the optimized opening settings are the key factors that will determine the
effectiveness of the DSF in improving the indoor thermal comfort.

The findings are useful in understanding how the individual fagcade parameters
influence the system performance. However, the great interdependence among the
parameters indicates the need for a more comprehensive investigation that identifies
how the design solutions interact with each other, contributing to the building thermal
and ventilation performance. Additionally to those parameters, the definition of the
building design also influences the heat transfer and airflow mechanisms occurring in

the DSF, as presented in the next section.
2.4 Building parameters

This section reviews studies on the impact of the key building parameters on the DSF
thermal performance, which encompass the properties of the materials and the position

and the size of the openings on the inner layer of the DSF.
2.4.1 Inner skin materials

Similarly to the properties of glazing applied on the outer layer, the inner layer also has
a great influence on the heat transfer occurring within the cavity. If a high thermal mass
material, such as concrete and masonry, is applied within the cavity of the DSF, greater
amount of heat is absorpted and stored into the material. On warm summer days, walls
with high thermal mass will steadily absorb heat at their surface and store it until later,
when the heat is released to the cooler air. Absorption and release of heat in response
to the change in thermal conditions help to stabilise the fluctuation in temperatures and
maintain the airflows, thus reducing the risk of overheating and the need for

mechanical cooling.

In DSFs, the application of combined concrete wall and glazed windows on the inner
layer is a common design practice. The study by Radhi et al. (2013) indicate that due to
the solar incidence on the glazing surfaces, it can achieve higher temperatures than
concrete walls due to the low thermal mass properties of the glass. Fallahi et al. (2010)
evaluated the differences in energy consumption when different materials were applied
to the inner layer of the DSF. They showed that the application of thermal mass on the
external layer (see Figure 2.8) presented higher cooling requirements than the amount

consumed in the conventional case, in which glazing was applied in both layers (a).
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Figure 2.8 — Models using thermal mass (concrete) proposed by Fallahi et al. (2010)

For glazing in the inner layer, the study by Joe et al. (2014) suggests that the
application of low-e clear double glazing of 6 mm and 3 mm in the outside and inside
surfaces of the inner layer, respectively, leads to the highest reduction in energy
consumption among several glazing combinations tested. The double glazing
minimises the convective and radiative components of heat transfer into the room, thus

reducing the building cooling loads (Mingotti et al., 2013).

Although the studies used air conditioning models, the underpinning principles of the
application of thermal mass to alleviate the peak load and air temperature in naturally
ventilated buildings with DSF still apply. Therefore, the application of high thermal
mass materials, instead of glazing, within the cavity seems to be more appropriate
when high levels of ventilation in the cavity are required. Table 2.7 presents a summary

of the findings of this section.
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Table 2.7 — Summary of research on ‘Inner skin materials’ and key findings

Author Venti-

Param. Jyear Location Variation Tool lation Major findings/Observations
Concrete NV e The application of thermal mass
Fallahiet  Munich inner and and on the inner skin incrgased the
al. (2010) German'y outer BES MV cooling loads in 12% in relation to
) layers and cavity the case with thermal mass applied
blind to shading devices.
. Design- e The optical properties of the
Single, Builder layers are one of the most effective
Radhi et Al-Ain double, (BES)+ AIC ways to reduce cooling loads, with
(_tg al. (2013) city,UAE triple Phoenics a particular influence to the direct
= glazing (CFD) solar gain and to the cavity stack
= effect.
1S * Modification on the glazing type
£ Seoul, . Energy of the DSF inner layer provided the
? Jc(;zeoelt4e)1l. South pr(c;)gzlrr:iges Plus AIC highest energy savings, up to 3.8%,
o Korea (BES) than variations of the outer layer
IS glazing type.

Impact  Application of high thermal mass materials I I

to this on the inner DSF layer leads to an increased
study air cavity temperature

2.4.2 Window to wall opening ratio

Windows provide beneficial daylight, direct sunlight and visual contact with the outside,
but it may cause problems if excessive undesired heat gain occurs due to the high
solar energy transmittance of glass, glare or asymmetric thermal radiation (Park et al.,
2004). In naturally ventilated buildings with DSF, not only the properties of the
materials used in the layers, but also the area and position of the windows openings

could have a significant influence on the DSF’s thermal performance.

The effect of the window to wall opening ratio (WWR) on the solar radiation transferred
through the DSF was evaluated by Chou et al. (2009) and Manz et al. (2004). They
observed that the positive effect of applying DSF as a solution to reduce solar heat
gains into the building seems to be mitigated if a high WWR is designed. Therefore, a
balanced WWR is essential to effectively reduce building energy consumption on the
hottest periods. Chou et al. (2009) observed a reduction in the overall annual heat
transfer into the building located in Singapore (1.1° N, 103.5° E) when the WWR
increased from 50% to 70%. However, greater heat transfer levels were observed for
the model with WWR of 90%. Haase et al. (2009) complemented that in terms of
energy consumption, the enhancement in the annual energy savings can achieve up to
26% for WWR of 30%, when compared to the case WWR of 90%.
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Ventilation performance of a naturally ventilated model with DSF was studied by Ding
et al. (2005). They found that there was an enhancement from 7 to 10 air changes per
hour (ACH) on the ventilation levels on the first floor when the WWR were 15% and
30%, respectively. However, when WWR of 60% was set, the ventilation rates
increased to only 11 ACH. In conclusion, they established that WWR between the
occupant space and the cavity space should not be less than 30% to obtain favourable

airflow conditions on all floor levels.

The studies reviewed show that there is a positive influence of high WWR on the
building with DSF as it allows for higher airflow through the user rooms which
enhances removal of heat gains. However, disadvantages were observed with a high
WWR due to the increase in solar gain. Thus, a balanced WWR threshold should be
identified considering the building’s design features and the local climatic conditions. A

summary of studies reviewed in this section is presented in Table 2.8.

Table 2.8 — Summary of research on ‘WWR of openings’ and key findings

Param. A};g::r Location Variation Tool };etir:;t:; Major findings/Observations
e The WWR and glazing type
A/C have great influence on annual
Haase 30. 60 Transys and cooling loads.
etal. Hong Kong and,90% MV o DSF with large WWR (90%)
(2009) cavity has the same annual cooling
load as a SSF with small
window area.
o WWR between the occupant
Ding et Laboratory space and the cavity space
al Tokyo, 15, 30 measure- NV shou]d not be less t_han 30% to
(2065) Japan and 60% ments + obtain favourable airflow
CFD conditions on the eight floor
o levels.
8 Experi- ¢ A reduction in the heat
z 2 Chouet 30, 50, mental transfer through the fagade was
S GEJ al. Singapore 70 and laboratory AlC observed for WWR from 50% to
£ a (2009) 90% measure- 70%. But for a WWR = 90%, the
z0° ments heat transfer increased.
g ° Inner Experi-
'\(;Ita zra]lZ Duebendort layer Ia?:rrz;tt?)lry MV t.h-er ri]r‘len(();r)?z:: Ir(]e? Iztat(;]se tE))O: ?orcvof
, Switzerland opening cavity Yer it
(2004) positions measu- solar heat gain in the user room.
rements
WWR between the occupant space and the cavity
space should not be less than 30% to obtain
Impact favourable airflow conditions on an eight floors
. building.
to this
study  If WWR = 90%, the great solar heat gain into the
user room may increase thermal discomfort.

Studies in naturally ventilated office buildings (Zhang and Barrett, 2012; Herkel et al.,
2008; Rijal et al., 2007) suggest that the control over the opening of windows by the
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user has a strong correlation to the outdoor temperature. The variation in windows
open and outdoor temperature occurred simultaneously with very little time gap,
suggesting that the opening of windows by occupants is a response to short term
fluctuations in outdoor temperature. They also showed that temperature band between
opening and closing windows (the “deadband”) is around 4 °C. The results suggest
that at 16 °C, the probability of having windows open in a building is 50%, and at a
temperature of 20 °C, the highest percentage of open windows is reached.

Facade and building parameters are not the only variables contributing to the effective
functioning of the building with DSF. The influence of the environmental conditions on
the building thermal performance has also to be addressed in order to evaluate the

adaptability of such technology to different climatic conditions.
2.5 Site parameters

This section presents existing studies on the key parameters related to the surrounding
conditions; they are: levels of local solar incidence, facade orientations, external air

temperatures and humidity and wind conditions (Poirazis, 2006).
2.5.1 Solar irradiance and orientation

The temperature difference between the outside and the cavity air has been identified
as one of the most important factors in generating ventilation in a building with DSF
(Gratia and De Herde, 2007a; Kim et al., 2009). This is not only associated to the solar
radiation level and angle, which have a dominant contribution to the air cavity
temperature (Hazem et al., 2015), but it is also a function of the fagade orientation and

the solar shading generated by the surrounding environment.

Mulyadi (2012) explains that the percentages of reflected, absorpted and transmitted
solar radiation through a glazing vary according to the material selected, but also to the
angle at which the solar radiation reaches the facade. When the angle of incidence is
lower than 70 degrees, the percentage of reflection and absorptance gradually
decreases, while the percentage of transmission increases. Figure 2.9 shows the
percentages of reflection, absorption and transmission for two moments of the same
day, when the solar angles are 32 degrees at 8:00 a.m. and 77 degrees at 11:00 a.m.
The angle at which the solar radiation reaches the facade is not only affected by the
hours of the day, but also by the building position in latitude and the season of the year.
The resulting heat transfer affects the air temperature and consequently airflow within

the cavity.
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Figure 2.9 — Percentage of reflection, absorption and transmission in relation to solar angle
reaching the facade by Mulyadi (2012)

Studies by Stec and Paassen (2005), Gratia and De Herde (2007a) and Kim et al.
(2009) on the effect of different levels of solar radiation on the DSF indicated that in
sunny days, temperatures of cavity air of a south facing DSF (in the northern
hemisphere) exceeded the surrounding air temperature by around 20°C for a system
without shading device. However, under cloudy sky conditions, the DSF functioned less

effectively with a maximum air temperature difference of only 10°C.

Regarding the orientation, Hamza (2008) and Gratia and De Herde (2007a) argue that
for air conditioned buildings, the most unfavourable orientations for DSF were east and
west as they have the undesirable effect of increased building cooling loads. When the
DSF was east oriented, overheating appeared early in the morning, while for west
orientation, large cooling loads were created in the afternoon. This can be due to the
great difficulties to control solar radiation when it is transmitted through the glazing at

low angles, which increases the building cooling loads.

On the other hand, for naturally ventilated buildings, Kim et al. (2009) suggested that
the east-facing DSF did not function beneficially in practice, while the west-facing
facade received enough solar radiation and succeeded in generating natural ventilation
for the indoor space. In a mechanically ventilated building, Haase et al. (2009)
recommend that south, southeast and south west orientations are the most efficient

positions for the DSF.
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Thus, if DSF is applied to east and west facings, higher solar gains in the cavity tend to
induce higher airflow rates and therefore improved thermal performance under warm
and hot conditions. However, if the shading device does not adequately control
shortwave transmission into the user room, it may result in poor thermal comfort within
the building. Thus, for overall daily solar incidence, the north facing (for southern
hemisphere) presents most suitable conditions for the DSF application. It is also
important to notice that in highly dense cities the sun shading created by surrounding
buildings has to be considered and the resulting stack effect in the cavity may be not
be enough to create adequate natural ventilation. Table 2.9 presents the studies

evaluated in this section, summarizing main findings of the cases reviewed.

Table 2.9 — Summary of research on ‘orientation and solar irradiance’ and key findings

Param. Alldiel Location Variation Tool Ve_ntl- Major findings/Observations
lyear lation
Solar ¢ Only the cavity was modelled.
Stec and incidence On a sunny day, the temperature
Matlab/ ) e
Paassen _ (100 - simulink - in the cavity air may exceed the
(2005) 1200 surrounding temperature by more
wW/m?) than 16°C.
Grati East/West e On sunny and cloudy days, the
ratia orienta- air cavity temperature for a south
and De Uccle, X TAS cavity P
: tions AIC  facing DSF exceeded the
Herde Belgium K (BES) - -
(2007a) S_y surrounding air temperature t?y
conditions around 20 and 10°C, respectively.
e The west-facing facade
East/West Labo received enough solar radiation to
o Kim et al South orienta- ratory generate ventilation.
e (2009) ' Korea tions experi- N/V e DSF does not function
%5 (winter) Sky ments + effectively under overcast skies
@ conditions CFD since there is not enough
= radiation to heat up the cavity air.
< e The fagade orientation has
2 . TRNSYS been identified as having major
Hong Eight ; )
° Haase et Kong orienta- and MV influence on annual cooling loads.
© al. (2009) Chiné tions TRNFLO Efficiencies are highest for S, SE,
s W and SW orientation and lowest for
= N orientation.
% ¢ Due to the direct solar radiation
= . Four main intensities, the East and West
o Tzaorgé? Eg'rgt’ orienta- (|I3EESS) AIC  orientations are to be avoided,
y tions while the North orientation

provides the least cooling loads.

For building in south latitudes, the north facing
(with 45° variations) seems to be the most
effective orientation to buildings with DSF
Impact o . .
to this It is indicated that shading deV|ce_s s_hould
adequately control shortwave radiation
study A
transmission into the user room

Surrounding buildings of highly dense cities
may create shading on the DSF
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2.5.2 Wind speed and direction

In addition to solar radiation, wind is a key climatic parameter that affects the airflow
behaviour of the DSF as the front, top and bottom of the cavity are subject to different
and varying wind pressures. During windy days, wind pressure plays a dominant role in
driving airstreams in the DSF, thus having a significant influence on the air temperature
and ventilation of the cavity (Pasquay, 2004; Stec and Paassen, 2005; Lou et al.,
2012).

Gratia and De Herde (2007a) analysed the wind influence on the cavity’'s air
temperature and suggested that on a typical clear sunny day, the difference in
temperature between the cavity and the outside air can drop by up to 10.2°C from a
null wind speed condition to a 4m/s wind speed. The wind direction has also a great
impact on the magnitude and direction of airflow through the cavity and other building
openings. Lou et al. (2012), Stec and Paassen (2005) and Nasrollahi and Salehi (2015)
explained that high values of pressure coefficients occur when the DSF is located at
the leeward side of the building. Thus, the airflow in the cavity achieves a minimum for
the wind direction parallel to the facade but increases for the perpendicular wind

direction.

More detailed studies by Gratia and De Herde (2004a) showed that when the wind was
oriented perpendicular away from the face of the DSF, the airflows were similar among
the floors, with air taken from outside through the user room and discharged into the
cavity. In this case, the thermal stack effect was less significant than the wind effect on

the upper floors.

However, because wind direction is a varying site characteristic, it is unlikely that high
airflow rates due to wind effect alone will be achieved the whole time. Therefore, the
conditions under which the wind effect may enhance or mask the stack effect should be
identified. Table 2.10 presents the studies evaluated in this section, summarizing the

main findings of the cases reviewed.
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Table 2.10 — Summary of research on ‘wind speed and direction’ and key findings

Author . o Venti- L :
Param. lyear Location Variation Tool lation Major findings/Observations
Wind
Gratia orienta- o If the DSF is protected from or
and De Uccle, tions: TAS NV facing the wind direction, the wind
Herde Belgium protected (BES) effect will dominate over the stack
(2004b) and facing effect.
DSF
Gratia Wind e The case with null wind speed
and De Uccle, speed: 0. 2 TAS ) resulted air cavity temperature
Herde Belgium gnd 4'm/’S (BES) 10°C higher than the case which
(2007a) wind speed was 4m/s.
c Wind-
2 . ¢ Inner layer sealed.
S Various tunnel o Peak values of pressure
o Lou et al. wind and o P .
= _ - - coefficients occur when the DSF is
° (2012) orienta- nume- .
5 tions rical located at the leeward side of the
b : building
g modelling )
o ¢ Only the cavity was modelled.
a Stec and Wind Matlab/ e The air velocity in the cavity is
S Paassen _ speed and  Simulink - directly proportional to the wind
.‘é (2005) direction + CFD speed; around 4 times lower than

the wind speed.

Impact  Improved airflow rates in the cavity are H
to this

created when DSF is protected from wind
study direction.

2.5.3 Outdoor air temperature and humidity

Another significant aspect that influences the building thermal performance is the
occurrence of high external air temperatures. As in naturally ventilated buildings air
from outside is drawn into the user room, the necessary ventilation rates to meet

comfort expectations of occupants are determined by the external air temperature.

An evaluation of a naturally ventilated building with DSF in the subtropical climate of
Ningbo in China was undertaken by Darkwa et al. (2014) who reported the thermal
performance during the cold period, when the air temperature droped to -5°C, and also
during the hot seasons, when air temperatures of up to 39°C were experienced. The
difference of temperature between the DSF cavity and the outside air was, on average,
8°C and 3°C, during winter and summer, respectively. These differences in air
temperatures between the seasons are related to the solar angle, which are lower
during winter time. The results indicated that on average, during winter, air temperature
of the user space increased by 8.4 °C, whereas in summer, the room air temperatures

reduced by approximately 0.5 °C in relation to the exterior.

37




Another important factor related to the site conditions is the air humidity, which can
affect thermal comfort in a building and it is highly correlated to the outdoor air
temperature. Although the following studies are not specifically related to buildings with
DSF, they were included in this section in order to address the influence of air humidity

on the occupant’s thermal expectations under hot and humid areas.

According to Fountain et al. (1999), occupants in the tropics are thermally comfortable
at wide range of air relative humidity. The field study conducted in the tropical hot-
humid environment of Kota Kinabalu city, Malaysia (5.9° N, 116.1° E) did not indicate
clearly differences regarding the thermal comfort preferences among the building
occupants when exposed to various air humidity conditions. Recently, an extensive
field investigation by Djamila et al. (2014) confirmed occupants’ tolerance to high
humidity levels when performing sedentary activities, such as office work. Studies by
Farghal and Wagner (2010) and Toe and Kubota (2013) indicated that humidity
influences the predicted neutral air temperature in hot—dry climates but not in hot—

humid climates.

From the findings, it can be concluded that due to lower solar angles reaching the
building facade, the DSF tends to be more effective in enhance the building ventilation
during the winter period. However, the challenge of increasing ventilation rates in hot
periods may be achieved with the application of effective combined fagade and building
design parameters. Summary of the findings are presented in Table 2.11.

Table 2.11 — Summary of research on ‘outdoor air temperature and humidity’ and key findings

Author . . Venti- L :
Param. lyear Location  Variation Tool lation Major findings/Observations
e During winter, air temperature of
Darkwa Ningbo, Summer Fluent the user space increased 8.4 °C,
etal. hi and N/V X
(2014) China winter (CFD) Whereas in summer, there was a
reduction of 0.5 °C.
Fountain e Occupants in the humid tropics are
etal. - - - - thermally comfortable at wide range
(1999) of air relative humidity.

The higher solar angles in the summer are

unfavourable to the inducement of high air
Impact ~ temperatures and consequently stack

to this effect within the cavity

study  Occupants in the tropics have higher
tolerance to a wide range of humidity levels

when performing sedentary activities

Outdoor air temperature
and humidity

2.6 Chapter summary

This chapter has reviewed the parameters that influence the thermal behaviour of

buildings with DSF. Relevant studies from the existing body of literature that can
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contribute to the study of DSF in naturally ventilated buildings were categorized and

grouped under the headings of ‘fagade’, ‘building’ and ‘site’ parameters. The main

deductions from this critical review are summarized as follows:

1)

2)

3)

4)

5)

6)

The taller the cavity, the greater the buoyancy effect and therefore, higher
airflow rates tend to occur in the building. However, studies demonstrated that
even under high solar incidence, as much as 500 W/m? the resulting air
velocity through the cavity due to buoyancy force is lower than 1m/s. A possible
solution to increase the difference between inlet and outlet flows, and therefore
the stack effect, is to extend the cavity above the roof of the building to raise the
NPL or to close windows of upper floors and use mechanical ventilation in those

levels.

The continuous height of the cavity, which is necessary to the creation of the
buoyancy effect, is crucial to the DSF performance. As a consequence, the
shaft-box and multi-storey types seem to be the most suitable DSF structures

for naturally ventilated buildings.

In air conditioned buildings, narrow cavities are preferred as they accentuate
the stack effect and enhance ventilation rates within them. However, the
proximity of the second skin to the inner layer may create a high resistance to
the flow supplied from the user rooms in naturally ventilated buildings.
Considering the need to access the cavity for maintenance purposes and the
office space requirements, a minimum of 40cm and a maximum of 1m are

recommended for the cavity depth.

As large openings lead to higher airflow rates within the cavity, due to the
reduced resistance to airflow, the top of the cavity is likely to be as large as
possible to promote higher airflow rates through the building. Additionally, by
closing the bottom of the cavity airflow ventilation through the user rooms may

be improved.

The properties of the glazing materials selected for the DSF layers impact on
the heat transfer rates, particularly the solar heat gains. The use of single
glazing with high transmittance enhances the buoyancy force within the cavity
and therefore the building natural ventilation. For the inner skin, application of

high thermal mass materials leads to an increased air cavity temperature.

Apart from reducing direct solar gains into the user rooms, the heat absorption

and re-emission by the shading device can increase the air temperature and
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7

8)

9)

pronounce the stack effect within the cavity. Additionally, dark colour or high
absorptive materials enhances the ventilation in the cavity. When placed in the
middle of the cavity, the shading device allows smoother vertical air flow
through either side of the gap, as low flow resistance is created. If placed closer
to the inner layer, there is a risk of high heat transfer to the user room.
Regarding the blind angles, horizontal angles may cause obstruction to the air
circulation; therefore, near vertical positions seem to be more appropriate to
reduce hindrance to the airflow in the cavity.

Increasing WWR usually improves the building thermal conditions, as it
increases ventilation through the system. However, for WWR as high as 90%,

the great solar heat gain into the user room may increase thermal discomfort.

For naturally ventilated buildings located in the northern hemisphere, the south
facing fagcade (with 45° variations) seems to be the most effective orientation in
capturing the solar gains needed to facilitate the natural ventilation in buildings
with DSF. The DSF design should consider the density and height of

surrounding buildings as they may create shading on the DSF.

The wind speed may counteract the influence of the thermal buoyancy effect
created within the DSF cavity. When applied to naturally ventilated buildings,
the DSF tends to perform better if the wind direction is perpendicular and away
from the facade. However, it is important to evaluate the performance of the

DSF with other wind directions that are occurring at the site.

10) Higher solar angles in summer are unfavourable to the occurrence of high

temperatures within the cavity, but ventilation rates needs to be addressed for
optimized design models. Regarding the air humidity, studies indicate that
occupants have higher tolerance to a wide range of humidity levels when

performing sedentary activities, such as in office buildings.

The study of DSF on naturally ventilated buildings can be considered still at its infancy
as this review highlighted most studies are based on air-conditioned models and many
of them focused on the DSF cavity as an ‘isolated’ structure, which is often treated as a
local thermal feature without taking into account its influence on the user space.
Although there is a lacking of comprehensive studies on the application of DSF in
naturally ventilated buildings, some of the generic principles identified on the studied

models can be applied to naturally ventilated buildings. They are therefore adapted as
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guidance in defining a reference model and the key design parameters affecting the

thermal performance of building with DSF, presented in the chapter 4.
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Chapter Three

Climatic context
and performance evaluation

The aim of this chapter is to provide supportive references for the methodology defined
for this study in the following chapter. It presents an overview of the different climate
conditions in the Brazilian territories in order to identify the requirements of natural
ventilation as a viable passive strategy to meet the thermal comfort requirements in
buildings. Additionally, a discussion about the comfort criteria is presented in order to
establish the reference indicator for evaluating the thermal performance of naturally
ventilated buildings. It also introduces the use of computational simulation tools as
viable means for thermal evaluation of the building design.
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3.1 The climatic context

Analysis of the climate context is the initial fundamental assessment of the proposed
building’s surrounding environment conditions that can help the designer to identify the
seasons or periods during which a person may experience comfortable or
uncomfortable conditions. The climatic analysis enables identification of possible
passive design strategies that can be applied in buildings in order to reduce energy
demand for mechanical systems. The climate is essentially characterised by the
following variables: solar radiation, ambient temperature, air humidity, precipitation,
wind and sky condition (Nayak and Prajapati, 2006). The following sections summarise
the climatic characteristics of the Brazilian territories, identifying their differences

among the regions.
3.1.1 The Brazilian climates

Brazil is the largest country in South America situated between the parallels of 5°16'19"
latitude north and 33°45'09" latitude south. Because of its great extension, different
regions in the country experience accentuated differences in their climate
characteristics. A climate classification system proposed by the Brazilian Association of
Technical Standards (2003) divides the territory into eight relatively homogeneous
climate areas, as shown in Figure 3.1. The zones were defined according to the climate
characteristics of 330 cells across Brazil, considering the local maximum and minimum
temperatures and relative humidity. Figure 3.2 presents the population distribution over
the country in order to show the occurrence of the main cities. Most of the population
occupies the coastal area and the south-east regions, while sparse population is found

in areas in the interior of the country and northwest region.
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Figure 3.1 - Brazilian map with the incidence of Figure 3.2 - Brazilian map with population
eight bioclimatic zones distribution in 2010

For each of these bioclimatic zones, a set of passive design strategy recommendations
for winter and summer periods is given by the National Construction Guidelines
Standard (ABNT, 2003), as shown in Table 3.1. Those strategies give an indication of
the country’s diverse climatic conditions and the main strategies recommended in each

zone.

Those recommended passive design strategies are based on the psychometric chart
developed for non-air-conditioned buildings in developing countries by Givoni (1992).
Fundamentally, the chart indicates the alternatives to expand the comfort zone through
the adoption of architectural solutions to improve the user's thermal sensation.
Although there are numerous approaches to define strategies for adaptation of the
building to the local climate, the Givoni's method was adopted because the
methodology considered countries with similar climatic conditions to Brazil. The chart is
based on calculations that project the expected internal temperatures for buildings
adequately designed for their environment, with sun protection and adequate natural

ventilation (Bogo et al., 1994).

Among the recommended passive strategies, natural ventilation is clearly identified and
divided into 2 different types: ‘Selective cross-ventilation’, which is indicated to be used
only in the hottest times of day for zones 2, 3, 4, 5, 6 and 7 and ‘Permanent cross

ventilation’, which is indicated exclusively for zone 8.
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Table 3.1 - Passive strategies recommendations for the 8 bioclimatic zones in Brazil

Recommended strategies Bioclimatic zone

1 2 3 4 5 6 7 8
Solar heating of the building X X X X
E Heavy internal walls X X X X X X
'é Atrtificial heating X X
Insulation materials to facades X X
Selective cross ventilation X X X X X X
_ | Permanent cross ventilation X
qé Evaporative cooling X X X
(7—E—,) Materials with thermal inertia X
Atrtificial cooling X X
Shade devices on openings X X

3.1.2 Climate characteristics of representative cities

Assessments of one representative city in each of the eight bioclimatic zones are
presented in this section in order to highlight the differences in climatic conditions and
to evaluate their climatic potential for natural ventilation. Considering the key site
parameters that influence the DSF thermal performance defined in section 2.5, the
analysed characteristics of the selected cities are: monthly maximum, average and
minimum dry-bulb temperatures, global radiation levels and wind conditions. Detail
analysis of air relative humidity is not included in the zones descriptions because, as
described in section 2.5.3, this variable has low influence on the occupant’'s thermal

sensation, when performing sedentary activities, such as office work.

Moreover, psychometric analysis for each climatic zone were performed using the
software Analysis Bio (Schuch et al., 2010) developed by the Federal University of
Santa Catarina in Brazil (Figure 3.3). By applying suitable weather files, the tool plots a
series of climatic data points onto the Givoni’s psychometric chart and indicates the
percentages of annual hours of thermal comfort and the appropriate design solutions to
be applied during the discomfort periods in order to improve thermal conditions within
the building.

45



ZONES: M R
1. Thermally Comfortable 74
2. Natural Ventilation

3. Evaporative Cooling

4. Mechanical cooling

5. Humidification
6
7
8
9
1

H [g/kg]

. High Thermal Mass/Passive Solar Heating P iisascasca it pEEEs

. Passive Solar Heating 10 a= };/’ > m2a = a! =10
. Mechanical Heating 3 5 . H :1:0/"_5
. Nat. Vent./Thermal Mass/Evap. Cool. S

0. Thermal Mass/Evap. Cool. R .
0 5 10 15 20 25 30 35 40 45 50
DBT [°C]

Figure 3.3 — Givoni’s psychometric chart used by Analysis Bio software

The representative cities selected are state capitals or cities with the highest number of
habitants among those classified in each bioclimatic zone. They are: Curitiba-PR (zone
1), Piracicaba-SP (zone 2), Florianopolis-SC (zone 3), Brasilia-DF (zone 4), Niteroi-RJ
(zone 5), Campo Grande-MS (zone 6), Picos-PI (zone 7) and Rio de Janeiro-RJ (zone
8). The data used are based on the weather test reference year (TRY) databases
obtained from the US department of energy website and from the energy efficiency
laboratory of the Federal University of Santa Catarina. For each zone, the city climatic
characteristics and the results from the psychometric analysis are presented. Graphs to
demonstrate the seasonal variations in air temperature and global radiation are
included. Wind conditions are also presented showing the predominant direction and
velocities in each city. Additionally, variations of daily temperatures of a month in
summer and in winter are included for each city to show the magnitude of their thermal

amplitudes.
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Zone 1 - Curitiba city

Localization: 25.4° S, 49.2° W. Zone 1 is mainly localized in the south region of Brazil.

Temperature and humidity: This zone presents the lowest temperatures (Figure 3.4)
and fairly constant and high relative humidity, with averages of 21°C and 86%

throughout the year.

Wind: The wind direction is predominantly distributed between east and east southeast
and the speeds are lower than 6m/s in 92% of the time (Figure 3.5). During the
summer, the dominant wind direction varies from 0° (north) to 135° (south east) in 85%

of time.
Psychometric chart analysis:

Acceptable thermal comfort: 20% of the year, with the most comfortable

months occurring during the summer.

Main strategies recommended: Although mechanical heating is not discarded
during the winter, solar heating is one of the main recommended strategies for
both winter and summer periods. The city presents a relative small annual
demand for natural ventilation, 7% in average, and it occurs mainly during the

summer season.
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Figure 3.4 - Monthly average temperature Figure 3.5 - Wind rose of Curitiba (zone 1)
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Figure 3.6 — Dry-bulb temperatures during January and July for Curitiba (zone 1)
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Zone 2 - Piracicaba city

Localization: 22.7° S, 47.6° W. The zone occurs predominantly in the south and

southwest areas of the country.

Temperature and humidity: The city presents the annual mean relative humidity of

74%, with lower ranges of approximately 65% occurring during the winter.

Wind: The predominant wind incidence occurs mainly from east and south-east and
speeds lower than 6 m/s are recorded in 98% of the year. However, during the hottest
months, the wind direction is well distributed, with 48% of time occurring from 90°
(east) and 135° (south east.)

Psychometric chart analysis:
Acceptable thermal comfort: 40% of the year.

Main strategies recommended: Similarly to Curitiba, this city presents a strong
dependence on solar heating to keep the internal environment comfortable,
especially during winter, when the strategy is indicated in 49% of time. Cross

ventilation is recommended, in average, 21% of the year to achieve thermal

comfort.
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Figure 3.9 — Dry-bulb temperatures during January and July for Piracicaba (zone 2)
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Zone 3 - Florianopolis city

Localization: 27.5° S, 48.5° W. The zone is mainly localized in south and southeast

regions.

Temperature and humidity: The city is characterized by mild and low temperatures in

the summer and winter, respectively (Figure 3.10), and mean relative humidity of 85%.

Wind: Florianopolis presents predominant wind direction from north and wind speeds
lower than 6 m/s in 88% of the time for the whole year, being calm conditions
experienced in 13% of the time (Figure 3.11).

Psychometric chart analysis:
Acceptable thermal comfort: 21% of the year.

Main strategies recommended: During the warmest periods, the need of
mechanical cooling is not discarded. But cross ventilation is the main passive
strategy suggested during the summer, especially from November to April, when
it is required, in average, in 67% of time. During the winter, the use of passive
solar heating is the key strategy to keep the environment thermally comfortable,
being indicated in 65% of the time from May to September.
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Figure 3.12 — Dry-bulb temperatures during January and July for Florianopolis (zone 3)
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Zone 4 — Brasilia city

Localization: 15.7° S, 47.8° W. The zone is mainly localized in the centre west region.

Although it covers only 2% of the country’s territory, it includes the national capital.

Temperature and humidity: The annual average temperature is 22.8°C and the
monthly mean temperature varies from 16 to 30°C in 90% of the year (Figure 3.13).
The annual relative humidity is 75%, with the driest periods occurring from July to

September when the relative humidity drops to about 63%.
wind: In 95% of the year, wind speeds are lower than 6m/s and predominantly from
east, as shown in Figure 3.14. The wind directions are mainly from 0° (north) to 90°
(east) in 63% of time during the summer. Calm conditions represent 35% of the time.
Psychometric chart analysis:
Acceptable thermal comfort: 41% of the year.
Main strategies recommended: The application of passive solar heating is
indicated as the main passive solution for 42% of the time from March to

September. From December to March, the warmer period, selective cross

ventilation is indicated in 32% of the time.
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Figure 3.13 - Monthly average temperature  Figure 3.14 — Wind rose of Brasilia (zone 4)
and global radiation of Brasilia (zone 4)
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Zone 5 — Niteroi city

Localization: 22.8° S, 43.1° W. The zone is present in some areas of the south east

and the centre west regions.

Temperature and humidity: Niteroi is characterized by monthly average temperatures

lower than 26 °C (Figure 3.16) and 78% of annual mean relative humidity.

wind: In 98% of the time, the wind speeds are lower than 6m/s and the wind direction
is predominantly from south, which is experienced in 48% of time during the hottest
months (Figure 3.17).
Psychometric chart analysis:
Acceptable thermal comfort: 50% of the year.
Main strategies recommended: For the winter season, one of the main
strategies suggested is the use of solar heating, especially from June to
September, when it is required in 30% of time. Cross ventilation is indicated all
over the year, especially during the summer, being recommended in more than

30% of the time from November to May and up to 71% during February.
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Figure 3.16 - Monthly average temperature  Figure 3.17 — Wind rose of Niteroi (zone 5)
and global radiation of Niteroi (zone 5)
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Figure 3.18 — Dry-bulb temperatures during January and July for Niteroi (zone 5)
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Zone 6 — Campo Grande city

Localization: 20.4° S, 54.6° W. The cities with the climate characteristics of bioclimatic

zone 6 are mainly localized in the centre-west of the country.

Temperature and humidity: The climate of Campo Grande presents annual mean

temperature of 26°C (Figure 3.19) and 68% of mean relative humidity over the year,

being the winter the drier season, when it drops to a minimum of 55%.

Wind: The wind conditions examination shows that in 83% of the time the wind speeds

are lower than 6m/s and mostly directed from north and east (Figure 3.20),

representing 46% of time during summer time.

Psychometric chart analysis:

Acceptable thermal comfort: 46% of the year.

Main strategies recommended: The main strategies recommended for this

zone are selective cross natural ventilation, recommended in 26% for the year,

and evaporative cooling.
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and global radiation of Campo Grande
(zone 6)
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Figure 3.21 — Dry-bulb temperatures during January and July for Campo Grande (zone 6)
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Zone 7 — Picos city

Localization: 7.1° S, 41.4 W. It is the hottest and driest climate among the zones and
it is present in the arid region of the north-east.

Temperature and humidity: The city of Picos presents temperatures above 31°C in
33% (Figure 3.22) of the year combined with low annual relative humidity, 57% in
average.

Wind: The wind analysis indicates that the speeds are lower than 6m/s in 100% of the
time and directions mainly distributed from north-east to south-east, representing 69%
of the time during the summer, as shown in Figure 3.23.

Psychometric chart analysis:

Acceptable thermal comfort: 33% of the year.

Main strategies recommended: The psychometric graph indicates that although
the use of air conditioning is necessary, especially during the summer, natural

ventilation is recommended in 39% of the time, reaching a peak of 55% in August.
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Zone 8 — Rio de Janeiro city

Localization: 22.9° S, 43.1° W. The zone covers the biggest part of the territory (58%)
and contains most of the coastal areas, including important state capitals such as Rio
de Janeiro (RJ), Belem (PR), Natal (RN) and Vitoria (ES).

Temperature and humidity: The climate is characterized by high temperatures

(Figure 3.25) and relative humidity; with averages equal 27°C and 80%, respectively,

throughout the year.

Wind: As can be seen in Figure 3.26, the city presents wind direction well distributed

with a slightly predominance to west and speeds lower than 6m/s in 99% of the year.

Psychometric chart analysis:

Acceptable thermal comfort: 21% of the year.

Main strategies recommended: Although mechanical cooling is not discarded

during the summer, one of the main passive strategies recommended is the permanent

natural ventilation, which is indicated in 61% of the year.
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3.1.3 Climatic potential for natural ventilation

Brazil presents a range of different climates, varying from low temperatures as in zone
1 to very hot areas as in zones 7 and 8. In terms of the solar incidence, the highest
values are detected in the arid areas of northeast and centre west regions, whereas the
lowest values are observed in the south region. In approximately 80% of the year, the
temperatures experienced by the representative cities range from 16 to 30°C, which
indicate favourable conditions for the use of natural ventilation as a passive design
strategy. Apart from zone 1, the use of natural ventilation is strongly encouraged in all
bioclimatic zones as a strategy to improve the thermal comfort (ABNT, 2003).

Table 3.2 shows monthly percentages of time in which natural ventilation is
recommended according to the results of psychometric analysis for all representative
cities. While ventilation is recommended during the whole year for zones 7 and 8, lower
levels of ventilation is required during the coldest months for bioclimatic zones 1 to 6.
This evidences the need to decrease airflow rates for the coldest cities, especially in

bioclimatic zones 1 to 4.

Table 3.2 — Monthly percentages of time in which natural ventilation is recommended according
to psychometric analysis

% of time
Cities Months 0to 10%

11 to 20%
Curitiba 21 to 30%
Piracicaba 31 to 40%
Florianopolis 41 to 50%
Brasilia 51 to 60%
Niteroi 61 to 70%

71 to 80%

Campo Grande

Picos 81 to 90%

O |IN|oOO|O|br~|[W|IN]|FP

Rio de Janeiro 91 to 100%

Another strategy able to improve the thermal conditions of building in hot areas is by
employing a night ventilation strategy. The cooling benefit can be further enhanced by
this approach that takes advantage of the lower external night-time temperature to pre-
cool the building structure. Some of the advantages of this operational strategy are
described by CIBSE (2005) such as cooling of the building fabric will reduce the mean
radiant temperature, which enhances the occupant’s perception of thermal conditions
during the following day. Furthermore, the lower night-time temperature, the inside—

outside temperature differences will be greater, enhancing both the stack driven flow
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rates and the cooling capacity of the outside air. Additionally, by ventilating during
unoccupied periods, the potential problems of draught and noise in the occupied space
are avoided.

The local climate characteristics are crucial to ensure that appropriate strategies are
applied to the building design. Moreover, another important phase of the building
conception consists of predicting its thermal behaviour which allows modification and
incorporation of variable design solutions to improve the thermal performance. The
next section presents a discussion about the existing thermal performance evaluation
criteria in order to establish an indicator for predicting the indoor thermal performance

of naturally ventilated buildings with DSF under Brazilian climates.
3.2 Building thermal performance evaluation

Prediction of a building’s thermal performance refers to the characterization of human
requirements of thermal comfort based on the heat transfer between the building and
its surroundings. For air-conditioned buildings, it influences the heating and cooling
loads and hence determines the amount of energy required for heating and cooling to
maintain optimal thermal comfort conditions for occupants. For non-air-conditioned
buildings, it represents how the building continually responds to the changing of
outdoor climatic conditions, regulating the indoors conditions in order to provide the
thermal comfort requirements of occupants (Nayak and Prajapati, 2006). In warm areas
thermal performance is usually measured against a benchmark temperature, related to
the likelihood of discomfort, which should not be exceeded for more than a certain
length of time, usually expressed as a desighated numbers of hours or a percentage of
the annual occupied period (CIBSE, 2006). Determined by selected materials and
design solutions, the building thermal performance analysis not only determines how
effective the solutions applied are, but it also guides the determination of more suitable
design strategies, from the identification and quantification of moments of thermal

discomfort (Nayak and Prajapati, 2006).

Achieving acceptable thermal performance in naturally ventilated buildings under warm
climates requires adequate definition of solutions in the design according to the use
and operation of the building such as application of suitable fabric materials (density,
specific heat, thermal conductivity, transmissivity, etc.), size and orientation of glazing
areas and openings and incorporation of shading devices. Additionally, local weather
data, which are represented by solar radiation, ambient temperature, wind speed,
humidity, etc., and internal heat gains produced by occupants, lighting and equipment

can influence the heat transfer processes and affect levels of thermal acceptance
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within a building. Increase of air movement and use of evaporative cooling are also
suitable strategies that can remove internal heat and therefore, enhance the building

thermal performance in warm and hot areas.

A key criterion when assessing a building’s thermal performance is to define the
conditions which are considered acceptable by occupants and consequently the
thermal comfort experienced by them (CIBSE, 2005; Nayak and Prajapati, 2006). The
next section introduces the thermal comfort concept and discusses the available
methodologies to evaluate its perception.

3.2.1 Thermal comfort

Thermal comfort is defined by ASHRAE (2013) as the condition of mind that
expresses satisfaction with the thermal conditions. It is usually used to indicate whether
or not an individual feels thermally comfortable in an environment. This is generally
perceived as a combination of several factors such as the level of activity performing by
the occupant, the ambient air and surrounding surfaces temperatures, and air’s relative
speed and humidity. These aspects influence the way in which heat is exchanged from

our body to the environment and our thermal satisfaction (Nicol et al., 2012).

Thermal comfortis a subjective sensation resulting from a combination of
environmental and personal factors. The former includes air temperature, which is
measured by the dry bulb temperature, air velocity, which defines the level of heat
exchange between the person and the air, radiant temperature, which is related to
the temperature of the surroundings surfaces, heat generating equipment placed in the
user room, and the air relative humidity. The personal factors are related to occupants’
clothing and metabolic rate. Clothing insulates a person from exchanging heat with the
surrounding air and surfaces and affects the loss of heat through evaporation of sweat
and the metabolic rate measures the level of activity performing by the occupant, which
is related to the body’s heat production. Other contributing but less significant factors

can include access to food and drink and state of health (Treeck, 2011).

A number of different approaches and methodologies for estimating the likely thermal
comfort perceived by the user have been developed to combine the environmental
variables into a single index for the assessment of thermal comfort. There are two main
models to evaluate the thermal acceptability of indoor environments, which describe

how the building microclimatic conditions can be evaluated (Nicol et al., 2012).

The first model, known as static thermal heat balance, is an analytical evaluation of

human thermal sensation that considers the individual as a passive recipient of the
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thermal environment. This approach was developed by Fanger in the late 1960s and it
is based on the predicted mean vote (PMV) model. It consists of a numerical index that
combines physical and personal variables to predict the perception of occupants in
relation to the thermal conditions in the building (Hoof et al., 2010). The International
Standard ISO 7730 (2005) is the main thermal comfort regulation based on PMV/PPD
method. However, the use of this model has been become globally questionable,
especially when applied in naturally ventilated buildings, as it does not consider the
change in indoor thermal comfort in relation to the season variations and does not
account for human adaptation under different temperatures (Yau and Chew, 2012).

The second model, known as the adaptive approach, considers the human body as an
active agent that interacts with the environment in response to one’s preference and
thermal sensation. In this model, the variations in the indoor environmental conditions
under different seasons and climates change the limits of the acceptable comfortable
temperatures. The local social conditions and past thermal history thus modify the
occupant’s thermal expectations and preferences (Nicol et al., 2012; Race, 2006).
Thus, people in warm climate zones tend to tolerate higher indoor temperatures than

people living in cold climate zones (Halawa and van Hoof, 2012).

The two main standards specifying the adaptive approach are ANSI/ASHRAE 55
(2013) and EN 15251 (CEN, 2007). They present conceptually similar methodologies,
though some differences exist such as the number and type of buildings measured and
the outdoor temperature definition (Nicol and Humphreys, 2010). The ASHRAE 55
(2013) method is based on more than 21,000 measurements taken around the world,
primarily office buildings, and it is applied only to naturally ventilated buildings. The
dark shaded regions in Figure 3.28 illustrate the limits within which the indoor operative
temperatures are considered thermally acceptable. The outdoor temperature (Tou)
used in this methodology is defined by the prevailing mean outdoor air temperature,
which is calculated by the average of daily mean temperature of the previous days.
Acceptability limits for typical building applications, in which the thermal comfort range

satisfies 80% of people, are represented by the following equations:
e Lower temperature limit (°C): 0,31* Ty (°C) + 14.3 (equation 2)

e Upper temperature limit (°C): 0,31* T, (°C) + 21.3 (equation 3)
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Figure 3.28 - Acceptable operative temperature ranges for naturally ventilated spaces from
ASHRAE 55 (2013)

The 90% acceptability limits are used only when higher levels of thermal comfort are
desired. The standard indicates that the upper acceptability temperature limit increases
when the room air speed is above 0.3m/s. In this case, the modified acceptable
temperature limits are calculated according to the corresponding air speed, as shown
in Table 3.3. This calculation is based on the Standard Effect Temperature (SET)

method, which enables a calculation for determining the cooling effect of air movement.

Table 3.3 — Increase in acceptable operative temperature limits in the adaptive comfort
approach resulting from increasing air speed above 0.3m/s.

Air speed =0.6m/s Air speed =0.9m/s Air speed =1.2m/s

1.2°C 1.8°C 2.2°C

Operative temperature used in the standard is defined mathematically as (ASHRAE,
2009):

tiVIOV+T,
1+ v/10v

where t; is the indoor air temperature [°C], T, is the mean radiant temperature [°C], and

Top = (Equation 4)

Vv is the air speed [m/g].

Regarding the effect of relative humidity, the standard highlights that no humidity limits
are required in this model. According Nicol and Humphreys (2010) humidity is
insignificant in the model as it plays a minimal influence on thermal sensation and

perceived air quality by users performing sedentary activities.
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The ASHRAE 55 standard also specifies that the operative temperature graph is
specifically applicable to naturally conditioned spaces where near sedentary physical
activity levels as those typical of office work, with metabolic rates ranging from 1.0 to
1.3 met. The method also specifies that occupants may freely adapt their clothing to
the indoor and /or outdoor thermal conditions within a range at least as wide as 0.5-1.0
clo.

Thermal comfort analysis can be applied at the building design stage in order to check
levels of acceptable comfort conditions that can be achieved. In this case, calculations
of the building heat transfers and airflow process, considering the geometry and
materials applied on the building model, are performed to identify the resulting internal
conditions. Nowadays, those calculations are embedded within the computer
simulation design software, which have been widely used to examine the thermal
performance of a building design. The following section introduces the use of
computational simulation tools as a viable method for thermal assessment of the

building design and defines the software used in this study.
3.2.2 Computational simulation

Computational simulation is nowadays one of the most used analysis tools based on
numerical methods that aim to provide an approximate solution of a building’s thermal
behaviour based on a realistic model (Hensen and Lamberts, 2011). It is the most
advanced method that the industry has at its disposal to assess the performance of a
building before it is built (CIBSE, 2015). It is an alternative to controlled experimental
measurements in laboratory or experiments in-situ, which in the case of DSFs, is not
only subject to uncertainties in controlling the complex thermo-fluid phenomenon, but it
also generally demands high cost, specific equipment and considerable time to execute
(De Gracia et al., 2013).

Although recent advances in simulation tools have attempted to address the complexity
of reality to provide more comprehensive and detailed behaviour of a building, the
computational modelling is an idealised version of reality. Therefore, the building will
not perform exactly in the same way that a real building performs. To introduce
consistency into the implementation of modelling work and design calculations and to
provide confidence in the results, some quality assurance procedures must be followed

according to CIBSE (2015). They include the following procedures.

- Establishment of the aim of the simulation task: frequently, modelling is

used to predict trends and to compare different design options. In these cases,
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analyses comparing the impact of various design measures in relation to the
reference model are performed.

- Software selection: The definition of an adequate model needs to take into
consideration the level of accuracy and details required, time and computational
resources available. More detailed models are usually more time and
computational resource consuming, and, therefore, appropriate and suitable
models have to be selected based on the specific design objectives (Hand et
al., 1998).

- Software training: the training process involves workshops, use of manuals
with training examples, support by online training resources and use of
documented performance assessment methods.

- Design processes: the design process and its stages provide the context to all
decisions to be made. These include information available, selection of
calculation methodologies and software, strategy for modelling, and the level of

risk and accuracy of results required.

It is important to be aware of the approximations and underlying assumptions in the
mathematical models of the software tools and calculation procedures. It is also
necessary to appreciate the implications these assumptions have on the analysis. To
acquire a good qualitative understanding is considered to be more important than a
guantitative assessment of the theoretical models (CIBSE, 2015). De Gracia et al.
(2013) reviewed different typologies of numerical modelling and available
computational resources for the study of DSFs, highlighting their benefits and
limitations. The models are associated with methods of calculation and their accuracy
demonstrates the differences among the levels of detail of the results. Simple tools
such as analytical and lumped models, non-dimensional analysis and control volume
models provide information in the design phase of the DSF without consuming high
computational resources. However, simplified modelling inputs such as linear vertical
temperature gradient in the cavity, constant surface temperatures and convective heat
transfer coefficients were assumed (De Gracia et al., 2013). Those assumptions may
affect the basic premises of the DSF functioning, such as the lack of air temperature
gradient within the cavity and the variability of airflow according to solar incidence on

the facade, resulting in a poor evaluation of the building thermal performance.
Computational fluid dynamic (CFD) simulation software

One of the main current approaches used to study the thermal performance of the DSF
is the computational fluid dynamic (CFD). In the CFD technique, arguably the most

complex ventilation modelling technique in use today, the external atmosphere and the
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air space in the interior of the building are divided into domain geometries. Solid
boundary layers, such as walls, ceilings, windows, are then defined and a material U-
value, which relates the inside to outside temperature difference to the heat flux
through the material, can be defined. A mesh of small cells is included in the spaces,
creating a grid, which the cell dimensions can be defined by the modeller. The typical
elements used is CFD packages are tetrahedral, pyramids, prismatic wedges and
hexahedral. Although being a time costly procedure, regions of refinement (smaller
cells) can be applied in certain parts of the building to capture details with more
accuracy (CIBSE, 2015).

From that, basic fluid dynamics equations for conservation of mass, momentum and
thermal energy are solved for all nodes of the grid. For the conservation of mass, the
equation used is derived by considering a fixed volume in space and assuming that the
flow of air into the volume is equal to the flow of air leaving the volume. For the
conservation of momentum, the equation used is derived from Newton’s second law,
which states that force = mass x acceleration. The conservation of energy equation (or
the first law of thermodynamics) states that the rate of change of internal energy of a
volume of air is equal to the heat supplied to that air minus the work done by the
volume of air on its surroundings. All these calculations give a detailed picture of the

flow pattern (temperature, air velocities and pollutant distribution) in each room.

The CFD tools also consider the turbulent nature of the flow in the building, regardless
whether the flow is caused by mechanical, ventilation or natural ventilation. Turbulent
flows mean that they exhibit a random, fluctuating, time dependent behaviour. There
are various methods available for calculating this including the k-epsilon family of
models, the k-omega model and the SST (shear stress transport) model. Much
research has been done to help CFD practitioners to make an informed decision about
which model is most suitable for their application. Regarding the modelling of a building
with DSF Pasut and De Carli (2012) has highlighted which factors are important in the
simulation and indicated that the results are more stable for the models with k-epsilon

turbulent model.

Other settings in the CFD simulation are the buoyancy effect and the nature of the
simulation. In CFD models involving building ventilation, especially natural ventilation,
representation of the small forces created by buoyancy effects, which is the density of
the air at some reference temperature, is of paramount importance. It is usual to adopt
the Boussinesq approximation for modelling buoyancy effects. Regarding the nature of
the simulation, two possible options are steady state and transient. For most CFD

modelling, a steady state simulation is sufficient (CIBSE, 2015).
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Although CFD simulations provide details about the nature of the flow field inside the
building rooms, some limitations also need to be considered. The key limitation of the
CFD use is related to the highly demanding computing resources, which often restrict
the calculation to steady-state cases or very short simulation periods. Other limitations
are the dependency of finer grid definition to effectively capture the thermal and flow
effects, which usually increases time demand and limits size of geometry modelled (Ji
et al., 2007), (Jiru et al., 2011).

Building dynamic thermal simulation software

In the airflow network technique, the building is divided into thermal zones which are
treated as a network of nodes representing rooms and system components. These
internodal connections represent the distributed flow paths associated with
temperatures and airflows resulted from many simultaneous thermal and fluid flow
processes, which interact and vary with time. This allows analysis of the thermal
performance of a building with DSF and predicts air temperatures and airflow rates for
each thermal zone normally at hourly intervals or less for the period of a whole year.
Usually, a thermal comfort analysis model, such as PMV/PPD and adaptive
assessment method, is embedded within the algorithm allowing definition of periods of

comfort and discomfort on a yearly basis.

The advantages of this approach include less time required for modelling and
simulation processes compared to the CFD models and enabling of the study of
transient thermal behaviour (Treeck, 2011). This technique is commonly used in
building thermal evaluations to examine the interactions between the building's
envelope, its occupants and the external environment, and to predict the relative
performance among design alternatives, where there is less demand for absolute

accuracy (Augenbroe, 2011).

The main limitation of this approach lies in the assumption that the air within each
thermal zone is well mixed. It is assumed that air temperature is uniformly distributed
over the whole thermal zone and the air momentum effect from an inflow opening is
neglected. Thereby the room temperature distribution cannot be determined and the
results of multizone models could be inaccurate (Wang and Chen, 2008). This may
affect the predicted thermal comfort, as different spaces within a thermal zone may
experience different thermal conditions, depending on the openings location and the
thermal transmittance of the materials applied to different walls, for example. Moreover,
this technique does not provide details about profiles of air flows inside the rooms

(Hand et al., 1998), but only the amount of air flowing in and out of a thermal zone.
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IESVE and FIoOVENT simulation tools: the model verification

Four techniques for validating a building simulation tool are given by CIBSE (2015).
They include:

- code checking, in which the computer code is checked line by line;

- analytical tests, which predictions for a simple situation are compared with
expected results that can be calculated analytically;

- empirical validation, which predictions are compared with real building
measurements and;

- inter-program comparisons, where predictions are compared with those from

other simulation programs supplied with equivalent data input.

Although the empirical validation is claimed to be, in principle, the most powerful
validation technique, it is used to address ‘how well’ the program is able to predict
reality. Moreover, the results are dubious due to the uncertainty in measurements (as it
should take into account occupant variant behaviour) and data supplied to the program.
More weaknesses related to this method are the difficulty to carry out, high cost and
time consuming. The last method, on the other hand, is specially indicated for
exploration of the sensitivity of building design changes. Moreover, it is an accessible
test to undertake and allows the solution of less conventional building modelling to be
validated. Although both software to be used will have inaccuracies, uncertainty is an

intrinsic weakness of any validation process.

The validation of a software can be defined as the testing of the theoretical correctness
of a program and of the mathematical and numerical solution procedures used in a
software (CIBSE, 2015). Verification of a building thermal model, on the other hand, is
related to the procedure of checking whether the results obtained from simulations
matches the expectations when different design variations are applied to the model.
Due to the lack of knowledge on the thermal and flow behaviour of a naturally
ventilated building with DSF, this thesis did not aimed to validate any available
software, but to verify the consistency of the results of building models with DSF using
two different tools. For this, the inter-program comparison method was used as a

verification process of the thermal and flow behaviour of a building with DSF.

It is known that dynamic simulation software has limitations in specific predictions. In
the case of DSFs, there is an uncertainty of the software in predicting the stratification
of air within a space linked to the network model that simulates the airflow between

spaces and the external environment (CIBSE, 2015). This type of software assumes
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that a space has a single temperature no matter how large the space is. This is
commonly described as the ‘well mixed’ or ‘stirred tank’ model, referring to the
assumption that the temperature in a space is uniform because the air is suitably
mixed. Therefore, a CFD software was used to overcome this limitation as it has a
specific calculation algorithm to provide more accurate assessments of the thermal
environment. In this study, CFD modelling was used for computing the airflow path of
different designs of naturally ventilated building models with DSF.

Similarly to thermal dynamic models, CFD programs exhibit several important
limitations which result from the way CFD programs have been developed and the
assumptions made in this process. One of the most commonly recognised limitations is
the high computational resources required, especially for time dependent flows. Thus, it
is unfeasible to simulations that the aim to predict the variations of the building thermal

behaviour with time of the day and seasons of the year.

The thermal dynamic simulation software IESVE was used as a main tool to compare
the impact of various design measures in relation to a reference model. The CFD tool
FIoOVENT was used to perform a comparative verification on predictions of the DSF’s
airflow results from IESVE. The capability of modelling and simulating the DSF thermal
and airflow mechanisms, the usability of navigation and control systems and the
presentation and visualization of the results analysis were considered in these

selections.

The IESVE is a dynamic thermal simulation software based on principles of
mathematical modelling of the heat transfer processes occurring in and around a
building. The tool is composed of integrated analysis modules with features to calculate
dynamic conduction and convection heat transfers. It also incorporates models for
calculating short and long-wave radiation exchanges and external solar shading

according to solar angle and glazing proprieties (IESVE, 2014).

The airflow network approach addresses infiltration, single-sided and cross ventilation,
which are driven by pressures arising from the combined wind and buoyancy forces
(stack effect) calculated at each simulation time step. The flow through each opening is
calculated as a function of the buoyancy pressures, which are dependent on the
aperture positions in height and air densities, providing two-way flow that may occur
through a single opening either side of a neutral pressure plane. The software has
been used on simulation of models with DSF (Hamza, 2008; Shameri et al., 2013), in
which bulk air temperature and stratification that occur within the cavity can be

modelled and simulated using horizontally divided thermal zones.
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FIOVENT is a CFD air flow modelling analysis software designed to simulate air flow
and heat transfer mechanisms specifically for rooms or buildings. In the software, the
overall dimensions and materials specifications of the enclosure are defined, over
which a computational grid is applied. The software includes the application of solar
boundary conditions and automatically calculates radiation exchange. With ability to
simulate either turbulent or laminar flow, FIOVENT solves the relevant differential
conservation equations at each computational grid cell. It provides solution for
convective, conductive and radiative heat transfers through glazing and walls (Mentor,
2014). FIoVENT has also been used to simulations of models with DSF (Rahmani et
al., 2012; Manz, 2003; 2004; Wong et al., 2005). In these cases, although different
design aspects were tested, steady state condition solutions were used and the

transient effect of heat transfer was not taken into account.
3.3 Chapter summary

This chapter provides the background knowledge for simulation and thermal
performance analysis of building models in order to underpin the methodology defined
for this study, presented in the next chapter. Analyses of 8 cities in Brazil highlighted
the contrast of the different bioclimatic zones and the potential to use natural ventilation
to improve thermal comfort conditions in these climates. Differences regarding radiation
level, outdoor air temperature, wind conditions and daily thermal amplitude are also
presented. Based on the climate analysis, maximization of airflow rates through the
building appears as a viable complementary strategy to improve the thermal
performance of Brazilian buildings in many regions. Natural ventilation is strongly
indicated for zones 2 to 6 during the warmest months and during the entire year for
bioclimatic zones 7 and 8. The high temperature and levels of solar radiation in the
Brazilian territories indicate the need for application of additional solutions such as
control of solar gains, application of construction materials with high thermal mass and
provision of night ventilation to improve the thermal comfort, especially during the

summer.

The ASHRAE 55 (2013) standard method was identified as a suitable indicator for
predicting the indoor thermal performance of naturally ventilated buildings under
Brazilian climate conditions. It uses the adaptive approach, which considers the indoor
acceptable temperature as a function of the outdoor air temperature. In this approach,
especially developed for naturally ventilated buildings, the individual is supposed to
have some degree of control over the thermal environment. This results in a wider
comfort temperature range in which occupants will feel comfortable. For this evaluation,

outdoor and operative indoor temperatures are combined into a chart to indicate
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whether or not the user is thermally comfortable. These calculations are performed by
thermal simulation computer software, which provide detailed hourly results over the
whole year.

The network airflow model algorithm is used in the IESVE to predict the effect of
ventilation and thermal details of the building that enable comparatively evaluation of
design alternatives. The complexity of heat transfer and airflow processes in the DSF
are studied using CFD FIoVENT software and the results are used to verify findings
obtained from the integrated dynamic thermal simulation software IESVE.
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Chapter Four

Research
methodology

This chapter presents the methodology for achieving the aim of the research. Firstly, it
describes and justifies the characteristics defined for the base case model. Then, the
modelling and simulation processes are described and the procedures to the analysis
of the resulting data are presented. Furthermore, findings from the simulation of the
base case model are presented, indicating the issues of the model thermal
performance. Lastly, the definition of the key design and site parameters are
presented.
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4.1 Research methodology outline

This study aims to determine the thermal performance of office buildings with DSF
under Brazilian climate conditions. The methodology, linked to the objectives defined in
Chapter 1, involves literature search, computer simulation and data analysis. The
overall structure is presented in Figure 4.1 and described under 6 main stages as
follow.

:'. STAGE 1 CRITICAL LITERATURE REVIEW

. @ State of art of studies on DSF thermal performance
® Brazilian bioclimatic zones and conditions

. ® Thermal performance evaluation approaches

STAGE 3 ANALYSIS OF E ! STAGE 2 DEVELOPMENT AND

DESIGN PARAMETERS ANALYSIS OF
® Assessment of 9 design : BASE CASE MODEL

parameters : . ® Reference model
® Creation of alternative t * @ Simulation on IESVE

SRS R  ® Results revealed thermal

® Parametric analysis 4 *.  performance constraints J
:'. STAGE 4 DEVELOPMENT OF ": STAGE 5 ANALYSIS OF SITE
] OPTIMIZED MODELS PARAMETERS
: ® They incorporated solutions : ® Used optimized model t
with highest airflow rates : . :
; level and thermal acceptance : : ® Assessment of influence of  :
: E ] local environmental :
k -, conditions

STAGE 6 EVALUATION OF THERMAL COMFORT ACCEPTABILITY
UNDER BRAZILIAN CLIMATES

: ® Simulation using 8 bioclimatic zones
® Comparison DSF x SSF

:® Determined regions and periods of the year when satisfactory :
*.. thermal performance is achieved J

Figure 4.1 - Methodology scheme

Stage 1 Critical literature review — In order to have a comprehensive
understanding on the state of art of thermal performance of building with

DSF, a systematic critical review of the existing body of knowledge was
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Stage 2

Stage 3

Stage 4

performed and presented in Chapter 2. Deductions of the main design
solutions and site conditions required for an effective functioning of the DSF
in naturally ventilated buildings were derived from this review. Additionally,
in order to establish the requirements of natural ventilation as a viable
passive strategy to improve thermal comfort in Brazilian buildings, an
overview of the country’s climate conditions was carried out and presented
in section 3.1 of Chapter 3. Moreover, to identify a suitable method to
assess the thermal performance of naturally ventilated buildings with DSF,
a discussion on the existing thermal comfort evaluation approaches was

conducted and presented in section 3.2 of Chapter 3.

Development and analysis of base case model — To demonstrate the
fundamental thermal and air movement behaviour of a naturally ventilated
building with DSF, a reference model was developed and simulated using
IESVE software, which was selected based on the discussion presented in
section 3.2.2. The simulation results revealed the building thermal
performance constraints, assisting the development of design parameters to
be tested in the simulations. The model detail characteristics are presented
in section 4.3.1 and the results of simulation are presented in section 4.4 of

this chapter.

Analysis of design parameters — In order to demonstrate the individual
influence and relative importance of the design parameters on the building
and DSF’s thermal performance, a parametric analysis was performed
through computational simulations. A total of 9 design parameters groups
were individually applied on the base case model, creating alternative case
scenarios which were tested in IESVE. These alternative cases were also
simulated in the CFD software FIOVENT, allowing a comparative verification
of results. The results mainly indicate the airflow magnitude and profile and
improvements of thermal comfort of each case and are presented in
Chapter 5.

Development of optimized models — In order to establish the highest
airflow rate levels achievable in the building to maximise thermal comfort
acceptance, two models that incorporated the optimum variables selected
from tests performed in stage 3, were developed and further studied. In
addition, the influence of building dimensions on the DSF thermal

performance was also evaluated.
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Stage 5 Analysis of site parameters — To assess the influence of local
environmental conditions on the thermal performance of naturally ventilated
office building with DSF, variants of solar intensity and wind direction and
speed were evaluated through simulation of a selected optimized model

and presented in Chapter 5.

Stage 6  Evaluation of thermal comfort acceptability under Brazilian climates -
To evaluate the viability of the DSF’s operation under the Brazilian weather
conditions, simulations using the optimized case developed in stage 4 were
performed for each bioclimatic zone characterized in Chapter 3. This
determined the regions and periods of the year when satisfactory thermal
acceptance is achieved in the Brazilian territories and the results are

presented in Chapter 6.

The next sections detail the model characteristics and the procedures for modelling,
simulations and analysis of resulting data. Then, findings from simulation of base case
model are presented followed by the definitions of design and site parameters to the
development of the alternative cases.

4.2 Development of base case model

The base case model comprises of a computational building model used as a
benchmark reference for evaluating the influence of different parameters on the DSF
thermal performance. Definitions related to the model features considered the climate
and regional contexts and are based on a topology study of non-residential buildings in
Brazil by Carlo (2008). In the study, the most common characteristics of different
building typologies in Brazil, including office buildings, were identified. Approximately
300 office buildings distributed over 5 state capitals were evaluated and the results
indicated data related to volumetry, window to wall ration of the facades, presence of
shading devices, among others. The study consists of a database for creating
reference models of buildings of different typologies in Brazil with focus on developing
representative models for thermal assessments by using computational simulation.
Additionally, the study covered a large amount of data and it is based in the national
construction reality. Therefore, some of the data presented by Carlo (2008) were
considered in the definitions of the building model design characteristics in thus study.
The model fabric material features followed recommendations of Brazilian regulations
for thermal performance and design parameters for office buildings (ABNT, 1980;
ABNT, 2003).
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4.2.1 Building characterization

This section describes and justifies the geometric configuration and dimensions defined
for the building model. It also includes definition of the internal layout, materials applied
to the building fabric, windows open/close patterns and open area and the internal heat
gains profiles.

Building geometry - Building shape and dimensions have a significant influence on
the thermal performance of the DSF as the degree of exposure of the facade to solar
radiation and wind pressures may enhance natural ventilation through the user space.
The size defined for the building model also considered the modular dimensions of
furniture systems and tenant spaces, which are usually multiple of 0.3m. The American
and European modular dimensions, for example, are 1.5m (Kohn and Katz, 2002).
Regarding a suitable depth of the building for an effective ventilation, although there is
a discrepancy among authors, the dimensions between 11 and 13.5m are usually
indicated for naturally cross ventilated spaces (Lorand et al., 2013). The narrow plan
depth has the additional benefit of enhancing potential for the use of natural lighting. In
buildings with DSF, the airflow pattern is similar along its length, thus the resulting
ventilation performance is generally independent of the building extension, except for
some variation at the end of the building. Moreover, according to the study by Carlo
(2008), the rectangular format represents the most common shape of offices buildings
in Brazil. Therefore, based on the requirements for the use of the DSF as a thermal
chimney, the adequate dimension for naturally ventilated buildings and considering the
characteristic of the common shape of buildings in Brazil, dimensions of 12 x 16m were

defined for the base case model.

Building layout - The building internal compartmentation is another important factor as
in principle, for naturally ventilated buildings, the design of the rooms should have a
minimum of obstructions that would block the airflow and create friction, decreasing the
airflow rates through the building (Hyde, 2000). The study by Voordt and Maarleveld
(2006) indicated that the future tendency of layout in office buildings indicates interest
in spaces that fits companies organisational changes, such as less hierarchical
organisational structures and a growing number of part-time workers. Such
modifications require more flexible use of the space, encouraging communication and
exchange of information and knowledge. Therefore, open plan layout with no internal

partitions presented an appropriate design for the base case model.

Fabric materials - Selection of envelope composition draws on recommendations from

the Brazilian code for thermal performance of buildings (ABNT, 2003). The model
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preserved the typical Brazilian construction typology, which consists of an insulation
material sandwiched between two layers of ceramic block, plastered and finished in
white. For roof and ground floor surfaces, low thermal transmittance materials were
selected in order to minimize the conductive heat transfer. Table 4.1 specifies the
thermal properties of envelope fabric defined for the base case model.

Table 4.1 — Building model characterisation

I Overall
Description
Envelope (from outside to inside) v valzue
[W/(m~.K)]
—_— White painting External plaster (2.5 cm)
T External plaster (2.5cm) Ceramic bIQCk (90 cm)
> . Thermal insulation: stone
P Ceramic block (9 x 14 x 24cm) wool (2.5 cm)
© . Thermal insulation: stone Ceramic block (9.0 x 14.0 x 0.61
= wool (2.5cm) 24.0 cm)
Ceramic: block Internal plaster (2.5 cm)
*—Internal plaster (2.5cm) Internal painting (a =0.3)
*—White paiting Total thickness =27 cm
- Stone chippings (1 cm)
Stone chipping (1em) Felt and bitumen layers (0.5
+— Felt and bitumen Cm)
= layers (0.5cm) Concrete (15 cm)
o . .
o ¢ Concrete (15cm) Insulation  material: glass 0.18
@ fibre quilt (20 cm)
«— Insulation material: .
glass fibre quilt (20cm) ~ Cavity (5 cm)
—— Cavity (5cm) Ceiling tiles (1 cm)
—————s=—Ceiling tiles (1cm) Total thickness =42 cm
Clay (75 cm)
L Synthetic carpet (1cm) Brickwork (25 cm)
S fhlplbzard (5°t'“). | Cast concrete (10 cm)
o T Insulation material: - .
= dense EPS (5 cm) Insulation material: Dense
c — —L — Cast concrete (10 cm) EPS 0.28
2 Brickwork (25cm) (5cm)
%) Chipboard (5 cm)
Clay (75 cm) Synthetic carpet (1 cm)
Total thickness =121 cm

Windows area — Regarding the definition of the window aperture areas, Carlo (2008)
identified that the predominant WWR among the office buildings in Brazil varies from
40% and 60%. On the other hand, the studies reviewed in section 2.4.2 of Chapter 2,
indicated a broader range of windows area on the facade, suggesting that the WWR in
DSF buildings should be between 30 and 90%. In the base case model defined for this
study, horizontal windows placed at mid-height of the floor with WWR of 50% on both
south and north fagcades were incorporated to the model. They are set open 24
hours/day allowing for natural night ventilation, which offers the advantage of reducing

the mean radiant temperature of the room by cooling the building fabric.
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Internal heat gains — Internal activities influence the thermal and airflow processes
within the building. The three most important sources of heat gains are people, lights
and office equipment (computers, printers, copying machines etc.). Although it is
crucial to manage light and equipment according to the user need, a profile from 8 a.m.
to 6 p.m. for all internal gains was set for the whole year. The occupancy density was
defined as medium capacity, which is 14 people per 100m?, indicated by the regulation
for Brazilian design parameters (ABNT, 1980). Thus, each thermal zone was set with
occupation of 26 people from 8 a.m. to 6 p.m. Heat gains related to people, equipment
and lighting are shown in Table 4.2.

Table 4.2 — Profile of internal heat gains

Internal gains

- —— Total
Equipment Lighting (500lux
People q[W[/)mZ] 9 [V\glg/n("nz] ) [W/m?]
Occupancy 9.8 8.4 18.7 36.9

8am -6pm (70 W/person) (55 W/equip.)  (3.75 W/m?/100lux)

4.2.2 Double skin fagade characterization

The facade structure selected for the base case model is the multi-storey type
(Oesterle et al., 2001) in which the cavity is vertically and horizontally open covering
the entire face of the building. It delivers a greater absolute temperature difference
along the cavity due to its height, accentuating the stack effect and the ventilation
through the building, as indicated in section 2.3.2. To prevent resistance to the flow of
air, as mentioned in section 2.3.4, and to reproduce the majority of real examples of

DSFs, the top and bottom of the cavity were modelled as fully open.

The DSF was modelled oriented to the north with 50cm of width, covering the height of
the building from the first floor. The ground floor was modelled without the second skin
to allow air entrance through the bottom of the cavity, if required. The glazing material
used for the outer layer is clear single glass (transmittance = 0.64 and reflectance =
0.06) of 12mm with thermal transmittance of 5.3 W/m®K. The base case model has no
shading devices or mechanical systems in order to provide a baseline to assess what
extent the provision of natural ventilation for thermal comfort can be exploited merely
due to the DSF.

Figure 4.2 shows the base case model, which comprises of a 11 storey open plan
office building with dimensions of 12 x 16m and 3.5m floor-to-floor height. The longest

side faces north/south orientations and the DSF was applied to the north facing.
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12m 0.5m
+—

385m

16 m

Axonometric Floor plan Lateral fagade Front facade
view

Figure 4.2 — Building model
4.3 Simulations and analyses procedures

This section describes and justifies the modelling processes and presents the
specifications of both IESVE and FIOVENT simulations. Limitations and necessary
adjustments of the model on preliminary simulations on IESVE are also included. Then,
procedures for the simulations and analysis of data for the base and the alternative
cases are explained followed by a description of the procedures for the presentation of

results.

The quality issues procedures specified by CIBSE (2015) and presented in section 3.2
were followed in the modelling process of both software. Firstly, from the literature
review the aim of the simulations were defined. In this study, the computational
simulations aimed to predict trends in the building with DSF and to compare the
thermal behaviour of different design options. Based on the level of accuracy and
details required and on the uncertainty of the airflow and thermal behaviour of a
naturally ventilated building with DSF, two software were used in conjunction in this
study. While the dynamic thermal simulation software provided an prediction of the
building models behaviour during the entire year, the CFD software increased the
confidence of the qualitative results when different design parameters were applied.
For the use of both software training processes were carried out involving workshops,
use of manuals with training examples, support by online training resources and use of
documented performance assessment methods. On both software, the simulations
started from initial models with basic design and a sequential and iterative processes
were performed and complex inputs were progressively included. More robust answers
and precision were then obtained from a gradually sophisticated model. Decisions

made regarding the strategies and stages of modelling and the simplifications of the
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design took into account the aim of this study and level of accuracy required at this

stage of understanding of the DSF behaviour in naturally ventilated buildings.
4.3.1 Modelling processes
Modelling on IESVE

The geometry of the computational model was created in the IESVE (2014) plug-in
for SketchUp, in which thermal zones and position and areas of solid and transparent
surfaces were defined. The geometry was then exported to IESVE, where building
fabric materials, window types and openings profile, internal heat gains profile, building
orientation, surrounding exposure type and location, which is defined by the selected

weather file, were applied to the model.

The thermal zoning of the cavity was conducted in accordance with the software guides
and manuals. The DSF cavity was divided into several horizontal zones which are
associated with an airflow network node. Several possibilities of the cavity division
were tried and the most appropriate zone subdivision was the application of one zone
at the section of the cavity in front of each floor. With this arrangement, the cavity
zones are interconnected by openings and multizone airflow calculations are performed
at each time step, accounting for the gradient of temperature occurring over the height
of the cavity (Figure 4.3). This provides an indication of the stratified temperatures,
rather than assuming a simple average for the volume. For cases in which the shading
device was applied within the cavity, the ‘curtains’ type was used as it takes into
account the absorbed and transferred heat to the cavity by convection and long-wave
radiations. The values of the material resistance and shading coefficient were manually

introduced to the software calculations.
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Figure 4.3 - Airflow network node diagram
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The main simulation outputs obtained from IESVE were hourly airflows in and out of
each window, cavity air temperatures and rooms’ operative temperatures of each case.

The results tables were converted into Excel sheets to facilitate the analysis of data.
IESVE initial analysis and modelling modifications

Each office room of the base case model was initially modelled as a single thermal
zone. As explained in section 3.2.2, network airflow models assume that each thermal
zone represents a space of fully mixed air and therefore, temperature distribution
across the room width and the locally generated airflows at the openings are not

considered.

However, preliminary results from the base case model revealed that recirculation of air
occurred at the north window apertures (near the DSF) from the cavity towards the
office spaces. This indicated that the space close to the DSF in reality experiences
higher air temperatures than the spaces away from the DSF. In this case, considering
the variances in heat transfer and airflow mechanisms of the different sides of the
building with DSF, the outputs from the single thermal zone may not well reflect the
thermal behaviour of the user space. To capture the distribution of temperature within
the room, the office space was divided into 6 thermal zones, as shown in Figure 4.4.
The graph shows an example of operative temperature distribution resulted over the
width of the 1% floor of the model. The difference of operative temperature between two
ends of the office zone is in average 3.2°C, reaching a maximum of 8.1°C on the top

floor in sunny days.

29.5
29.0
28.5
28.0
27.5
27.0
26.5

Operative
temperature [°C]

Thermal zones

Figure 4.4 — Operative temperatures resulted for office room on the 1% floor, when 6 thermal
zones are applied

This indicated that fully mixing air is not occurring in reality and there is a considerable
difference of temperature between the north and south sides of the building, as heat
gains by convection and radiation contribute to increase the air temperature close to
the DSF. Thus, considering the level of accuracy required by this study and to avoid
the use of a single thermal zone leading to overestimation of the room temperatures
due to the recirculation close to the DSF, an extra zone of 1m was implemented on the

north side of each level of the model. Figure 4.5 shows the operative temperatures of
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the main and the extra zones. This procedure addressed the recirculation phenomena
and prevented unrealistic heat propagation across the whole office, thus allowed a
better representation of the levels of thermal comfort in the room.

29.5
29.0
28.5 [J

27.5 ®
27.0
26.5

Operative
temperature [°C]

Thermal zones

Figure 4.5 - Operative temperatures resulted for office room on the 1* floor, when 2 thermal
zones are applied

Modelling on FIOVENT (CFD)

Due to the complexity of the physical phenomena involved in the DSF behaviour,
qualitative results of base case and some of the alternative cases performed on IESVE
were compared to CFD results. Although a number of discrepancies may exist between
both simulation software due to the type of solution algorithms and modelling
assumptions, comparison of their results enhanced the confidence of the outcomes
obtained from IESVE towards the thermal buoyancy, heat transfer and airflow

mechanisms in naturally ventilated building with DSF.

Simulations considering the dynamic nature of thermal storage effects during an entire
year, which influence the air movement in a building, are still beyond the capability of
CFD software currently accessible, hence only steady state snapshot scenarios were
applied. Lessons learned by Pasut and De Carli (2012) for CFD simulation on DSFs
and the software user guides were consulted on the modelling and simulation in
FIoVENT.

The building geometry was modelled into FIOVENT algorithm, including the
components and materials that define the design structure. Solid boundary layers
representing walls, ceilings and windows were firstly defined and the material U-values
were set. Heat sources inside each room were set to simulate the presence of people,
lighting and equipment. The default of the properties of the initial air flow (air at 20°C
with 50% relative humidity) was maintained. The solutions of the variables were
calculated within a solution domain represented by the cuboid of fluid. This domain
represents the external atmosphere and it was modelled large enough beyond the
building perimeter so that the boundaries did not affect the airflow at the building
openings. Moreover, the external domain was set without boundaries on the laterals

and top of the domain and only the ground was set with a border.
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The k-¢ standard turbulence model was applied to the building model, as it is able to
simultaneously deal with laminar and turbulent flow patterns and it is well validated for
different building temperatures and flows. The effects of the sun on the model were
also included in the solution. A specified sun position and intensity were calculated
during the program solution. It was defined by the description of the building orientation
and local latitude, the position of the sun in the sky and the solar intensity from which
the solar radiation was calculated. Short wave radiation is absorbed, reflected (and
transmitted by transparent objects) thus increasing solid temperatures where the solar
beam impacts. It also raises the mean radiant temperature. Table 4.3 shows the

specifications of the radiation defined for FIoOVENT.

Table 4.3 — Specifications of the solar radiation defined for the FIoOVENT model

Model orientation The DSF was oriented to north
Solar position (time of year)  Winter solstice

Latitude Rio de Janeiro latitude (22°54°)
Solar time 12:00

Solar intensity 500W/m?

Then, a computational grid was superimposed to the model. The hexahedron mesh
was automatically spaced by the software and the cells size required close to the
edges of the surfaces were automatically adjusted to better fit the region. The more
grid cells in the model meant more number of points to be calculated and consequently
the better the resolution of the case. However, this refinement in the solution added
additional computer time to calculate the results. Therefore, a balance between the
mesh level of refinement required and the computational cost defined the grid size
selected for the model. Preliminaries tests were used to establish the level of mesh
refinement required to capture regions of complex flow or high gradients such as the
DSF cavity and outer layer. The model was divided into ‘mesh regions’, where limited

values for the maximum size of the cells were applied, as indicated in Table 4.4.

Table 4.4 — Maximum cell size defined for each region

‘Mesh region’ Maximum size of cell
External domain 50 cm
Office rooms 50 cm
Cavity 7cm
Outer skin 0.3cm

Due to the great number of cells required for the entire building, the solution was
limited by the computational resources available. In order to maintain the solution for all
the building floors, the depth of the model was reduced to a representative section of
1m length (Figure 4.6). This allowed the application of a fine grid definition to improve
the resolution of the calculations and the accuracy of the results. The internal heat

gains included on each floor were calculated for 1m length of the building model.
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During the FIOVENT simulation, the solution activated the CFD algorithms which
provided an integration of the fluid flow and heat transfer equations within the solution
domain. The progress of the solution was monitored in profile plots of convergence of
residual errors and variable values at monitored points. The conservation equations
were solved in an iterative manner, until the errors in the conservation equations were
at an acceptable level. All the solutions were automatically stopped when the

convergence was reached.

The post processing of results were performed using the Visual Editor window.
Graphics mode planes of results (contours and vectors of air speeds, temperatures and
pressures) were displayed to evaluate the model thermal and airflow behaviours.
Additionally, tables of setup and quantitative results were viewed and exported to excel
sheets to manipulation of data. The airflow profiles across the floors of the base case
model were compared to the IESVE model and presented in section 4.4.3 of this
chapter. The results of the alternative cases are presented in section 5.5 of the next

chapter.
Modelling simplifications

This section describes the simplifications and limitations of both software due to the
tool capabilities and the modelling design assumptions. The implications of these
assumptions are appreciated on the analysis of the next chapter. They are described in

topics as follow.

- Building occupant behaviour: Assumptions with regard to the occupation
pattern over the day were made considering the likely working hours of an office

building. However, occupants will never operate a building precisely as
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assumed in the model and a precise estimation of the occupant profile is almost
impossible for predicting the thermal performance of a building. Although the
pattern of occupation from 8 a.m. to 6 p.m. was assumed, a more detail
definition of the hours of occupancy of a real case may influence the
identification of the building uncomfortable hours. The same way, a specific
profile for the utilization of lighting and office equipment throughout the day
were not considered in the simulation.
Climate data: Climate is the most unpredictable driver that affects the
behaviour of a building (CIBSE, 2015). In this study, test reference year (TRY)
data were used. These datasets represent averages of several years and do
not contain extreme periods. However, it is important to note that there will
always be variation between these datasets and the actual weather. Future
weather datasets are not yet available for Brazilian territories and therefore,
extreme weather conditions caused by climate change were not considered in
this study.
Simplified design details: Although all models, by definition, are always a
simplified view of the real world, some details of the model design were absent
considering the level of accuracy required by this research.
o The window frames definitions were set for the automatic calculations
of the thermal behaviour of the materials, including definitions of U-values,
percentage in relation to the window area, absorbance and resistance.
However, these frames were not physically modelled on the building.
o As the IESVE software does not allow a physical detailed designing
of the shading devices, they were attached to glazing panes by an input
dialogue window in which resistance, shading coefficient and shortwave
radiation fraction values of these systems are defined.
o No specific window opening type was defined, but a sharp
edge/orifice was set. Given the aim of this study of understanding the
general behaviour of a DSF when applied to naturally ventilated buildings, a
simple window frame was defined in order to avoid any influence of air
resistance through the openings.
o The wind pressure coefficients were specified from the extensive list
available in the software algorithm according to the height and level of
exposure of the opening and no data from wind tunnels were obtained.
o The degree of opening profile was set according to the outside
temperature in the different climatic conditions as specified in chapter 6. A

more realistic prediction would also consider the internal air speed as in
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office buildings it is likely that users would close the windows to avoid
papers blowing off the desks. However, the software does not allow the
creating of an opening profile according to the internal air speed.

o In the CFD simulation the modelling of a reduced length of the
building was due to the impossibility of having an adequate fine grid if the
model were designed in full size. Simulation of all floors was a priority as it
influences the airflow path and magnitude of the building. Additionally, as
the airflow pattern is similar along its length, the resulting ventilation

performance is generally independent of the building extension.

A performance gap will inevitably exist between model and the actual measured
thermal performance. These simplifications include a level of risk that was assumed as
permissible considering the aim of this study of evaluating different architectural
parametric inputs on the airflow and thermal behaviour of the DSF in naturally
ventilated buildings. In order to reduce the effect of these limitations, progressively
inclusion of more details were added to the models and the variation of results

gradually assessed.
4.3.2 Simulations procedures

Results of base case model not only demonstrated the general functioning of the DSF
system, showing the airflow profiles and the resulting thermal comfort distributions over
the building floors, but also the building thermal performance constraints. The issues
observed informed the development of design parameters to be tested through the

parametric analysis.

In the parametric analysis, for each design parameter evaluated, a single variable was
modified in the base case, while the rest of the studied parameters remained constant.
The base and the alternatives cases used weather data of Rio de Janeiro (bioclimatic
zone 8), as it not only covers more than 50% of the Brazilian territories, representing
the most common climatic characteristics of the territories, but it also includes a
number of capital cities in Brazil. Additionally, considering that the DSF functioning is
greatly influenced by the solar availability, the city’s latitude (22.9° S), which is
approximately at middle locality of the territories where most part of population is
concentrated, represents a typical scenario to the evaluation of thermal performance of
the DSF. The weather file used was modified and wind speeds were made zero for the
whole year, in order to detach the DSF buoyancy effect and remove any influence of

wind pressures.
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Following a multitude of tests based on the outcomes of the evaluation on individual
design parameters, two optimized models utilising a combination of parameters that
maximize the building airflow and thermal comfort were developed. One of the
optimized models was then selected for the evaluation of the site parameters.

The selected optimized model was also used to the simulations performed with
weather data of different Brazilian bioclimatic zones. In these cases, original weather
files of the cities presented in section 3.1.2 were used. The building model exposure
was set to an urban and suburban surrounding context, which regulates the wind
speed of the weather file according to the degree of obstructions nearby. Results of the
DSF building models were compared to single skin facade (SSF) cases, in which,
except for the additional outer skin, all the building characteristics were similarly
modelled. Additional cases with modifications in the fagade orientation and/or window
openings profile were also performed according to the local climatic conditions such as

temperatures during the winter and wind prevailing direction.
4.3.3 Presentation of results

For the base and each alternative case, the resulting airflow magnitude and pattern
through each level of the building were generated from simulations using IESVE.
Although each simulation generates hour-by-hour data for the entire period of the
representative year (8760 hours), annual mean net airflow through the north windows
are shown graphically to provide an effective summative presentation in particular
when used to compare the relative differences among the cases tested. More detailed
results for all cases tested are presented in Appendix A. They include mean monthly
cavity airflow and air temperatures and mean monthly airflow across the levels of the
building. Although not included on the main body of this study, they were also used to

gain a broader understating of the DSF functioning throughout the year.

The results are also presented in terms of thermal comfort acceptability of the
alternative scenarios, highlighting their relative effectiveness in improving the building
and DSF thermal performance. Thermal acceptability limits based on the methodology
of ASHARE-55 (2013) were adopted in this study. The particular conditions applied to
this method are presented in section 3.2.1. The method calculates thermal acceptability
based on the prevailing outdoor air temperature and the indoor air speed and operative
temperature, which was extracted directly from the IESVE software. The prevailing
mean outdoor temperatures were calculated based on the average of the mean daily

outdoor temperatures of the previous fifteen days.
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4.4 Findings from base case model

This section presents the results of the simulations of the base case model, including
airflow and thermal acceptance at different floors levels. The results of this case show
the airflow and thermal behaviours of a naturally ventilated building with DSF and
revealed some issues that assisted the development of design parameters to be tested
in the parametric analysis.

4.4.1 Results of base case model

The results of the base case analyses establish benchmarks for thermal performance
based on airflow profiles and operative temperatures across each floor of the building
model. In this section, air temperature differences between the cavity and outside
according to the solar radiation incidence on the facade are presented. Additionally,
airflow distribution across different building levels and the position of the NPL (neutral
pressure line) in the model are graphically illustrated. Finally, thermal acceptability
across the building floors are included indicating the main issues and potential

improvements of the building and DSF designs.

Figure 4.8 shows the hourly mean direct solar radiation incident on the north facade
during the whole year and the corresponding outside and cavity temperatures for the
base case. The increase in cavity temperature bears a direct but non-linear relationship
to the amount of solar radiation reaching the facade. The annual average difference
between these temperatures reaches a maximum of 5.7°C at midday, while on a sunny
day this can reach up to 9.8°C. These values are lower than those indicated by
literature review in section 2.5.1, in which the differences of temperature between the
cavity and the outside air were reported to be between 10°C and 20°C for cloudy sunny
and days, respectively. As the studies reviewed used a sealed inner skin, this
difference can be explained by the contribution of cooler air from the rooms, which

decreases the cavity air temperature in the base case model.
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Figure 4.8 - Annual mean outside and cavity temperature distributions and direct radiation on
the north facade

The solar intensity reaching the fagade not only varies in relation to the hours of the
day, but also according to the periods of the year. This results in differences in airflow
within the cavity, as shown in Figure 4.9. From April to August, the mean airflow was
slight higher (3.6 - 3.8 m¥s) than those recorded for the warmer months November to
February (3.2 — 3.3 m¥s). This is related to the solar angle reaching the facade as
observed by Hazem et al. (2015) and Mulyadi (2012), described in section 2.5.2. The
highest percentages of transmitted solar radiation during the coldest months increased

the air temperature and airflow within the cavity.
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Figure 4.9 — Graphical representation of descriptive statics for the airflow through the cavity in
each month

The airflow distribution through north windows of the rooms of the base case scenario
is indicated in Figure 4.10, in which the positive values indicate airflows moving from
the offices towards the cavity, whereas the negative values represent reverse flows.
The mean annual net airflows for each floor is shown in Figure 4.11, which also

presents the mean annual airflows entering the cavity though the bottom and leaving it
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though the top outlet. The diagrams show the occurrence of reverse flow on the top
floor, represented by the negative net airflow as a result of the recirculation
phenomena, which is indicated by air movement from the cavity towards the rooms

occurring in all floor levels.
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Figure 4.10 — Annual mean airflows in and out Figure 4.11 — Annual mean net airflow for
of each floor for the base case each floor for the base case

The airflow profile distribution over the floors is a result of the pressure differences at
different levels of the building. The driving pressure at the first floor level is greater than
that at the second, which is correspondingly greater than that at the third, due to the
difference in height between the inlet and outlet openings. Thus, net airflows across
each floor gradually reduce from 1% level up to the neutral pressure line (NPL). For the
base case scenario, the NPL occurs on the 9" floor and the net airflow changes from
the cavity towards the occupied space on the 10" floor, where the pressure in the

cavity is higher than the adjacent office space.

The air speed achieved at the top of the cavity is on average 0.45m/s for the occupied
hours, reaching a peak of 0.61m/s on a sunny day. These results agree with those
observed by Pappas and Zhai (2008) presented in section 2.3.1, which demonstrated
that the air speed in the cavity was less than 1m/s for all cases tested. As the
ventilation through the rooms is essentially related to the magnitude of airflow in the
cavity, but less pronounced, application of solutions to maximize the cavity absolute

airflow may prove useful to enhance office ventilation rates.

Figure 4.12 is a plot of thermal comfort matrix based on the method by ASHARE 55
(2013). It compares the annual operative temperatures that fall within and outside the

acceptable limits for 1% and 10™ floors only. Using yearly percentages in terms of
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comfortable and uncomfortable sensations during occupied hours (both due to too
hot/too cold conditions) for each floor, Figure 4.13 shows the gradual reduction in
thermal acceptability as a result of the decreasing of air speed in each floor. The base
case achieved an average of 62% of occupied hours of acceptable thermal comfort,
varying between 44% on the top floor and 70% on the bottom floor. Although the net
airflow on the 10" level is negative, the higher air speed and moderate cavity
temperatures during milder seasons explain the thermal comfort acceptability over 40%

of the time.
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Figure 4.13 - Annual distribution of thermal
comfort (%) on each floor of the base case
model

Figure 4.12 — Annual operative temperatures
of the base case (1% and 10" floors)

The base case model demonstrated the general functioning of the DSF system,
showing the airflow profile and the resulting thermal comfort distribution over the
building floors. Some of the findings show agreement with previous predictions
identified from the literature review such as low air speed within the cavity
demonstrated by Pappas and Zhai (2008), lower airflow levels resulted on upper floors
in relation to the others, as identified by Ding et al. (2005), and high levels of airflow
within the cavity in period of low solar angles, as indicated by Hazem et al. (2015). In

conclusion, the issues observed from the simulation of the base case model are:

- Low air speed in the cavity, which results in low airflow through the rooms.
Strategies to maximize absolute airflow within the cavity and consequently in
the rooms are required.

- High level of uncomfortable conditions due to high temperatures. Solar gains
control may enhance acceptable temperatures and minimize the periods of
uncomfortable conditions.
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- Compromised ventilation levels on the upper floors and reverse airflow
occurring on the upper floor. Solutions to increase the NPL above the upper
open window should be applied.

- Local recirculation phenomena occurring on the north windows. This should be
avoided as it can cause overheating, especially during the hottest months.

- Difference in airflow rates at different building levels. Similar comfort levels are

likely to be achieved for all levels of the building.
4.4.2 Verification of base case model results

This section presents the results of the base case from the CFD software FIOVENT.
Due to the differences in modelling process, i.e. reduction of the building length on
CFD to a representative slice of the building model in order to keep the adequate grid
refinement and the simulation to all floors of the model, and the steady/transient nature
of the two simulation approaches, the resulting absolute values of airflow through the
cavity and the rooms could not be directly compared. However, in the view of the
complexity of airflow mechanisms involved in the simulation of buildings with DSF,
comparisons are focused on the resulting airflow profile across the floors when different

design solutions are modified from the base case.

Figure 4.14 shows the CFD image of vectors of air speed on the first, second and third
floors. No reverse airflow is occurring on the first floor where the driving pressure is
greater than the other floors. From the colour scale presented it is possible to observe
that the air speed on the third floor is lower and a small reverse flow is occurring. It is
consistent with the observed in the IESVE simulations reinforcing the confidence of the

results.

88



P AT SIS

VIR U SN S N A A R
S
s S

R e
r H%%%N%‘{WWW”\W?{?%%%N
N \\\\\\\\\\ =3
N&;:::\\\w,) /ﬁ

V \f,,_,_/"_“*i = A ||
o PP U ]

\,j\g‘f\/l Ve R S S st

“““““ %\\.\Q\Jyﬁ P
T - st

- et

-
(]

%& A

‘\ — o e
i 4/ TS e P P P L BT ok
A T T T TS
RN et
////

I

13 .

L. —

Sl !§

WT’(
|

A

//////jj::ﬁ \

LRSS et

fff(//m/\/\/\/\?:?%t\ } \

{ AR \\
(

{
;
1
i
%
NI R S A S L

TR ON NN LY
I T SENE NN
o SRR Y Y
T S
/
Z
=
S

1A
7
4
i
"
2,

Figure 4.14 — CFD image of vectors of air speed with detail of the 1st, 2nd and 3rd floors.

Figure 4.15 presents the CFD results of the base case model. Similarly to the results
by IESVE model, the airflow gradually decreases on the upper floors of the building
indicating the that pressure distributions across the building levels was effectively
estimated by IESVE. The results are comparable to those obtained from IESVE
indicating that the tool is adequate for the purpose of simulating the airflows of naturally

ventilated building with DSF in this study.

On the other hand, there is a clear difference of airflow on the top of the building
between the IESVE and CFD models, as the last did not present reverse airflow from
cavity towards the room. This can be explained by the nature of the CFD simulation, in
which thermal mass is saturated with solar heat in a steady state model, pronouncing
the buoyancy force within the cavity, and the consequent suction of air from the rooms.
Additionally, in the CFD simulation, the transient condition of the exterior air
temperature is not considered and the case is simulated under a stable external
environmental condition. Another possible reason for this effect is that the reduced
length of the cavity may have increased the stack effect within it by concentrating and
directing the flow of air towards the top of the cavity. This increased the buoyancy force

in relation to the IESVE model, in which the full length of the facade is modelled.
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Figure 4.15 — Results of base case model simulated on FIoOVENT

The inter-program comparisons technique used in this study shows that the IESVE
software tested performs in agreement with the CFD simulation, which nowadays is
one of the most reliable computational estimation of the resulting natural ventilation in a
building. As the level of knowledge about the DSF performance in a naturally ventilated
building is still at its early stages, this study aimed to compare the impact of various
design measures in relation to a reference model. Thus, no absolutely accuracy of
airflow values was required and therefore, the results were adequate to the study.

However, it is important to note that the methodology used in this study presents
constraints. The lack of real measurements in cell tests or real buildings is a limitation
as it would benefit the accuracy of the results provided by the software. The model
results represent a specific scenario testing a particular aspect of the building thermal
performance that may not be replicated in reality, e.g. due to varying weather
conditions, differences in the assumed occupancy and occupant behaviour in using the
building and modelling assumptions resulting in missing design information. The
estimated outcomes of the simulation software are results of defined climatic and
operational conditions to satisfy certain requirements, whereas in real buildings, the
systems operate under a variety of dynamic conditions that may not be considered by

the simulation algorithm.
4.5 Design parameters definitions

Based on the issues observed from the simulation of the base case model listed at the
end of section 4.4.1, specific objectives to improve the building thermal performance
were identified as presented in Table 4.5. The key design parameters and variables
defined and applied to the alternative cases are divided into four main groups (A to D),

as summarised in Table 4.7. The variables defined are described as follow.
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Table 4.5 — Issues and strategies identified from the simulation of the base case model

Issue Strategy objective

grentesessnssnes ._ Low air speed in the cavity,
: GroupA :  which results in low airflow
e ' through the rooms

Maximization of absolute airflow
in the cavity and the rooms

— . High solar gain and high level of
Group B uncomfortable conditions due to
Ceddr e e e e ' hlgh temperatures

Application of high thermal mass
materials within the cavity

Compromised ventilation levels

on the upper floors and reverse Reposition of the NPL in order to

e airflow occurring on the upper reduce risk of severe
.................... g pp Overheatlng
floor
"""""""""" Difference in airflow rates at Achieve even horizontal airflows
Group D : o
.................... different building levels across each floor

Group A tests the parameters that maximize the absolute air flow of the cavity and
consequently the rooms as a strategy to improve the heat removal during the hot
periods. The design strategies defined include variation of the cavity width, closuring of
the cavity bottom aperture and reposition of the windows in each floor. Increasing the
cavity extension above the building roof may also have effect on the airflow rates
through the building, but it is dealt with in group C. In relation to the cavity width
variables (cases Al according to Table 4.7), it was assumed that larger cavities of
more than 1m are not desirable as useful office area would be displaced by unoccupied
cavity space, as indicated by studies of section 2.3.3. Thus, two extra cavity widths of
25 and 100cm were modelled and simulated. In case A2, the bottom of the cavity was
fully closed in order to induce higher airflow through the offices. The north windows
(close to the DSF) of case A3 were placed towards the top of the room, while the south
windows were positioned at the bottom of each floor, in order to increase the pressure
difference between inlet and outlet by enhancing the height difference between

openings.

Group B investigates the effect of the application of high thermal mass materials on
the cavity’s air temperatures and airflow rates. The cases were defined based on the
Kirchhoff's law of thermal radiation that relates to the absorptivity and emissivity of
surfaces. As highly absorptive materials are also highly emissive, during the day, when
the office building is occupied, high absorptance surfaces tend to absorb and release
heat into the cavity air, which warms faster compared to the low absorptance/emissive
surfaces. At night, the high absorptance/emissivity material sends radiation towards the
outer glazing layer and some of which is transmitted to outside. In cases B1, aluminium

and concrete, low and high absorptive materials, respectively, were applied to shading
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devices placed within the cavity. Details of the properties of the materials used are

presented in Table 4.6.

Table 4.6 - Properties of the materials applied to the shading device

Absorptance Resistance [m°K/W] Shadlng(sc(c:))efﬁuent
Aluminium 0.14 0.150 0.12
Concrete 0.70 0.014 0.61

In case scenario B2, a black painted wall facing the DSF was set to the inner skin. This
included a single layer of brick on the internal surface, followed by a thick layer of
insulation (20cm) and cover plaster painted in black. With this arrangement, it was
expected that during the day the black surface would rapidly absorb and release the
heat it into the cavity, enhancing the air temperature and the stack effect. The
insulation material applied on the inner surface would reduce the heat conduction
towards the interior of the building.

Group C attempts to raise the NPL and resolve the low or unintentional reverse flows
through the upper floors of the building in order to reduce the risk of severe
overheating. This can be achieved by extending the cavity above the roof of the
building, which corresponds to cases C1 tested. However, if extension of the cavity
above the building roof is not viable, closing the building upper windows and service
them by separate mechanical ventilation system will be necessary. Three cases
scenarios, showing the building airflow performance when the windows of the 10" floor

only, 9™ and 10" or 8", 9™ and 10" floors are closed, are studied (cases C2).

Group D includes two possible designs to achieve even horizontal airflows across
each floor by introducing a gradual increase in cavity width with floor height (cases D1).
The outer layer of the DSF was inclined, creating a wider gap of 100cm at the top of
cavity and 20cm at the base, in order to balance the resistance from the bottom to the
top floors (case D1.2). A second option gradually decreases the depth of the floors
from 1 to 10™ (case D1.3). In case D2, using the empirical equation that quantifies
airflow in a thermal chimney by ASHRAE (2009), the window apertures were sized
according to the height level of each window and the top of the cavity position and size,
which resulted in a gradual increase of the windows size from the bottom to the top

floor.

A total of 16 variables are gathered into 9 groups of design parameters according to
their purpose in improving the airflow and thermal conditions of the model. Graphical
representations of the corresponding scenarios are shown in Figure 4.16. The purpose

of such grouping is to show the most effective strategies in achieving the objective
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proposed. The results are presented following the same grouping in order to and to
compare the airflow magnitude and pattern through each level of the building and the

thermal performance among the cases tested.

Some of the alternatives solutions have been previously tested in mechanically
ventilated building models such as cavity width by Gratia and De Herde (2007a),
Torres et al. (2007), Rahmani et al. (2012) and Radhi et al. (2013) and inclusion of
thermal mass materials on the shading device and on the inner layer of the DSF, by
Fallahi et al. (2010). However, due to the peculiar behaviour of naturally ventilated

buildings, those cases are additionally tested in this study.
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Table 4.7 - Parameters and variables defined for simulations

Design . :
Case parameter Scenario Variables
_ All e 25cm
AL Caviy *AL.2 « 50cm
width
Al.3 e 100 cm
<
o Cavity *A2.1
5 A2  bottom : gogom olpend
o opening A2.2 ottom close
. *A3.1 ¢ North and south windows in the middle of the wall
Windows . .
A3 ositions e South windows on the bottom, north windows on
P A3.2 the top of the wall
Shadi *Bl.1 e No shading device
m B1l ading B1.2 e Concrete
o devices . Metal
8 B1.3 eta
o : *B2. Masonr hite wall
o Inner skin 52t * .y(w e w ) .
B2 . ¢ Insulation applied to the inner surface and black
material B2.2 "
painting on the outer surface
_ *CL1 e Cavity height = building height
CaV|ty_ Cl.2 e 1.75m above roof
C1 extension 3.5m ab f
0 above roof C1.3 * 9.om above roo
o Cl.4 e 5.25m above roof
>
8 *C2.1  All windows open
Upper Cc2.2 e Top floor closed
Cc2 windows e Two top fl losed
closed c2.3 wo top floors close
C2.4 e Three top floors closed
*D1.1 e Equal cavity width over the floors
a Tapered ; : _ . —
o D1 cavity D1.2 ¢ Inclined outer skin (base = 20cm; top = 100cm)
3 D1.3 e Inclined inner skin (base = 20cm; top = 100cm)
G D2 Windows *D2.1 e Equal windows size over the floors
sizes D2.2 e Calculated window sizes
*Base case
—— . ¥

Case B2:! Case C1 Case C2:: Case D1Case D2 :

GroupB :: GroupC . GroupD

Figure 4.16 - Pictorial diagrams of the design parameters simulation scenarios of groups A to D
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In addition, resilience of the optimized model under different building dimensions are
evaluated. Cases of Group E (Table 4.8), establishes the influence of height and depth
of the building on the DSF thermal performance.

Table 4.8 - Parameters and variables defined for simulations of group E

Design

Case Scenario Variables
parameter
El1l e 5 floors covered by DSF
Number of .
w El floors E1.2 e 10 floors covered by DSF
— E1.3 e 20 floors covered by DSF
o E2.1 e 6m
O] Building *
E2 depth E2.2 e 12m
E2.3 e 18m
*Base case

Figure 4.17 - Pictorial diagrams of the building shape parameters simulation scenarios
4.6 Site parameters definitions

The site parameters, specified in Table 4.9, are represented by two main groups of
variables: the solar incidence (Group F) and the wind conditions (Group G). For the
first group, a detailed analysis of the influence of hours of the day, solar angle, sky
conditions (cloudy and clear) and facade orientation on the building behaviour is
performed. For the facade orientation parameter, the DSF was applied to north,
northwest and northeast faces as these are indicated as the most efficient orientations
to increase the cavity stack effect by studies in section 2.5.1. Similarly to base and
alternative design cases, the weather file used in this simulation did not include

application of wind on the environment.

The wind variables consist of speed and direction and several combinations of both
have been specified and analysed. For group G, which evaluates the influence of wind
conditions on the model performance, different and constant wind speeds and
directions were altered in the weather file. Definitions for the maximum wind speed

tested considered the prevailing conditions of the cases presented in section 3.1.2.
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IESVE software estimates the wind pressure coefficients using correlations based on

wind tunnel experiments combined with an adjustment for wind turbulence.

Table 4.9 - Parameters and variables defined for simulations

Design

Case Scenario Variables
parameter
w F1.1 Solar angle
S F1 Level of solar F1.2 Hours of the day
o incidence F1.3 Sky conditions (cloudy and clear)
© F1.4 Facade orientation (N, NW, NE)
G1.1 2m/s
Gl Wwind speed Gl.2 4mls
o G1.3 6 m/s
2 G2.1 0°
o . G2.2 90°
G} Wind
G2 - . G2.3 180°
direction
rect! G2.4 225°
G2.5 315°

Figure 4.18 - Pictorial diagrams of the site parameters simulation scenarios

The design and site variables defined in this chapter were used to the development of

the alternative models. Using the modelling and simulation procedures described in this

chapter, all cases were individually tested and the results are presented in the next

chapter.
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Chapter Five

Parametric
analysis: results and
discussions

This chapter presents the results of the simulations of alternative case models. Firstly,
results of the design parameters are presented. They consist of airflow magnitude and
pattern and thermal acceptability levels on all floors of the building. Results of CFD
simulations are also included to verify consistence of IESVE results. The analyses
indicated the development of optimized models that incorporated design solutions to
improve airflow rates in the building and the results of those simulations are also
presented. Lastly, the influence of the ‘site’ parameters on the thermal performance of
the optimized model is assessed.
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5.1 Introduction

The analyses presented in this chapter aims to demonstrate the individual influence
and relative importance of the design and site parameters on the building and DSF’s
thermal performances. Firstly, the results of the design parameters tested on IESVE
are presented. The results are discussed according to their specific purpose in
improving the airflow and thermal conditions of the model. The alternative cases used a
modified weather data of Rio de Janeiro (bioclimatic zone 8), in which wind speeds
were made zero for the whole year in order to detach the DSF buoyancy effect and

remove any influence of wind pressures.

For each parameter evaluated, airflow magnitude and pattern across all levels of the
building are presented. The resulting annual average net airflow through the north
windows of all floors is demonstrated by using a bar graph with positive values
indicating net airflows moving from the offices towards the cavity and negative values
representing reverse flows. Variables of the same parameter are presented on the
same graph to highlight the relative differences among the cases. Thermal acceptance
levels for each case tested are also discussed based on the resulting air movement in
the building model. Then a summary table, including the acceptable percentage of
thermal comfort resulted on each floor for the cases simulated, is presented which

compares the thermal comfort acceptability of the alternate options.

Results of the CFD simulations are presented. Similar to base case model results
presented in 4.4.2, the absolute airflow values between IESVE and FIOVENT were not
directly compared, but only the airflow profiles across the floors when different design
solutions were modified from the base case. Characterization and results of the
optimized models are then presented. They also include annual average net airflow
through the north windows of all floors and additionally, a plot of operative
temperatures resulted on the 5t" floor of the building based on the ASHRAE (2013)
thermal comfort matrix is presented. This indicates the improvements in thermal
comfort in relation to the base case. The building dimensions parameters were then
included, indicating the resilience of the optimized model under different building
shapes. These cases established the influence of height and depth of the building on
the DSF thermal performance. Finally, the results of the site parameters are presented.
They mainly include the variations of airflow rates in the building under different

surrounding environmental conditions.
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5.2 Design parameters

Table 5.1 reminds the design parameters developed in section 4.5. They are divided
into 4 main groups and consist of a total of 9 design parameters. These parameters
were individually applied on the base case model, creating 16 alternative case
scenarios.

Table 5.1 - Parameters and variables tested (Groups A to D — Design parameters)

Case pa?rgfr:ge?er Scenario Variables
) Al.l e 25cm
Al V(\;”a&’t'rt]y *AL.2 e« 50cm
Al.3 e 100 cm
< ; *
= AD gg':/tgiln A2.1 e Bottom open
o opening A2.2 e Bottom closed
V]
*A3.1 e North and south windows in the middle height of
A3 Windows the wall
positions A3.2 e South windows at the bottom, north windows at
the top of the wall
Shadi *Bl.1 ¢ No shading device
m Bl de\?iclgsg B1.2 e Concrete
= B1.3 e Metal
s ner skin B2 « Masonry (white wall
B2 material ¢ Insulation applied to the inner surface and black
B2.2 painting on the outer surface
, *CL1 e Cavity height = building height
c1 g(it\grtl)gion Ci1.2 e 1.75m above roof
O above roof C1.3 e 3.5m above roof
o Cl.4 e 5.25m above roof
g *C2.1 e All windows open
c2 \l/JvE)npde(;ws Cc2.2 e Top floor closed
closed C2.3 e Two top floors closed
C2.4 e Three top floors closed
T q *Dl.1 e Equal cavity width over the floors
g_ D1 CZ\F/)i?re D1.2 ¢ Inclined outer skin (base = 100cm; top = 20cm)
3 y D1.3 ¢ Inclined inner skin (base = 100cm; top = 20cm)
o D2 Windows *D2.1 e Equal windows size over the floors
sizes D2.2 e Calculated window sizes
*Base case
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5.2.1 Group A: maximization of airflow

Cavity width

Two cavity widths of 25cm (case Al.1) and 100cm (case Al.3) were tested. The results
show that higher air cavity temperatures occurred in the narrower cavity in relation to
the wider one, as confirmed by studies by Rahmani et al. (2012), Torres et al. (2007)
and Radhi et al. (2013). In the climate analysed, the annual average difference is
0.8°C, reaching up to 1.8°C on a sunny day. However, because wider cavities resulted
in lower flow resistance to the airflow path, the airflow rates through the user space of
the 100 cm-case were higher than the base case, which were respectively higher than
the 25 cm-case, as shown in Figure 5.1. As consequence, heat gains by convection in
the room offices due to the occurrence of reverse flows decreased by approximately

40% for the 100cm-cavity case compared to the 25cm-cavity.

Although improvement of 115% in airflow was observed in the wider cavity in relation to
the narrower one, in the offices this increase was less pronounced and a minor
improvement of only 2% on the overall acceptable level of thermal comfort was
observed on the wider cavity in relation to the base case. As wider cavity promoted
higher airflow rates in both positive and negative directions, top floor presented a
slightly lower thermal acceptance level than the narrower cavity.

-
o

9

8

7

L = 5 Case 25 cm (A1.1)

- 5 |[mBase case - 50 cm
54 w2
0 = Case 100 cm (A1.3)
w 3

2

1

Case | 20 1.5 -1.0 -05 00 05 1.0 1.5

A1l Mean net airflow - occupancy hours [m?/s]

Figure 5.1 - Annual mean of the net airflow for each floor for parameter ‘cavity width’
Cavity bottom opening

In order to increase the airflow drawn from the offices, case scenario A2.2 had the
aperture of the cavity bottom closed. Figure 5.2 shows that this change resulted in a
threefold increase in the net airflow on the 1* floor compared to the base case, but only

small differences in the other floors. The reduction of air supplied by the bottom cavity
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aperture caused a drop in pressure in this region, which created a higher pressure

difference between the first floor and the section of the cavity in front of it. On the upper

floors, this pressure differential is balanced and airflow rates similar to the base case

are observed. The mean annual increase in air speed on the 1* floor enhanced the

acceptable thermal comfort level on this floor by 5% in relation to the base case.

Floors

Case
A2

) I L I
10 Case cavity bottom
9 closed (A2.2)
8 mBase case - Cavity
7 bottom open (A2.1)
6
5
4
3
2
1 | |

1.5 -05 0.5 1.5 25 3.5
Mean net airflow - occupancy hours [m3/s]

Figure 5.2 - Annual mean of the net airflow for each floor for parameter ‘cavity bottom opening’

Windows opening position

In order to enhance the buoyancy force through greater height difference between their

inlet and outlet apertures, in case scenario A3.2, the south windows were placed to the

bottom and the north windows to the top of the walls. The results are particularly

noticeable on the 1% and 10" floors, as shown in Figure 5.3. On the middle floors, the

pressure differential created between each aperture and the cavity section in front of it

is balanced and similar flow rates to the base case are observed.
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Figure 5.3 - Annual mean of the net airflow for each floor for parameter “windows position’
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5.2.2 Group B: shading device and skins materials
Shading device

Case scenario B1.2, in which shading device made of concrete (high thermal mass
material) was applied within the cavity, presented higher cavity temperatures during the
day. Figure 5.4 illustrates these cases on the winter solstice day (21* June), when the
differences among the cases are likely to be more pronounced. This can be explained
by Kirchhoff’s law, which says that the fraction of incident radiation that is absorbed by
a surface is equal to its emissivity, €. As concrete material is highly absorptive, it is also
highly emissive (¢ ~ 0.9). During the day, it absorbs the solar radiation and releases it
by convection and longwave radiation into the cavity air, which warms faster compared
to the base case (no shading device) and to the aluminium case (¢ ~ 0.1). Therefore
when concrete is applied as a shading device, there is an increasing of the resulting
stack effect and airflow rates within the cavity during the day. After sunset, the high
emissivity property of concrete send radiation towards the outer glazing layer, which is

lost to the cold night sky.
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Figure 5.4 - Cavity temperature for the alternatives of case scenario B.1 ‘shading device’

Although the application of metal shading device within the cavity reduced the overall
airflow in the offices as shown in Figure 5.5, this option improved the thermal comfort in
the building by 9% in relation to the base case, due to the reduction in direct solar heat
gains from the cavity. On the other hand, the improvement in the overall building
thermal comfort of the concrete case relative to the base case was only 4%. As the
concrete case experiences higher air temperature within the cavity during the day,
higher convective heat gains into the rooms due to the recirculation flow occurring in all

floors decreases acceptance levels of this case in relation to the aluminium case.
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Figure 5.5 - Annual mean of the net airflow for each floor for parameter ‘shading device’

With fixed shading devices applied to the model, the fully efficient solar protection of
the office spaces is not guaranteed at all solar angles. Thus, the application of
automatized blinds according to the solar angle may increase the acceptance levels in

the model.
Inner skin material

Figure 5.6 shows the net airflow through the offices when high insulated material was
applied on the inner surface of a black wall (scenario B2.2). The configuration
promoted a marginal enhancement in airflow through the floors compared to the base
case. Although the black wall was applied to the inner layer, during the day the
increase in the cavity air temperature is in average only 0.5°C in relation to the base
case, reaching a maximum of 1.1°C. This can be explained by the radiation
transmission to outside through the outer glazing. Therefore, the solution was not

considerably effective in increasing airflow through the offices.
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Figure 5.6 - Annual mean of the net airflow for each floor for parameter ‘inner skin material’
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5.2.3 Group C: reverse flows on top floors
Cavity extension above roof

Cases in group C1 were used to resolve the reverse flow direction on the top floor of
the building model by extending the height of the cavity (175, 350 and 525cm above
the roof) to raise the NPL above the highest window of the building (from the law of
conservation of mass, the sum of all inflows has to balance with the outflow at the top
of the cavity). For the model defined in this study, the extension of 525 cm (one and
half floor heights) achieved the intended ventilation flow paths on all floors with thermal
comfort enhancement of 9% on the top floor compared to the base case (Figure 5.7).
However, the height of the residual cavity above the roof is intrinsically related to the
number, position and size of windows and the area of the top of the cavity, thus

different height extension may be necessary for other building configurations.
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Figure 5.7 - Annual mean of the net airflow for each floor for parameter ‘cavity extension above
roof’

Upper windows closed

When extending the cavity height above the top of the building is not viable,
mechanical ventilation for the upper floors with windows closed should be considered,
as tested in case scenarios C2. Results in Figure 5.8 shows that closing windows on
the top three floors would be necessary to ensure no reverse flow to occur in the model

studied.
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Figure 5.8 - Annual mean of the net airflow for each floor for parameter ‘upper windows closed’

5.2.4 Group D: balanced flows on all floors

Tapered skin

Cases in group D1 aimed to achieve even flow through each floor by modifying the

cavity width over the height of the building. As shown in Figure 5.9, both cases tapered

inner and outer layers resulted in similar net airflows from the 1% to 9" floors, where

acceptable annual comfort levels of approximately 65% were achieved. The airflow

resistance increased on the bottom floors and decreased on the top floor, resulted in a

balanced flow resistance among the levels. However, for the top floor of both cases,

only 45% of thermal acceptance was accomplished due to the occurrence of reverse

flow.

Figure 5.9 - Annual mean of the net airflow for each floor for parameter ‘tapered skin’
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In case scenario D2.2, the size of the windows were calculated according to the their

position in height such that the neutral pressure line occurs at a point above the highest
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window and the flows from each floor are balanced, as illustrated in Figure 5.10.
Windows position in height, calculated area and position of NPL are presented in
appendix B. This strategy appeared to be effective in evening out airflows and
consequently similar acceptable annual comfort levels of approximately 65% were
achieved over all the floors. However, the thermal comfort acceptability of top floor
reached 55% due to slightly higher solar heat gains and small heat gains by conduction
from the roof.

In this case, the resulting stack effect overcame the recirculation flow in the north
windows and no flow from cavity into the rooms in those apertures was observed. In
the model, only the north windows (close to the DSF) were sized whereas the south
windows remained 100% opens to take advantage of the single sided ventilation on the
south facing facade. Although higher airflow levels occurred on cases D1, similar
overall acceptable thermal comfort levels of around 64% were achieved in those cases

due to the absence of reverse airflow over the floors of case D2.

A motorized system could be applied to the north windows to control the aperture sizes
in order to balance the airflow in all floors, while the rooms benefit from higher amount
of fresh flow entering from the south side of the building. Under cold conditions, the

windows opposite to the DSF could be also regulated to reduce the airflow through the

building.
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Figure 5.10 - Annual mean of the net airflow for each floor for parameter ‘windows size’

As noted in section 4.3.3, mean monthly cavity airflow and air temperatures and mean
monthly airflow across the levels of the building for all cases tested are presented in
Appendix A. They were also used to gain a broader understating of how the DSF

functions throughout the year.
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5.2.5 Thermal comfort acceptance

This section presents and compares the thermal acceptability among the base and
alternative cases. It shows the relative influence of the design parameters on the
building thermal performance and identifies the most important parameters to be
considered on the design of naturally ventilated buildings with DSF. Table 5.2 presents
the acceptable percentage of thermal comfort delivered on each floor for the cases
simulated. It compares the thermal comfort acceptability of the alternate options
applied in the models and highlights their relative effectiveness in improving thermal

comfort.

Some alternative cases improved the overall thermal comfort of the building, such as
increasing the cavity width and applying shading devices, which enhanced the annual
thermal comfort by up to 9% in comparison to the base case. Impacts of other
parameters such as the cases of ‘bottom closed’ and ‘windows position’ were more
specific to the bottom floor, where improvements of approximately 4% in the thermal
acceptability were observed. By extending the cavity above the roof of the building, the
problem of reverse flow on the top floor was resolved, which resulted in 9% of thermal
comfort improvement on that floor. The strategies of inclining the outer skin and
adjusting the flow resistances through calculation of window sizes according to their
positions relative to the building height achieved the desire outcome of similar airflows
on each floor, providing approximately 65% of thermal acceptability from the 1* to the
9" floor.

Except for the windows size calculation case, all scenarios presented a local
recirculation between the room and the cavity. This is explained by the difference in
temperature between room air and the section of the cavity in front of it, which creates
a pressure difference on each window. Thus, local NPLs occur between the cavity and
the occupied space generating a recirculation phenomenon on the openings, where air
will tend to flow in at the bottom and out at the top in each window of the inner layer of
the DSF. This results in increase of air temperatures in the occupied spaces, especially
close to the windows. For the ‘windows size calculation’ scenario, the low height of the
north windows and the stack effect resulted in the cavity prevented those local

recirculation flows.
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Table 5.2 — Effect of design parameters to annual thermal comfort

Annual thermal comfort acceptance (%)

Design Scenario Variable 15t ond 3rd 4 5th 6m 70 8th gth loth Mean
parameter floor floor floor floor floor floor floor floor floor floor Overall
Base case Refer to Table 3 70 68 66 64 63 62 61 60 59 44 62
) ) Al.l 25cm 67 64 62 61 60 59 59 58 57 45 59
Cavity width
Al.3 100 cm 72 71 69 67 66 65 64 63 59 42 64
Bottom closed A2.2 BO“CC;{)';(SSV'W 75 68 65 64 62 61 61 60 58 44 62
Windows Up north, bottom
position A3.2 south 71 67 64 62 61 60 59 58 55 43 60
B1.2 Concrete 77 73 71 69 67 66 66 65 63 47 66
Shading device
B1.3 Aluminium 74 74 73 72 72 71 71 70 69 59 71
Inner skin B2.2 Reflective 69 66 64 62 61 60 59 58 56 41 60
material glazing
C1.2 1.75m 70 67 65 64 62 61 61 60 58 44 61
Cavity
extension C1.3 3.50 m 70 67 65 64 62 61 61 60 59 48 62
Cl4 5.25m 70 67 65 64 62 61 61 60 59 53 62
Windows c2.3 9" and 10" 70 68 66 64 63 62 59 41 - - 62
closed
D1.2 '”C"”Si?n'””er 68 67 66.1 66 66 66 66 65 63 45 64
Tapered cavity Inclined outer
D1.3 Skin 69 68 67 66 66 65 66 65 63 45 64
Calculated D2.2 Calculated WWR 65 64 64 64 64 64 64 63 63 55 63

windows size
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5.3 Results of CFD verification

This section presents the results of CFD models. As explained in section 4.3.1, the
verification procedures aim to compare overall predictions of airflow trends in order to
ensure consistency of the thermal and airflow behaviour of the DSF building model
generated from IESVE and FIOVENT, but no quantitative data was compared given the
reduced building length modelled in the CFD package. Cases in which the airflow
through the building is affected by the transient nature of thermal transfers of materials
were not performed in the steady state CFD simulation. Therefore, the cases simulated
in FIOVENT are cavity depth’, ‘cavity bottom opening’, ‘windows position’, ‘cavity

extension above roof’ and ‘tapered skin’.

The cavity depth cases simulated with CFD showed a similar airflow profile to the
IESVE models. The wider cavity case presented higher airflow rates than the narrower
cavities due to less resistance within the flow path, as shown in Figure 5.11. As in the
IESVE simulation, the airflow of the 100 cm-case was approximately double the 25 cm-
case. As verified on the base case model, the CFD simulations for the cavity depth
cases did not revealed reverse airflow on the upper floor. The reasons for this are

explained in section 4.4.2.

The cavity bottom opening case also presented similarities with the IESVE simulation.
By closing the bottom aperture of the cavity, the lower floor presented higher airflow
rate in relation to the other floors, while the other levels presented similar airflow rates

to the base case (Figure 5.12).

10 m25 cm 10 BBase case - Cavity bottom open
9 9
" mBase case - 50 cm 8 mCavity bottom closed
7 m100 cm 7
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2 2
1 1 = 1 > 2 5 © 1 3 1
Cavity 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 Cavity 0.00 0.04 0.08 0.12 0.16 0.20 0.24
depth . 3 bottom . 3
P Net airflow [m3/s] opening Net airflow [m3/s]

Figure 5.11 — Net airflow for each floor for Figure 5.12 — Net airflow for each floor for
parameter ‘cavity depth’ simulated on CFD parameter ‘cavity bottom opening’ simulated
on CFD
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The case in which south and north windows were positioned at the bottom and top of
walls respectively, presented higher airflow levels on the first and top floors, as shown
in Figure 5.13. Although differently from results of the IESVE model, which presented
lower reverse flow on the top floor, the CFD simulation showed an improvement of
airflow from the room towards the cavity on this level. Essentially, an enhancement in
airflow rates from the rooms towards the cavity was captured by both software when

the windows were repositioned.

For the case in which the cavity is extended 3.5m above the building roof, the CFD
model indicated an enhancement on airflow from the upper office towards the cavity
(Figure 5.14). This demonstrates an increase in the airflow rate from the upper room

towards the cavity, which is conceptually similar to the IESVE results.

1 | | | i ] 1 1
10 B South windows on 10 B Cavitiy extension
9 bottom, North 9 above roof - 3.5m
8 windows on top 8
mBase case - Windows mBase case - Cavity
7 at the middle of walls 7 height = building
6 = & height
» 5 » 2
S 4 S 4
8 # 8
w 3 w3
2 # 2 W
= 1
Windows 0.00 0.02 0.04 0.06 0.08 0.10 0.12 Cavity 0.00 0.02 0.04 0.06 0.08 0.10 0.12
position Net airflow [m¥s] extension Net airflow [m¥/s]

Figure 5.13 — Net airflow for each floor for Figure 5.14 — Net airflow for each floor for
parameter ‘windows position’ simulated on parameter ‘cavity extension above the building
CFD roof’ simulated on CFD

The case with the outer glazing layer inclined outwards, increasing the cavity width with
floor level, also indicated good agreement with IESVE model results. As seen in Figure
5.15, in this case, similar flow rates were achieved across all floors, which is explained
by the increased resistance on the bottom floors and decreased on the top floors. It is
also clear that the upper floors presented lower airflow rates than the others. This is
also comparable with the IESVE results, in which an increase of reverse flow on the top

floor was observed.
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Figure 5.15 — Net airflow for each floor for parameter ‘tapered skin’ simulated on CFD

Although the case in which the window sizes increased with floor is not influenced by
the transient nature of thermal transfers of materials, this case was not included in the
CFD simulations. The size of the lower windows would require an extremely fine mesh
to effectively capture airflow through them, which was not supported by the computer

resources available.

Although the absolute airflow values could not be compared between the software, the
cases verified presented similar tendency in airflow trends over the floors when
different design parameters were applied. IESVE was able to replicate the general
profile of airflow rates from CFD simulations, which is known for the increased
accuracy of ventilation simulations. This strengthened the confidence of the findings

described in section 5.2.
5.4 Optimized cases

Based on the outcomes of the evaluation of individual design parameters presented in
section 5.2 of this chapter, two optimized models that utilise a combination of variables
to maximize thermal comfort were developed. These models incorporated the
parameters that maximized the absolute flow rates while resolving the reverse flow
through the upper floors and attained even airflows at each floor level. The

characteristics of the two optimized models proposed are:

Optimized model 1 - the DSF cavity bottom is closed and the top is extended 3.5m
(equivalent to one floor) above the roof of the building. A concrete shading device is
placed inside the cavity and white masonry wall is applied to the DSF inner layer. The
outer DSF glazing is inclined outward such that there are similar horizontal flow rates
across all floor levels. Windows with a WWR of 50% are positioned at the bottom and
on the top of the south and north walls, respectively.
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Optimized model 2 — a fixed vertical DSF cavity of 1m width has its bottom closed.
The top of the cavity is extended 3.5m above the roof of the building. North windows,
placed at the top of the walls, are sized to achieve similar flow rates across all floors
levels. South windows, positioned at the bottom of the walls, are fully open. A concrete
shading device is positioned within the cavity and a white masonry wall is used on the
inner layer of the DSF.
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Figure 5.16 — Annual mean of the net airflow Figure 5.17 - Annual operative temperatures
for each floor of ‘Optimized model 1’ of ‘Optimized model 1’ (5th floor)

Figure 5.16 to Figure 5.19 show that higher levels of thermal comfort acceptance were
achieved by both models compared to the base case, while similar airflows were
generally maintained on all floors. Net flow rates in optimized model 1 are marginally
higher than optimized model 2, but the overall thermal comfort levels are similar,
approximately 68%, in both cases. The top floor presented the lowest hours of thermal
comfort acceptance, 58% in case 1 and 62% in case 2, due to the higher heat gain by
conduction from the roof. Hourly operative temperatures for the whole year are plotted
in the adaptive comfort charts (Figure 5.17 and Figure 5.19) in colour to highlight the
thermal acceptability according to the seasonal variations. It shows that most of the
uncomfortable hours occur when the prevailing mean outside temperature is above
24°C. Although summer presents the highest levels of excessively hot conditions,

uncomfortable moments can occur all over the year, including the winter season.
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Figure 5.18 — Annual mean of the net airflow Figure 5.19 - Annual operative temperatures
for each floor of ‘Optimized model 2’ of ‘Optimized model 2’ (5th floor)

5.5 Building dimension parameters

A combination of design variables that maximize the airflow rates and consequently the
thermal comfort in the building was applied in the optimized models. This section tests
the sensitivity of these design solutions for other building geometries. Table 5.3
summarizes the building dimension variables that influence the thermal performance.
Cases within E1 tested the influence of number of floors, including two models with 5
and 20 floors. Cases within E2 verified the effect of the building depth on the
acceptance level. As Brazil does not have an official typical modular dimension for
office buildings, the American and European dimensions, described in section 4.2.1,
were considered and cases of building depth of 6 and 18m were tested in addition to

the base case.

Different from the design parameters of group A to D, the building dimensions
parameters cases used the optimized model 2 as the reference. In these cases, the
windows sizes were recalculated considering the number and position of openings in
each model. Windows position in height, calculated areas and positions of NPL of

those cases are presented in the appendix B.
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Table 5.3 - Parameters and variables tested (group E — Building dimension parameters)

Design : :
Case parameter Scenario Variables
El.1 e 5 floors covered by DSF
Number of .
w El floors E1.2 e 10 floors covered by DSF
= EL1.3 e 20 floors covered by DSF
o E2.1 e 6m
0] Building .
E2 depth E2.2 e 12m
E2.3 e 18m
*Base case

5.5.1 Group E: building shape

The model with 5 floors presented airflow rates approximately threefold higher in
relation to the 20 floors-model, as shown in Figure 5.20. Considering that according to
the physical law of conservation of mass the inflow has to match the outflow, keeping
the top of the cavity opening area constant, for a greater number of inlets, the airflow
through each floor will decrease. However, similar acceptable annual comfort levels
were achieved in those cases with the difference from the highest to the lowest building
of only 3%. This can be explained by the relatively low difference in air speed among
the cases.

Cases E.2, in which changes to the depth of the building were evaluated, delivered
similar airflow rates, as the inlet opening areas remained the same in all models
(Figure 5.21). However, the shallower building case presented higher overall
acceptance levels, 4.2% and 9.6%, than the 12m and 18m cases, respectively. This
can be related to the more effective removal of internal heat by ventilation in the office
spaces, as lower heat gains are set for the narrow model. In this case, cooler air is
discharged into the cavity in relation to the wide models. This can induce lower stack
effect in the cavity and therefore, can explain the gradual small decreasing in airflow in

the narrower models in relation to the wider one.
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Figure 5.20 - Annual mean of the net airflow Figure 5.21 - Annual mean of the net airflow
for each floor for parameter ‘number of floors’  for each floor for parameter ‘building depth’

5.6 Site parameters

The site parameters are represented by two main groups of variables: the solar
incidence and the wind conditions. For the first group, analysis of the influence of hours
of the day, solar angle, sky conditions (cloudy and clear) and fagade orientation on the
building behaviour is performed using data of Rio de Janeiro city. In those cases, the
weather file used was modified and wind speeds were made zero for the whole year.
The wind variables consist of speed and direction and several combinations of both
have been specified and analysed. In those simulations, manipulated weather files

were set with specific wind speed and direction, as shown in Table 5.4.

Table 5.4 - Parameters and variables tested (Groups F and G — Site parameters)

Case Design Scenario Variables
parameter

w F1.1 e Solar angle

S F1 Level of solar F1.2 e Hours of the day

o incidence F1.3 ¢ Sky conditions (cloudy and clear)

© Fl1.4 e Facade orientation (N, NW, NE)
G1.1 e 2m/s

Gl Wind speed G1.2 e 4m/s

o G1.3 e 6m/s

S G2.1 o 0°

o i G2.2 e 90°

© G2 amd G2.3 . 180°
G2.4 e 225°
G2.5 e 315°
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5.6.1 Group F: Level of solar irradiance and angle

The amount of solar incidence reaching the fagade is a function of the angle at which
solar radiation strikes the surface, which is determined by latitude, the time of the day
and year and also the level of cloud cover. The functioning of the DSF is intrinsically
related to the solar incidence, as it increases the cavity air temperature, generating the
buoyancy effect that will function as a ventilation driver for naturally ventilated
buildings. The results presented in this section are from Rio de Janeiro city (22.9°S,
43.1°W), where the solar altitude varies from about 45 degrees on the coldest months
to 88 degrees over the hottest periods. However, cities closer to the equator line, such
as Brasilia (15.7° S, 47.8° W, bioclimatic zone 4) and Picos (7.1° S, 41.4° W,
bioclimatic zone 7), may have the potential ventilation reduced as higher solar altitude

decreases the percentage of solar radiation transmitted through the outer DSF layer.

The relationship between the cavity/outside air temperature differences in relation to
the amount of solar radiation reaching the fagade is broadly linear, as shown in Figure
5.22. In the climate analysed, the solar incidence on the north fagade is below 500
W/m? in 86% of the daylight time and reaches a maximum of approximately 730 W/m?
on brighter days, when the difference of temperature between the cavity and the
outside air can achieve 12°C. This value is slightly lower than those observed on the
study by Gratia and De Herde (2007a), which used an air conditioned building model,
presented in section 2.5.1 of chapter 2. The lower difference of temperatures in this
study can be explained by the discharge of cooler air from rooms into the cavity, which
contribute to the decrease the air cavity temperature.

Figure 5.23 shows the resulting airflow at the middle level of the model (5™ floor)
according to the solar incidence on the north DSF. The airflow rates varies from
0.45m%'s to approximately 0.8m?s on brighter days. The airflow rates through the office
space during moments of low solar incidence can be explained by the buoyancy
ventilation promoted by the internal heat gains and the re-radiation of the absorpted
heat by thermal mass materials applied on the inner layer and shading device within

the cavity.
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Figure 5.22- Difference of temperature between Figure 5.23 - Airflow on the 5™ floor of the
the cavity and the outside air in relation to the model as a result of the solar incidence on
solar incidence on the DSF the DSF

Figure 5.24 indicates the average of solar incidence on the fagade surface for solar
angles 15 - 20°, 45 - 50° and 85 - 90°. The diagram shows that the lowest levels of
solar incidence on the fagade occur under low solar altitudes. This happens because
those moments tend to occur at the beginning and end of the daylight hours, when the
levels solar radiation are the lowest. Therefore, although according to Mulyadi (2012)
the percentage of transmitted solar radiation through the outer DSF layer tends to
increase at lower solar altitudes, it may not correspond to the moments of higher
ventilation in the building because of the low solar incidence to warm the cavity air. On
the other hand, the highest levels of solar radiation reaching the facade occur close to
midday, when the solar angle varies from about 45 - 50° and the solar incidence levels
are high. Finally, the highest solar altitudes occur during the summer and close to the
midday and explain the relatively high levels of solar radiation reaching the DSF.

85 - 90° (203 W/m)

45 - 50° (253 W/m’)

/ / 15 - 20° (59 W/n"’)
/

N

Figure 5.24 - Average of solar incidence on the facade surface for solar angles 15 - 20°, 45 -
50° and 85 - 90°.
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Orientation

In order to identify the potential of airflow promoted by the DSF when it is applied at
different faces of the building, three cases were tested. Based on the discussion
presented in section 2.5.1, north, northwest and west demonstrated to be the most
suitable orientations for the DSF as the south and east facings do not receive enough
solar radiation to generate ventilation for the indoor space.

Figure 5.25 shows the annual mean net airflow of the 5" floor in the three orientations
tested. The solar radiation transmitted through the outer layer of the DSF is
symmetrically distributed over the day when it is north oriented, generating higher
levels of ventilation around midday. In contrast, the northwest and west orientations
provided the highest levels of airflow in the cavity during the afternoon, which is
explained by the low solar angle and the consequent highest radiation levels

transmitted through the outer skin.

The maximum difference in the annual mean airflow rates between the west and north
orientations occur at 5 p.m., when the west case presented 17% higher airflow than
north case. As a consequence of the induced airflow in the office rooms, the building
models reported 62%, 66% and 69% of thermal acceptability for the west, northwest
and north orientations, respectively. Although higher airflow rates are observed in the
afternoon for the cases northwest and west, the difficulty in promoting sun protection

against low solar angles explains the lowest levels of thermal comfort.

Therefore, because of the distributed solar incidence on the north facing fagade during
the day (for buildings located in the southern hemisphere), this orientation presented
the most adequate conditions to promote natural ventilation for office buildings in
breezeless days under warm climates. It is important to notice however that in highly
dense cities the sun shading created by surrounding buildings may affect the resulting

stack effect within the cavity.
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Figure 5.25 - Annual mean net airflow of the 5" floor in three orientations
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Hours of the day and sky conditions

As the internal heat gains are constant during the occupancy hours, the variation of the
induced ventilation at different hours of the day relies on the temperature difference
between the outside and the cavity air. Figure 5.26 shows how the potential of natural
ventilation in a DSF building differs throughout the day. Following the solar incidence
pattern, the peak of airflow tends to occur around midday. It also shows that the
highest airflow rates remains until around 2 p.m., which can be related to the thermal
delay in heat transfer through the layers and shading device of the DSF. Thereafter, a
decrease in ventilation is observed, reaching its minimum at 6 p.m. when the annual
average of airflow decreases 40% in relation to the value observed at 1 p.m. The

minimum values registered can be related to the cloud sky conditions.
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Figure 5.26 - Airflow occurring on the 5" floor according to the time of the day during the
occupancy hours

A cloudy day (07-Sep) and a sunny day (17-Sep) were selected for the evaluation of
the effects of the sky conditions on the DSF. The weather file indicates that the mean
direct radiations of the selected sunny and cloudy days (from 8 a.m. to 6 p.m.) are 571
W/m? and 6 W/m?, respectively. This resulted in an addition of up to 11.6°C for the
sunny day, and 6.1°C for the cloudy day, to the cavity temperature relative to the
outdoor air. Therefore, on average, an increase of 0.6m%s in the cavity airflow is
observed from a cloudy to a sunny day. However, this difference is less accentuated in
the offices where an increase of approximately 0.1m%s on the induced airflow rates

was observed, as shown in Figure 5.27.
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Figure 5.27 - Difference in airflow rates for the cavity and the rooms in a cloudy (07-Sep) and a
sunny days (17-Sep) during the occupancy hours

5.6.2 Group G: Wind conditions

As explained in section 2.2, from Bernoulli’s principle, wind induced pressures on the
surfaces of a building are related to local air speed, with lower speeds causing
relatively higher static pressures and faster speeds causing relatively lower static
pressures. As wind approaches the building, it collides with the facade surface and
local air speed is reduced generating recirculation zones that results in an increase of
the static pressure. Conversely, the air speed on the top and sides of the building
increases, resulting in a reduction in local static pressure. As a result, a pressure
differential through the building is created, whose magnitude is affected by the wind
direction relative to the building orientation, determining the sides and openings of the
building that are exposed to the low/high pressures. Additionally, higher wind speed at
roof level causes a lower static pressure on the upper part of the building surface than
near the ground. Figure 5.28 shows a diagram of static pressures created at different

sides of the building according to wind direction.
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Figure 5.28 - Diagram of static pressures created at different sides of the building according to
wind direction
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Due to the un-aerodynamic nature of the building analysed, not only air movement is
slowed on the facade facing the wind, resulting in a higher relative static pressure, but
separation of the flow on the leeward side of the building generates a relatively slow
moving recirculation zone that also results in a relatively high static pressure. This
means that positioning the DSF either on the leeward or windward side of the building
results not only in a lower pressure at the roof level but also a relatively high pressure
at some of the window inlets opposite the DSF. Flow rates through the system are
therefore improved, as shown in Figure 5.29 and Figure 5.30, which present the airflow
rates in each floor for the DSF in the windward and leeward directions, respectively, for
different wind speeds. For wind speeds of 6 m/s, the natural cross-ventilation in the
offices is improved by up to 140% and 300% on the upper floors when the DSF is

facing and protected from wind, respectively.
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Figure 5.29 — Difference in airflow for winds Figure 5.30 — Difference in airflow for winds
speed varying from 2 to 6 m/s, for DSF facing speed varying from 2 to 6 m/s, for DSF
the wind protected from wind

Figure 5.31 shows that there is a reduction in the net amount of airflow through the
office spaces when wind direction is parallel to the DSF. Its occurrence is due to the
decreasing in pressures differences between the top of the cavity and the window
openings. While air speeds outside windows at lower floors are not significantly
modified, higher speeds on other floors would result in lowering the local pressures.
These differences in pressure lessen the existing stack effect at higher wind speeds,
especially where the stack effect is already weak such as on the upper floors. When
the wind blows parallel to the DSF and for air speeds higher than 6 m/s, reverse airflow

will start to occur on the top floor.

121




(=3
o

Floors
= N W b U1 OO N 0 O

Case -1.0-0.6-0.2 0.2 0.6 1.0 1.4 1.8 2.2 2.6
G Mean net airflow - occupancy hours [m3/s]

Figure 5.31 — Difference in airflow for winds speed varying from 1 to 4m/s, for DSF parallel to
the wind

Complementary, Figure 5.32 and Figure 5.33 shows airflow rates when wind is blowing
from northeast (45°) and southwest (135°). Small improvements in airflow can be
observed in the 45° case on the top floors, especially with higher wind speeds. When
wind is blowing from southeast, the airflow on the top floor increases up to 340%, for

wind speeds of 6m/s.
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Figure 5.32 — Difference in airflow for winds Figure 5.33 — Difference in airflow for winds
speed varying from 2 to 6 m/s, for wind speed varying from 2 to 6 m/s, for wind
blowing at 45° blowing at 135°

The wind pressures acting on the surfaces of the building may multiply the
effectiveness of the stack effect when DSF is correctly applied according to the
dominant wind direction. As already reported in section 2.5.2, maximum benefit of wind
is observed when the DSF is oriented perpendicular to the wind direction, which results
in an additional increase in airflow rates through the cavity. To the offices this may
represent a threefold increase in airflow for wind speeds at 6m/s. On the other hand,
application of DSF parallel to the prevailing wind direction must be avoided in warm
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climates as it may lessen the cavity stack effect and may cause reverse flow on the top

floor even though the windows sizes are adjusted to avoid it.

Variations of wind direction and its speed are related to the sites conditions. For this
reason, it is important that the DSF design is based on stack effect and it should
consider the effect of wind as an enhancement to the driving forces. As the local wind
speed is affected by the type of terrain surrounding the building (e.g. open country or
city centre), slower speeds will in reality occur relative to the quoted meteorological

wind speed in dense terrains.
5.7 Chapter summary

This chapter has presented the results of the identified alternative case models. The
findings have enabled not only definitions regarding the design of the building and the
DSF to maximise the system airflows, but also identification and evaluation of

environmental factors that affect the component and system thermal performance.

Regarding the design parameters, the results show that wider cavities result in higher
absolute airflow rates through the user space due to lower flow resistance to the airflow
path. By repositioning the windows apertures to increase the height difference between
inlets and outlets, results found improvements in airflow rates mainly on the lowest and
upper floors of the building. The application of high thermal mass materials on the
shading devices within the cavity not only contributes to the decreasing of solar heat
gains to the rooms, but it also enhances the heat absorption and therefore, enhances
the buoyancy effect to the air within the DSF. Options to avoid reverse net airflow
occurring on the upper floor are to raise the NPL above the window openings by
extending the cavity above the building roof or closing the windows of the upper floors.
Inclining the outer DSF skin outwards from the bottom to the top balances airflow
resistances over the building levels, creating relatively even airflow rates on the floors.
Another option to balance airflow rates is to calculate the windows sizes according to
their position in height, opening areas and the top of the cavity dimensions. The results
indicate that only the north windows (close to the DSF) should be adjusted, so the fully
open south windows would take advantage of single sided ventilation. This solution

prevents the recirculation effect in the windows close to the DSF.

The local environmental conditions also have a significant impact on the overall system
thermal performance. The magnitude and angle of solar incidence reaching the facade,
which vary according to location, time of day, facade orientations and seasons,

determine the increase of temperature within the cavity in relation to the outside air.
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These factors define the airflow levels in the cavity and in the building, especially at low
or null wind speeds. The airflow of the system is also dictated by the wind pressures
created around the building faces, which may enhance the effectiveness of the stack
effect when DSF is correctly applied to exploit such wind effects. Positioning the DSF
on either the windward or leeward side of the building results in a relatively high
pressure at some of the window inlets opposite the DSF, and flow rates through the
system are therefore improved. On the other hand, a reduction in the net amount of
airflow through the office spaces is observed when wind direction is parallel to the DSF.

The interdependence of the building design aspects, such as the number, size and
positions of the inlet windows and the cavity dimensions and openings, should be
careful considered for different building configurations as they directly affect the overall
profile of airflows, hence the ventilation within the building. Regional climates have also
a great influence on the building thermal performance. Next chapter determines
representative Brazilian regions and periods of the year when satisfactory thermal

acceptance can be achieved in naturally ventilated buildings with DSF.

Procedures to improve the quality assurance of the results were applied to the
modelling and simulations processes. The aim of the simulations task was clearly
previously defined to the modelling procedures. In this study, trends of airflow and the
consequent thermal performance of the buildings model were compared by using two
different software codes. The selection of the software used considered the level of
accuracy and details required, time and computational resources available. Software
training was also performed of both software used and a careful modelling evolution
defined the decisions made in relation to the design details incorporated. This provided
the ability to check whether the outputs were consistent and plausible.

The similarity of the airflow trend results of both codes used provided confidence that
the effects observed on the simulations are likely to occur in reality. The aim of
determining which design and site parameters would reduce the possibility of
overheating issue by improving airflow through the cavity and the rooms as manner to

overcame the reverse flow on the floors of the building was achieved.

However, the absolute accuracy of the quantitative results was not possible to address
because of the simplifications set in the models. More detailed models would provide a
more precise prediction of the building thermal performance. For example, a more
realistic occupancy profile would influence the hours in discomfort during the lunch time
or at the end of the day when the number of people would be in fact lower than it was

modelled. Extreme climatic conditions were also not considered as the typical
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reference year dataset was used. More detailed models would give to further studies

more reliability in terms of quantitative results.
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Chapter Six

Thermal

acceptance under Brazilian
climates: results and
discussions

This chapter presents the results from simulations of the optimized model of naturally
ventilated offices with DSF for all bioclimatic zones of Brazil, determining periods of the
year when satisfactory thermal acceptance can be achieved. According to the
characteristics of the climate conditions presented in Chapter 2 and the understanding
of the influence of site parameters on the DSF thermal behaviour, different orientation
and application of openings profile for the windows are applied to the selected cases.
The results of these models are compared to those with single skin models.
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6.1 Introduction

This chapter presents the thermal performance of naturally ventilated office building
with DSF under Brazilian climatic conditions. Thermal comfort levels delivered by the
optimized model 2 defined in section 5.4 are established for each bioclimatic zone. The
following sections present the results for the cities of Curitiba (zones 1), Piracicaba
(zone 2), Florianopolis (zone 3), Brasilia (zone 4), Niteroi (zone 5), Campo Grande
(zone 6), Picos (zone 7) and Rio de Janeiro (zone 8). Detail descriptions of their
climatic conditions are presented in section 3.1.

Based on the understanding and findings from the influence of the site parameters on
the DSF thermal performance presented in section 5.6, decisions about
inclusion/exclusion of shading devices, DSF orientation in relation to solar incidence
and dominant wind and windows opening control according to exterior temperatures
are determined and justified for the models to be studied in each Brazilian bioclimatic
zone. All cases were firstly simulated with DSF oriented to north as it considers the

fundamental principle applied in the generation of ventilation in a building with DSF.

For bioclimatic zones 6, 7 and 8, night time ventilation was set to the models
considering the additional benefits for reducing thermally uncomfortable moments. For
bioclimatic zones 1 to 5, which experience mild and low temperatures, especially
during the winter, window opening profiles are applied to the south side of the building
model in order to control airflow and to avoid high levels of discomfort due to cold
conditions. Based on the discussion presented in section 2.4.2 about the window
openings control according to outside temperature, the opening regulator was set to
start to open the south windows when the outside temperature is above 16°C and
modulates the degree of opening linearly until it is fully open at 20°C. The north
windows and the top of the cavity are set open the whole time to maintain some
ventilation rate, even in cold days. Figure 6.1 indicates the airflow mechanisms when

south windows are closed, during the coldest moments and when they are open.
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Figure 6.1 - Airflow mechanisms when south windows are open or closed

Typical results are illustrated using annual operative temperatures for the occupancy

hours of the 5™ floor, according to the different seasons of the year, plotted on the
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ASHRAE (2013) thermal comfort matrix. In addition, monthly totals in terms of
comfortable and uncomfortable occupied hours (both due to too hot/too cold
conditions) are also presented for each case. Comparisons with single skin facade
(SSF) models, which preserved the same geometric and fabric materials
characteristics of the base case model, are also included. For each bioclimatic zone, a
table summarizes the thermal acceptance results for each case tested.

6.2 Bioclimatic zone 1 — Curitiba

General climate characteristics: Curitiba is localized in the south region of Brazil and
is characterized by the occurrence of the lowest temperatures among the zones with
constant and high relative humidity, having annual averages of 21°C and 86%. Solar
heating is the main passive strategy recommended throughout the year to maintain
acceptable temperatures in the internal environment, especially during winter. As the
city is localized in the lowest latitude among the cities tested, the incidence of low solar
altitudes on the fagade is beneficial to the building thermal performance. Natural

ventilation, on the other hand, is recommended in less than 8% over the year.

DSF proposed: Considering these characteristics, two cases with DSF facing north,
with and without shading devices, which allow higher levels of incident solar radiation
into the offices, were tested. The opening profile described previously was applied for
the windows opposite to the DFS in order to decrease the convective heat losses due
to the single sided ventilation.

DSF thermal performance: Both cases, with and without shading devices, presented
similar thermal acceptability of approximately 90% over the year (Table 6.1). Figure 6.2
and Figure 6.3 show periods of acceptable temperatures for the case with shading
device. The removal of shading devices marginally decreased the periods of thermal
discomfort due too cold conditions, which can be due to the difficulty of promoting sun
protection for low solar altitudes. Few moments of thermal discomfort due too cold
conditions occur from September to March, when windows opposite to the DSF are
open as the outside temperatures are above 16 °C. For the periods in which the
outside temperatures are below 16 °C, when north windows and top of the cavity are
open and south windows are closed, the ventilation rate in the office is, on average, 25
I/s*person, 5 times more than the minimum ventilation rate recommended for office
buildings by ASHRAE (2001) for provision of outside air intake, dilution and removal of

airborne pollutants and control of excessive humidity.
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Figure 6.2 - Annual operative temperatures of Figure 6.3 - Hourly thermal acceptance in the
optimized model under bioclimatic zone 1 optimized building model with DSF in
plotted on the ASHRAE (2013) thermal bioclimatic zone 1

comfort matrix

SSF thermal performance: Figure 6.4 and Figure 6.5 present the results of the SSF
model. Although windows opening profile were applied to both sides of the single skin
case, it presented 12% more uncomfortable periods due to cold conditions than DSF
case. The application of DSF regulated the air speeds in the offices, increasing the

operative temperatures throughout the year.
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Outcomes: The application of DSF as a solution to preheat the building is not a novel
finding and improvements in the thermal comfort due to the air exchanges between the
warmer cavity air and the room air has been confirmed by a significant number of
examples in cold climates. Although, closing the top of the cavity have been indicated
as a possible arrangement for cold seasons (Oesterle et al., 2001; Saelens et al.,

2008), in the cases simulated under the climate of Curitiba, the north windows and the
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top of the cavity remains open the whole time, allowing for adequate natural ventilation
through the occupied spaces even in cold periods. The control strategy applied to the
windows opposite to the DSF has considerable implications on the magnitude of airflow
allowed in the building and consequently on the levels of discomfort during winter. The
deficiency of ventilation in the SSF case when outside temperature is below 16 °C can
be unfavourable to the indoor air quality conditions. This reinforces the beneficial use of

the DSF as a passive heating system that promotes ventilation through the building.

Table 6.1 — Summary of thermal acceptance conditions of cases under bioclimatic zone 1

Facade Orientation Window profile Thermal acceptance (%)
type operation applied Too cold Comfortable Too hot
North Yes 8 89 3
DSF North -no Yes 5 90 5
shading device
SSF North/South Yes 20 77 3

6.3 Bioclimatic zone 2 — Piracicaba

General climate characteristics: Piracicaba experiences mild temperatures
throughout the year, which result in a strong dependence on solar heating to keep the
internal environment comfortable, especially during winter. The annual mean relative
humidity varies from 80% during the summer to 65% during the winter and the

predominant wind incidence occurs mainly from east and southeast.

DSF proposed: Based on those conditions, two different DSF orientations were
defined for this bioclimatic zone. In order to take advantage of the distributed potential
of ventilation over the day, a north oriented DSF was tested. Additionally, a case with
DSF oriented to west, at the leeward of wind direction was also tested as this increases
airflow rates in the building, which are especially required during the summer. In both
models, considering the low temperatures of the coldest months, the opening profile
was applied for the windows opposite to the DSF and shading devices were maintained

to avoid excessive solar heat gains.

DSF thermal performance: Figure 6.6 and Figure 6.7 show the thermal acceptability
for DSF facing north. It reached 84% over the year with the most uncomfortable
periods occurring due to hot conditions. Slightly increasing of discomfort due to
excessively high temperatures was observed for the case in which DSF is west
oriented (Table 2.1). Although the perpendicular predominant wind direction reinforces
the stack effect within the cavity, the increasing in temperatures is explained by the

higher solar heat gains during the afternoons. The use of fixed shading devices and
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their poor protection under low solar altitudes contribute to the decreasing of thermally

comfortable periods.
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Figure 6.6 - Annual operative temperatures of
optimized model under bioclimatic zone 2
thermal

plotted on the ASHRAE (2013)
comfort matrix.

Figure 6.7 - Hourly thermal acceptance in the
optimized building model with DSF in
bioclimatic zone 2

SSF thermal performance: SSF models with window openings oriented to north/south

and east/west were tested considering the prevailing wind direction. Although the east-

west orientation case presented slightly higher levels of cold conditions due to the

perpendicular direction of wind to the building openings, the DSF and SSF models

presented similar periods of comfortable conditions. The SSF cases, however,

experienced a marginal increase in periods of ‘too cold’ conditions due to the less

resistance to airflow through the office rooms.
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Figure 6.8 - Annual operative temperatures of
single skin model under bioclimatic zone 2
plotted on the ASHRAE (2013) thermal
comfort matrix

Figure 6.9 - Hourly thermal acceptance in the
single skin facade building model in bioclimatic
zone 2

Outcomes: The enhancement in airflow when the DSF was oriented protected from

the prevailing wind direction was not effective in improving the thermal comfort
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because the west orientation provided higher solar heat gains into the offices. As
discussed in section 5.5, due to the fixed configuration of shading device applied in the
model and the difficulty of sun protection under low solar altitudes, solar protection
cannot be fully guaranteed in the offices. Therefore, an effective solar protection would,
not only enhance the stack effect in the cavity, but also avoid solar heat gains in the
office, which may improve the acceptance levels in this bioclimatic zone.

Table 6.2 — Summary of thermal acceptance conditions of cases under bioclimatic zone 2

Facade Orientation Window profile Thermal acceptance (%)
type operation applied Too cold Comfortable Too hot
DSE North Yes 2 84 14
West Yes 1 80 19
SSE North/South Yes 6 78 16
East/West Yes 10 78 13

6.4 Bioclimatic zone 3 — Florianopolis

General climate characteristics: Florianopolis is characterized by mild and low
temperatures in the summer and winter, respectively, with the dominant wind direction
being from north. During the summer, cross ventilation is the main passive strategy
suggested, while in winter, solar gains are required to keep the indoor environment

thermally comfortable.

DSF proposed: Considering these climatic characteristics, the optimized model was
simulated with DSF oriented to north as it not only is the most effective orientation to
improve stack effect during the day, but it does not prejudice the needed cross
ventilation, as the prevailing wind direction reinforces the cavity stack effect.
Considering the mild climate conditions of the winter season, two cases with and
without windows opening control applied to the south windows were tested in order to
evaluate whether the airflow resistance created by the DSF was enough to avoid

moments of too cold conditions.

DSF thermal performance: The case which south windows remain open the whole
time presented 17% of uncomfortable hours due to cold conditions more than the case
with windows control. This demonstrates the importance of regulating the airflow
through to the offices in this climate. Figure 6.10 presents the operative temperatures
for the case in which the opening profile was applied to the south windows. The model
achieved acceptable thermal comfort conditions in 92% of occupied hours. Most of the
discomfort moments are due to hot conditions, which account for 7% of time, occurring

mostly in January and February, as can be seen in Figure 6.11.
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Figure 6.10 - Annual operative temperatures
of optimized model under bioclimatic zone 3
plotted on the ASHRAE (2013) thermal
comfort matrix

Figure 6.11 - Hourly thermal acceptance in the
optimized building model with DSF in
bioclimatic zone 3

SSF thermal performance: Figure 6.12 presents the operative temperatures for the

SSF model, in which the same opening profile applied to the optimized model was set

to both north and south windows. The results show that in 18% of the time, the office

spaces are in thermal discomfort, being 16% due to ‘too cold’ conditions. Percentages

of cold periods higher than 20% of time are experienced from September to November

(Figure 6.13). In these months, in 13% of time, air speeds, which were calculated from

the net airflow in the office space, are higher than 0.8m/s. This is the maximum air

speed recommended by ASHRAE (2013) for office spaces, as it might blow papers on

the desks. The windows opening area in IESVE cannot be controlled according to the

thermal zones air speed. Therefore, the results may not correspond to a real situation.
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Figure 6.13 - Hourly thermal acceptance in the
single skin facade building model in bioclimatic
zone 3
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Outcomes: The implementation of DSF combined with a control of openings appears
as a satisfactory strategy for bioclimatic zone 3, as it increased the annual thermal
comfort conditions by 17% in relation to the case which windows are fully open the
whole time. In relation to a SSF case, the model with DSF proved to deliver
approximately 10% more periods of comfortable temperatures, as shown in Table 6.3
that compares the thermal acceptance levels for the cases tested under bioclimatic
zone 3. Thermal acceptability can be achieved in 92% of the year with the application
of DSF, with uncomfortable periods due too hot conditions occurring mainly between
January and February.

Table 6.3 — Summary of thermal acceptance conditions of cases under bioclimatic zone 3

Facade Orientation Window profile Thermal acceptance (%)
type operation applied Too cold Comfortable Too hot
North No 18 75 7
DSF North Yes 1 92 7
SSF North Yes 16 81 2

6.5 Bioclimatic zone 4 — Brasilia

General climate characteristics: Brasilia presents mild climatic conditions over the
year with an average temperature of 22.8°C. The dominant wind is from east and in
35% of the time the city presents low wind speeds; hence stack effects will dominate
the pressure distribution in the building. It experiences a relative low humidity, 75% on
average, which drops to 63% during the winter, when passive heating is typically

recommended. During the summer, cross ventilation is effective in 32% of the time.

DSF proposed: Based on general climatic characteristics, a model with DSF facing
north was tested in order to take advantage of the stack effect to promote natural
ventilation in the building, considering the low wind speeds characteristics of the city.
Different from the models performed for bioclimatic zones 1 to 3, this model was set
without any window opening control, since the predominant wind is parallel to the
window openings and temperatures in winter are not extremely low. Additionally, as the
predominant wind direction is from the east, another case in which the DSF is facing
west was tested, in order to take the maximum advantage of the available wind
conditions. In this case, as the wind is perpendicular to the windows, openings profile
for the windows opposite to the DSF were applied in order to avoid high airflow rates
through the user space during moments of temperatures lower than 16°C, which occur

in 13% of the year.

DSF thermal performance: The resulting thermal acceptance conditions of both cases

tested are similar. The case with DSF facing north presented 84% of annual thermal
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acceptance, 3% higher than the case with west DSF. The west DSF presented higher
levels of discomfort due ‘too hot’ conditions, which can be explained by the highest
levels of solar heat gains during the afternoons. Figure 6.14 and Figure 6.15 present
the annual operative temperatures and the hourly thermal acceptance for the case in
which DSF is facing west. Although uncomfortable temperatures are experienced all
over the year, the spring season presents the highest levels of uncomfortably hot

conditions.
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Figure 6.14 — Annual operative temperatures Figure 6.15 - Hourly thermal acceptance in the
of optimized model under ‘Bioclimatic zone 4’ optimized building model with DSF in
plotted on the ASHRAE (2013) thermal bioclimatic zone 4

comfort matrix

SSF thermal performance: In order to compare the differences in thermal comfort
conditions regarding the wind direction when using SSF, two cases with windows
oriented to north/south and east/west were tested and results indicate that both cases
presented similar thermal conditions. As the city experiences low wind speeds, the
application of windows perpendicular to the dominant wind did not improve thermal
comfort conditions during the hottest days. Those cases presented similar percentages
of thermal performance to the case in which DSF is facing north (Figure 6.16). The
single skin case presented 85% of hours of thermal acceptance, being August and

September the most uncomfortable periods (Figure 6.17).
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Figure 6.16 — Annual operative temperatures Figure 6.17 — Hourly thermal acceptance in
of single skin model under Bioclimatic zone 4 the single skin fagade building model in
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Outcomes: Table 6.4 summarizes the thermal acceptance levels resulting from the
cases simulated under bioclimatic zone 4. The DSF models presented similar thermal
performance to the model with SSF. Although when DSF was oriented to west, the
airflow rates were in average 11% higher than when it was facing north, the high solar
heat gains in the afternoons decrease the thermal acceptability in the building. Due to
the high number of periods of low or zero wind speeds, in which the buoyancy effect of
the DSF will be the main ventilation driver in the building, and the higher levels of solar
heat gains when glazing areas are facing west, north facing presented to be an

adequate orientation for the DSF, when considering its application to Brasilia.

Table 6.4 — Summary of thermal acceptance conditions of cases under bioclimatic zone 4

Facade Orientation Window profile Thermal acceptance (%)
type operation applied Too cold Comfortable Too hot
DSE North No 5 84 11
West Yes 0 81 18
SSE North/South Yes 5 85 10
East/West Yes 6 84 10

6.6 Bioclimatic zone 5 — Niteroi

General climate characteristics: Niteroi is characterized by high and mild
temperature in the summer and winter, respectively. The lowest temperatures occur in
September, when the monthly average drops to 19.5°C. The city presents a high
relative humidity, with monthly averages varying from 70% to 80%. Those
characteristics indicate cross natural ventilation as a passive strategy to be applied
during the whole year, especially during summer, when the predominant wind direction
is from south.

136




DSF proposed: To take advantage at both the wind and stack effects, a model with
DSF oriented to north was tested in order to meet the demands for cross ventilation all
over the year. Since the predominant wind is perpendicular to the window openings,
automated windows opening control according to the outside temperature was applied
in order to avoid discomfort during the coldest days.

DSF thermal performance: The model presented 92% of annual thermal acceptance
(Figure 6.18). The uncomfortable moments due to too hot conditions occur mainly
during January and February, as shown in Figure 6.19, although unacceptable
temperatures resulted for only 15% of the time during the summer (from December to
March). September is the month with the highest levels of uncomfortable conditions,
which reaches approximately 12% of the time due to the lowest temperatures

experienced during the period.
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Figure 6.18 — Annual operative temperatures Figure 6.19 - Hourly thermal acceptance in the
of optimized model under ‘Bioclimatic zone 5’ optimized building model with DSF in
plotted on the ASHRAE (2013) thermal bioclimatic zone 5

comfort matrix

SSF thermal performance: The SSF model presented 85% of acceptable
temperatures (Figure 6.20 and Figure 6.21). Although the case was modelled with
widows opening control profile to avoid high levels of airflow under cold conditions, it
presented 10% more hours in uncomfortable conditions due low temperatures than the

DSF case, as shown in Table 6.5.
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Outcomes: The application of DSF decreases the uncomfortable periods due too cold
conditions, but marginally increased moments of ‘too hot conditions’. This indicates that
the application of DSF is an optional solution regarding thermal comfort conditions to
be applied under bioclimatic zone 5, where thermal comfort can be achieved in more
than 90% of the year.

Table 6.5 — Summary of thermal acceptance conditions of cases under bioclimatic zone 5

Facade Orientation Window profile Thermal acceptance (%)

type operation applied Too cold Comfortable Too hot
DSF North Yes 1 92 7
SSF North Yes 11 85 4

6.7 Bioclimatic zone 6 — Campo Grande

General climate characteristics: The representative city of bioclimatic zone 6 is
characterized by high temperatures, with annual mean of 26 °C, combined with low
relative humidity over the year, 68% in average. Natural cross ventilation and
evaporative cooling are the main passive strategies indicated. In Campo Grande, the

dominant wind directions are mostly divided between from north and east.

DSF proposed: To combine the benefits of the ventilation promoted by buoyancy
effect of the DSF and the wind pressures, a case with DSF oriented to north was
tested. Additionally, a model with DSF oriented to south was also evaluated as the
ventilation is improved when DSF is at the leeward side of the wind direction. Although
there is a considerable prevalence of wind directions from east, a case with DSF on the
west facing of the buildings was discarded in order to avoid high solar heat gains

during the hottest periods of the day, considering the high temperatures experienced
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by the city. In both models simulated, no windows opening profile were applied due to
the climate conditions experienced in this city and night time ventilation was
considered.

DSF thermal performance: Although similar thermal acceptance levels, of
approximately 57%, were resulted for the orientations tested, the model with DSF
facing south presented 5% more uncomfortable temperatures due too hot conditions
than the case with DSF oriented to north. When DSF is south oriented, the wind forces
are the main ventilation driver through the building, whereas when the DSF is north
oriented, not only the DSF stack effect drives the airflow, but there is also a contribution
from wind effects. Additionally, the south oriented DSF may have higher solar heat
gains through the windows opposite to the DSF, which may contribute to the increasing
of temperature in the offices. Figure 6.22 shows the plotted annual operative
temperatures according to the seasons when DSF is north oriented. The moments of
discomfort by excessive heat account for 35% of time with the lowest unpleasant time

occurring from May to July, as shown in Figure 6.23.
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Figure 6.22 — Annual operative temperatures Figure 6.23 — Hourly thermal acceptance in the
of optimized model under ‘Bioclimatic zone 6’ optimized building model with DSF in
plotted on the ASHRAE (2013) thermal bioclimatic zone 6
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SSF thermal performance: Enhanced acceptance levels were resulted from the SSF
case in comparison to the DSF model. Discomfort due to ‘too hot’ conditions increases
approximately 10% with the application of DSF, which can be explained by the
decrease in air speed in the room due to greater air resistance promoted by the

application of the second skin.
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Figure 6.24 — Annual operative temperatures Figure 6.25 — Hourly thermal acceptance in
of single skin model under Bioclimatic zone 6 the single skin fagade building model in
plotted on the ASHRAE (2013) thermal bioclimatic zone 6
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Outcomes: Table 6.6 shows the thermal acceptability of the cases simulated. Although
the application of DSF provides positive aspects to the building thermal conditions,
such as the promotion of shade on the north facing and enhancement of air speeds
during calm conditions, the free cross ventilation allowed in the SSF case presented
better results for the model applied under the bioclimatic zone 6. Considering the low
relative humidity of the city, the application of DSF combined with an evaporative

cooling strategy may improve the thermal acceptance levels.

Table 6.6 — Summary of thermal acceptance conditions of cases under bioclimatic zone 6

Facade Orientation Window profile Thermal acceptance (%)
type operation applied Too cold Comfortable Too hot
DSE North No 7 58 35
South No 5 55 40
SSF North No 11 63 26

6.8 Bioclimatic zone 7 — Picos

General climate characteristics: Picos, situated in the hot and arid region of the
north-east, experiences temperatures above 31°C in 33% of the year and low annual
relative humidity, 57% in average. Although natural ventilation may improve thermal
comfort in some moments of the year, air conditioning is highly recommended,
especially during spring and summer seasons when the prevailing wind is from the

east.

DSF proposed: A case with DSF facing north was tested with the view that the stack
effect ventilation is promoted by the DSF. Cases with DSF oriented to east or west

were discarded to avoid glazing areas on those orientations, as it would increase solar
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heat gains into the office rooms. In the model, all windows remain open the whole year

(including night time) and shading devices are always on.

DSF thermal performance: Figure 6.26 and Figure 6.27 show the results for the case
with DSF. Acceptance levels of only 20% were achieved in the model and no cold
conditions were indicated due to the extremely high outside temperatures throughout
the year.
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Figure 6.26 — Annual operative temperatures
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Figure 6.27 — Hourly thermal acceptance in
the optimized building model with DSF in
bioclimatic zone 7

plotted on the ASHRAE (2013) thermal
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SSF thermal performance: The single skin model presented slightly better results as
comfortable periods are indicated in 24% of the year. Higher levels of free ventilation

through the offices result in a decrease in the operative temperatures experienced by

users.
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Figure 6.29 — Hourly thermal acceptance in
the single facade skin building model in
bioclimatic zone 7
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Outcomes: The models under bioclimatic zone 7 presented the lowest thermal
acceptability throughout the year showing inappropriate conditions for the use of
naturally ventilated buildings. Due to the low relative humidity experienced by this city,
it is possible that the application of evaporative cooling may be effective in improving
thermal comfort during some periods of the year.

Table 6.7 — Summary of thermal acceptance conditions of cases under bioclimatic zone 7

Facade Orientation Window profile Thermal acceptance (%)

type operation applied Too cold Comfortable Too hot
DSF North No 0 20 80
SSF North No 0 24 76

6.9 Bioclimatic zone 8 — Rio de Janeiro

General climate characteristics: Permanent and cross natural ventilation is
recommended for cities in bioclimatic zone 8 due to the high temperatures and high
levels of humidity. The Rio de Janeiro city presents annual mean temperature of 27°C
and natural ventilation is considered to be effective in 61% of the time throughout the

year, reaching a peak of 85% in October.

DSF proposed: Considering the variability of wind directions, a case with DSF facing
north was tested in order to take advantage of stack effect promoted by the DSF. The

model was set with windows open day and night time and shading devices always on.

DSF thermal performance: The model presented 71% of thermal comfort (Figure 6.30
and Figure 6.31) with the lowest acceptance levels occurring from January to March,
when the discomfort due to too hot conditions reaches more than 60%.
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SSF thermal performance: SSF case (Figure 6.32 and Figure 6.33) presented similar
periods of comfortable hours to the case with DSF. Considering the critical hot
moments, SSF proved to be thermally slightly better as it presented 5% reduction in
periods of unpleasantly hot temperatures.
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Outcomes: Table 6.8 presents the thermal acceptability of cases with and without DSF
under bioclimatic zone 8. Those results indicate that the application of DSF provides
similar comfort conditions as a SSF model when operating under bioclimatic zone 8.
The DSF case presented more hours of ‘too hot' conditions, while the SSF case

presented more moments of ‘too cold’ conditions.

Table 6.8 — Summary of thermal acceptance conditions of cases under bioclimatic zone 8

Facade Orientation Window profile Thermal acceptance (%)

type operation applied Too cold Comfortable Too hot
DSF North No 4 71 25
SSF North No 8 72 20

6.10 Chapter summary and remarks

Table 6.9 summarizes the thermal acceptability levels of the cases tested, showing the
design choices made for each case scenario. These definitions are based not only on
the climatic characteristics describe in chapter 3, but also on the findings and outcomes
from chapter 5 which show the influence of the design and site parameters on the

thermal performance of naturally ventilated building with DSF.
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Table 6.9 — Summary of thermal acceptance conditions of all cases under all bioclimatic zones

Facade , . Window Thermal acceptance (%)
Zone Orientation profile
type operation | Too cold | Comfortable | Too hot
North Yes 8 89 3
DSF North (no
! shading device) Yes 5 90 5
SSF North/ south Yes 20 77 3
North Yes 2 84 14
DSF
) West Yes 1 80 19
North/south Yes 6 78 16
SSF
East/west Yes 10 78 13
North No 18 75
DSF
3 North Yes 1 92
SSF North/south Yes 16 81
North No 5 84 11
DSF
4 West Yes 0 81 18
North/south Yes 5 85 10
SSF
East/west Yes 6 84 10
5 DSF North Yes 1 92
SSF North Yes 11 85
North No 7 58 35
DSF
6 South No 5 55 40
SSF North/south No 11 63 26
North No 0 20 80
DSF
7 East No 0 19 81
SSF North/south No 0 24 76
8 DSF North No 4 71 25
SSF North/south No 8 72 20

Results from simulations of the optimized model of naturally ventilated offices with DSF
for the bioclimatic zones of Brazil indicated that thermal acceptance varies between
60% and 90% of the annual occupancy hours in the territories, except for zone 7,
where acceptance level is approximately 20% over the year. This demonstrates that for
significant portions of the year, the DSF can provide comfortable indoor conditions
without any need for mechanical heating or cooling. Apart from zone 7, the lowest
thermal acceptance levels occur mainly in regions of centre-west, north-west and
coastal areas, characterized by cities located in the bioclimatic zones 6 and 8. On the
other hand, the highest satisfactory thermal conditions are experienced by south and
southeast regions. Figure 6.34 presents the levels of acceptability of DSF projected for

all regions based on the climatic zones of the whole country.
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Figure 6.34 — Brazilian bioclimatic zones with indication of level of thermal acceptability

For the coldest bioclimatic zones 1, 2 and 3, the results indicate higher thermal
acceptability levels for the cases with DSF when compared to SSF cases. Those levels
reached up to 90% when DSF is north oriented. Better thermal conditions occur when
the DSF is associated with the application of the window opening profile according to
the outside temperature, which reduces the airflow when outside temperature is below
set value. When defining the DSF orientation, not only the wind prevailing direction
must the considered, but also the adequate solar protection, as it has a considerable
influence on the likelihood of overheating during the hottest periods.

For climates with mild temperatures over the year and hot summers, as in zones 4 and
5, the single skin cases presented similar thermal acceptability to the model with DSF.
This indicates that, during the hottest periods, the cooling potential of natural ventilation
promoted by DSF is limited by the warm air temperature entering the building. Under
hot conditions, although little or no improvements in terms of thermal performance may
be achieved with the addition of the second skin, it does not negatively affect the

thermal conditions when compared to a single skin case.

In hot and tropical climates of zones 6 and 8, the models presented thermal
acceptance levels of around 65%, which can be explained by periods of high
temperatures occurring all the year. Although night time ventilation, shading devices
and fully open south windows were included, these cases presented slightly lower
thermal acceptability when compared to single skin models. For the uncomfortable
periods, additional mechanical ventilation within the DSF cavity may improve the
airflow through the offices and improve the thermal comfort under these conditions.
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As weather files are often based on data measured from open spaces, it is important to
consider that temperatures may vary in urban central areas, which tend to experience
higher temperatures due to the nature of materials usually applied to buildings and
roads. Additionally, street canyons may modify wind magnitude and direction and
therefore, wind pressure coefficients experienced in different building faces can either
pronounce or decrease the airflow through the building. Moreover, the assumptions
proposed and the limitations related to the building models may not capture with
accuracy the real operation of the building. Therefore, thermal acceptability
percentages presented may not precisely predict the real building behaviour.

Apart from achieving a thermally comfortable environment for some periods of the year,
the application of DSF can bring other benefits such as aesthetics, improved acoustics,
easier maintenance and security. But it is paramount to be conscious about the thermal
advantages and shortcomings resulting from its application during different season of

the year and time of day.
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Chapter Seven

Conclusions

This Chapter summarises and concludes the study based on reflections upon the
findings. It also highlights any research limitations and proposes further studies needed
to enable viable implementation of DSF under Brazilian climates.
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7.1 Introduction

This thesis presents a fundamental study on the thermal performance of naturally
ventilated office buildings with double skin fagade (DSF) under Brazilian climate
conditions. Motivated by the lack of comprehensive studies relevant to the existing and
prospective DSF buildings developments in Brazil, this study aims to provide a holistic
insight into the design of the technology with a focus on its application in naturally
ventilated buildings.

The study identified and evaluated 9 design parameters, divided under 4 groups,
affecting the thermal performance of buildings with DSF. Using a reference model of an
office building, the influence of these design parameters on the building’s thermal
behaviour was studied making use of the capability of computational simulation. From
the findings of the parametric analysis at the initial stage of the study, optimized models
that exploit a combination of solutions to maximize the building thermal performance
were developed and analysed. The effects of the site conditions, local solar radiation
and wind availability, on the DSF and building’s thermal performances were also
evaluated in order to provide references for improving the functioning of the DSF.
Thermal comfort levels of the optimized model in different Brazilian climate zones were
established in order to determine periods of the year when satisfactory thermal

acceptance can be achieved.

The following sections overview the objectives identified in Chapter 1 and discuss their
accomplishments. The research contributions and impacts to the design of buildings
with DSFs under Brazilian climates are also presented and the two research questions
proposed are answered. Lastly, limitations identified and directions for future research

are presented.
7.2 Reviewing the objectives
Discussions of the objectives accomplished are presented below:

Objective 1: To differentiate the characteristics of the Brazilian climates and to identify

the corresponding thermal comfort requirements in naturally ventilated office buildings.

An overview of different climate conditions in the Brazilian territories is presented in
Chapter 3. Analyses of 8 cities showed the contrasts among the climates, highlighting
periods of the year when natural ventilation is an appropriate strategy for achieving
thermal comfort conditions. Differences regarding solar radiation levels, outdoor

temperatures and wind conditions of the bioclimatic zones in Brazil are also addressed.
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Conclusions from the analysis indicate that maximization of airflow rates through the
building is a fundamental strategy to increase thermal acceptance in many regions. In
the hot and arid region of the north-east and coastal areas, natural ventilation is
recommended for the whole year, reaching up to 85% of the time during the summer.
In the centre west region, it is applicable from September to April, while in the south
and some parts of southeast regions, the passive strategy is only limited to the summer
periods.

The ASHRAE 55 (2013) adaptive standard method was identified as a suitable
indicator for predicting the indoor thermal performance of naturally ventilated buildings
under Brazilian climate conditions. The method used data derived from simulations
performed in the IESVE software. The network airflow algorithm used was
demonstrated as an appropriate method to predict the airflow effects of the naturally

ventilated building with DSF and to comparatively evaluate design alternatives.

Objective 2: To develop a reference model of a naturally ventilated office building

appropriate for the DSF application.

The definition and justification of the characteristics of a computational base case
building model is presented in Chapter 4. Building geometry and dimensions, internal
layout, heat gains and fabric materials are based on topology studies of non-residential
buildings, on the construction practice of Brazil and on the recommendations for
naturally ventilated buildings. The model comprises an 11 storey open plan office
building with dimensions of 12 x 16m and 3.5m floor-to-floor height. The longest sides
face north/south orientations and the DSF was applied to the north facing.

Objective 3: To identify and evaluate the key parameters governing the building

thermal performance.

A critical review of the state of the art of current body of literature on experimental and
computational simulation studies about the thermal performance of DSF, presented in
Chapter 2, identified the key design and site parameters affecting the system
behaviour. Three groups of parameters were identified as having significant impacts on
the building performance: the ‘fagade’ parameters, the ‘building’ parameters and the
‘site’ parameters. The review established a set of assumptions for the design of
naturally ventilated buildings with DSF in warm areas, which contributed to the
development of the building model and the identification of the key parameters

affecting the building thermal performance. Results from the base case scenario also
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contributed to the identification of the alternative scenarios, as they revealed the

performance constraints and potential improvements to the building model with DSF.

Influences of the identified design and site parameters on the building thermal
behaviour were evaluated through parametric analysis and presented in Chapter 5.
Airflow magnitude and pattern across all floors of the building indicated the
improvements of the alternative cases in relation to the reference model. Dimensional
parameters that maximise the system airflows were defined and the significance of
material selections and design decisions were investigated. Resilience of the optimized
model under different building dimensions was also evaluated establishing the
influence of height and depth of the building on the DSF’s thermal performance. The
influence of solar incidence and wind conditions on the DSF heat transfer and airflow
mechanisms was also evaluated demonstrating the impact of local environmental

conditions on its thermal performance.

Objective 4: To develop optimized naturally ventilated building models with DSF to

operate under Brazilian climatic conditions.

Based on the findings of the parametric analysis, optimized models that utilise a
combination of solutions to maximize the building thermal performance were developed
and analysed in Chapter 5. These models were configured to maximize the absolute
flow rates while resolving the reverse flow through the upper floors and attaining even

airflows at each floor level.

Objective 5: To establish the annual thermal comfort acceptability of an optimized

model under different Brazilian climates.

Thermal comfort levels of the defined optimized building model under different Brazilian
climate conditions at different periods of the year were established. Periods of thermal
acceptance, examined using the adaptive comfort criteria of different regional and

seasonal variations in Brazil were examined and presented in Chapter 6.
7.3 Research contributions and impacts

The contribution and impacts are highlighted through addressing the research

questions set out at the start of this research, as described below.

What are the influences of architectural configurations and external climates on

the thermal performance of naturally ventilated office buildings with DSF?
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The results showed that one of the strategies that most influences the performance of
the DSF in naturally ventilated buildings is the application of shading device within it.
The application of high thermal mass materials on the shading devices within the cavity
not only contributes to the reduction of solar heat gains to the rooms, but it also
improves the heat absorption enhancing the buoyancy effect created by the air within
the DSF. Option to avoid reverse airflow occurring on the upper floors also proved to
have great influence in raising the NPL above the window openings such as extending
the cavity above the building roof and adjusting the openings of windows on the upper
floors. The solutions tested to balance airflow rates across each building level provided
a greater understanding of air balancing effect on the building’s thermal performance.
Innovative features studied included inclining the outer DSF skin outwards from the
bottom to the top created relatively even airflow rates on the floors. Another tested
option is to balance airflow rates through adjusting windows sizes according to their
position relative to the building height, opening areas and cavity configuration. Other
solutions, although less effective, to improve the building thermal performance were
investigated, they included the application of wider cavities, use of reflective glazing on

the inner skin and reposition of windows apertures.

The local environmental conditions also proved to have a substantial impact on the
overall performance of the DSF. The magnitude and angle of solar incidence reaching
the facade determined the increase of temperature within the cavity in relation to the
outside air. The ability of the DSF to influence the solar energy captured defines the
levels of airflow that can be drawn from the building to the cavity, especially at low or
null wind speeds. On the other hand, the airflow of the system is influenced by the wind
pressures created around the building surfaces, which may enhance the effectiveness

of the stack effect if DSF is correctly applied to exploit such effects.

To what extent will naturally ventilated office buildings with DSF meet the

thermal comfort requirements in different climate regions of Brazil?

Based on the results of the thermal acceptance levels of naturally ventilated buildings
with DSF in Brazil, three distinct demarcations have been identified as dominating the
territories. Firstly, for the regions with 0-20% acceptance levels, mainly present in the
hot arid region in the northeast, the DSF may be incorporated in buildings that are fully
air-conditioned and the use of natural ventilation will have very little benefit. Secondly,
for the regions with 60-80% acceptance levels, located in centre-west, coastal areas
and north of the country, the DSF can maintain thermal comfort during the cooler
seasons. On the other hand, during the hot seasons, the cases with DSF presented

slightly lower thermal acceptability when compared to single skin models and therefore,
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this technology will not benefit the building thermal performance. In this case, adoption
of mixed mode ventilation strategies in which the DSF will operate in conjunction with
the air-conditioning system will be necessary. Thirdly, there are regions in the south
where the thermal acceptance levels are above 80% and can be as high as 90%. In
these cases, moments of too cold or too hot conditions can be mitigated by a mixed
mode ventilation strategy but there are also possibilities of applying other design
options — depend on the site and building design - such as use of living plants, wind
catcher and phase change thermal storage, to eliminate the reliance on air-

conditioning.

The hypothesis defined in Chapter 1 - Enhancing the natural ventilation through the
suitably applied double skin facade can improve the thermal performance of
office buildings under Brazilian climates — is invalid for a majority of areas in Brazil.
In the tropical areas of the country, the building thermal performance did not prove to
enhance with the application of the double skin facade. Although the DSF works as a
thermal chimney promoting air movement under low wind speeds, the solution was not
able to improve the building thermal performance in most part of the year. This is due
to the high outside temperatures and the airflow resistance caused by the application of

the second skin. Therefore, a conventional single skin fagade is more appropriate.

DSFs are promoted through the internationalization of design solutions of large
corporate buildings that have a tendency in highlighting their positive aspects. Such
design feature is often seen as a strategy with potential to reduce energy demands and
to improve buildings’ overall thermal performance. The motivation for iconic and ‘green’
image interests has stimulated the use of DSF. However, the performance of a
naturally ventilation building could be enhanced even with the application of
conventional, simpler and less costly strategies such as the use of shading devices,
adequate openings and appropriate fabric materials. In conclusion, DSFs in naturally
ventilated buildings under Brazilian climates generally presented lower thermal
acceptability when compared to their single skin counterparts; the limited benefits to

the thermal performance alone can therefore not fully justify their applications.
7.4 Limitations of the research

Assumptions made on the modelling and simulations processes and shortcomings of

the research are acknowledged in this section.

Computational simulation tool - Although the resulting airflow profile of the thermal

dynamic simulation software IESVE has demonstrated to be similar to the CFD models,
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the computational simulation has its limitations for this study. Possible inconsistences
between the simplified computational model and a real building cannot be precisely
captured by the software. The complex multiple and random driving forces acting on
the building envelope may compromise the prediction of the thermal behaviour of a real
building. Additionally, although the multi-zone airflow network approach demonstrated
to be a viable tool to predict the relative performance of design alternatives, it assumes
uniform temperature distribution and fully mixing air in the thermal zone. This also
generates uncertainties regarding the ‘micro’ airflow and heat transfer mechanisms

within the building and the facade.

Simulation assumptions - Irregular occupancy and utilization of lighting and office
equipment throughout the day were not considered in the simulations. These are
dynamic variables that may affect internal gains and the heat transfer interactions
between the building and the fagade. Furthermore, the increment of general or local
mechanical ventilation on the hottest days would possibly increase the airflow rates

and therefore increase thermal acceptability in the rooms.

Climate assumptions - Regarding the evaluation of thermal acceptance in different
Brazilian climates, those assessments were carried out using weather data of only one
city of each bioclimatic zone. However, due to the large extension of the Brazilian
territory and the low number of climatic zones, the diversity in climate conditions may
not be well reflected and simulations using specific climatic data would be required for

more precise results.

Thermal comfort criteria - The adoption of an international standard to assess the
thermal performance of buildings may not fully meet the Brazilian requirements

considering the diversity of climate conditions, social and economic aspects.
7.5 Directions for future research

This research has attempted to cover an appropriate scope to produce valuable
outcomes in the application of double skin facades with natural ventilation in warm and
tropical climate conditions. However, due to the complexity of the issues involved in
this topic, many areas of research could be further studied contributing to the
understanding of the applicability of the DSF technology in the tropics, helping to

reduce the energy usage by office buildings. There are described as follow:

Model refinement and additional features - Detailing of computational models is
needed to provide more reliable and representative performance of the building. Finer

zoning for air distribution study and an accurate design and positioning of shading
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devices within the cavity may have a significant effect on the overall airflow resistances

created and consequently on the resulting ventilation.

Software development and support - Although window openings control based on
the internal and/or external temperatures are available in IESVE, adjusting window
openings based on the thermal zone air speed would effectively indicate periods of
year that users would close the windows due to high air speeds. Additionally, an output
option in the software to indicate the amount of solar radiation transmitted through the
layers of the DSF would improve the understating of the relationship between solar
angle and transmittance in the DSF.

Experimental measurements and visualization techniques - Comparisons of
computational simulations with experimental measurements of cavity and rooms of
naturally ventilated buildings with DSF would increase credibility of the absolute flow
rates through the system provided by the simulation software. Additionally, significant
improvements on the study of airflow profiles within the cavity and recirculation
phenomena close to the inner facade can be achieved with visualization technique

methods of cell tests such as tracer gas method.

Extension of this study to mixed mode ventilation strategies — It will be realistic to
explore the inclusion of mechanical systems operating in the building, such as the use
of mechanical fan or centralized cooling plant. Incorporation of mechanical ventilation
within the DSF cavity is another line of investigation that could enhance the airflow
rates for moments of low solar incidence and/or inadequate wind conditions of naturally
ventilated buildings. This should be arranged in such a way that the fans do not provide
significant resistance to flow when the cavity is operating under the buoyancy effect

only.

Building model design - Application of different window configurations on the inner
DSF layer, such as the use of a bottom hang window, may contribute to maintain an
uni-directional flow to prevent the recirculation phenomenon on the inner skin. A
shaded atrium on the south facing side of the building could be beneficial to moderate
air temperature, especially during the hottest periods. Detailing of the offices furniture
and cellular partitions would further enhance details of the resulted ventilation profile

within the user space.

Occupant and building interaction — In naturally ventilated buildings, occupants
usually have autonomy to control window openings. However, in DSF buildings, the

modification of apertures areas may have significant effect on the airflow mechanisms
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of all floors. Therefore, further studies on the interaction between the DSF building and
occupants are needed to investigate the user preferences on the building operation
control.

Climate change - Investigation of the potential impact of global climate change on the
thermal performance is also needed. Possible change in wind speed and temperature
can affect how DSF and building perform and how people perceive the comfort
acceptance of the work space. Thinking more broadly, a reanalysis on the building
transparency philosophy and possible changes in building design standards may also
be undertaken.
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APPENDIX A - Mean monthly airflow across the cavity and floors of the building

The following figures summarize the mean monthly cavity airflow and air temperatures
and mean monthly airflows across the different floors of the building for all cases
tested.
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Appendix A. 1 - Monthly mean of difference of temperature between the cavity and the outside air — Base

case
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Appendix A. 2 - Monthly mean of airflow on the top of the cavity — Base case
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Appendix A. 3 - Monthly mean of the net airflow for each floor — Base case
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Case Al.1 Cavity depth — 25cm
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Appendix A. 4 - Monthly mean of difference of temperature between the cavity and the outside air - Case

Cavity depth — 25cm
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Appendix A. 5 - Monthly mean of airflow on the top of the cavity — Case Cavity depth — 25cm

10 =— 10 10
9 9 9
8 8 8
7 7 7
> 6 > 6 = 6
g 5 8 5 g 5
S 4 J _05., 4 J = 4 d
= 3 = o 3 = 3 =
2 o 2 o 2 =
1 j— 1 j— 1 j—
-16 -1.2 -0.8 -04 0.0 04 0.8 1.2 16 -16 -1.2 -0.8 -04 0.0 04 08 1.2 16 -16 -1.2 -0.8 -0.4 00 04 08 12 16
Mean net airflow - occupancy hours Mean net airflow - occupancy hours Mean net airflow - occupancy hours
[m3/s] [m3/s] [m3/s]
10 10 10
9 9 9
8 8 8
7 7 7
= 6 > 6 o 6
s s g 5 5s
4 d 4 J 4 d
3 o 3 o 3 jm
2 o 2 o 2 o
1 1 1
-1.6 -1.2 -0.8 -0.4 0.0 04 08 1.2 1.6 -1.6 -1.2 -0.8 -0.4 0.0 04 08 1.2 16 -1.6 -1.2 -08 -0.4 0.0 04 08 1.2 1.6
Mean net airflow - occupancy hours Mean net airflow - occupancy hours Mean net airflow - occupancy hours
[m3/s] [m3/s] [m3/s]
10 10 10
9 9 9
8 8 8
7 7 7
2. g ; 3 s
il o E
4 2 4 p g 4 J
3 o 3 o % 3 =
2 - 2 o w2 o
1 1 1 j—
-1.6 -1.2 -0.8 -0.4 0.0 04 0.8 1.2 1.6 -16 -1.2 -0.8 -04 0.0 04 08 1.2 16 -16 -1.2 -0.8 -04 0.0 04 0.8 1.2 16
Mean net airflow - occupancy hours Mean net airflow - occupancy hours Mean net airflow - occupancy hours
[m3/s] [m3/s] [m3/s]
10 10 — 10 —
9 9 9
8 8 8
7 7 7
F 6 5 6 5 6
-g 5 -E 5 -g 5
5 4 h o 4 p o 4 3
O 3 8 3 3 8 3 3 8
2 o zZ 2 o 8 2 =
1 j—— 1 j— 1 j—
-1.6 -1.2 -08 -0.4 0.0 04 08 1.2 16 -16 -1.2 -0.8 -0.4 0.0 04 08 12 1.6 -1.6 -1.2 -0.8 -0.4 0.0 04 08 1.2 1.6
Mean net airflow - occupancy hours Mean net airflow - occupancy hours Mean net airflow - occupancy hours
[m3/s] [m3/s] [m3/s]

Appendix A. 6 - Monthly mean of the net airflow for each floor — Case Cavity depth — 25cm
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Case A1.3 Cavity depth — 100cm
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Appendix A. 7 - Monthly mean of difference of temperature between the cavity and the outside air— Case
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Appendix A. 8 - Monthly mean of airflow on the top of the cavity — Case Cavity depth — 100cm
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Appendix A. 9 - Monthly mean of the net airflow for each floor — Case Cavity depth — 100cm
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Case A2.2 Cavity bottom opening — Bottom closed
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Appendix A. 10 - Monthly mean of difference of temperature between the cavity and the outside air —
Case Cavity bottom opening — Bottom closed
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Appendix A. 11 - Monthly mean of airflow on the top of the cavity — Case Cavity bottom opening — Bottom

closed
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Appendix A. 12 - Monthly mean of the net airflow for each floor — Case Cavity bottom opening — Bottom

closed
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Case A3.2 Windows position — South windows on the bottom, north windows on the top of the wall
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Appendix A. 13 - Monthly mean of difference of temperature between the cavity and the outside air —
Case Windows position — South windows on the bottom, north windows on the top of the wall
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Appendix A. 14 - Monthly mean of airflow on the top of the cavity — Case Windows position — South
windows on the bottom, north windows on the top of the wall
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Appendix A. 15 -

windows on the bottom, north windows on the top of the wall

Monthly mean of the net airflow for each floor — Case Windows position — South
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Case B1.2 Shading devices - Concrete
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Appendix A. 16 - Monthly mean of difference of temperature between the cavity and the outside air —
Case Shading devices - Concrete
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Appendix A. 17 - Monthly mean of airflow on the top of the cavity — Case Shading devices - Concrete
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Appendix A. 18 - Monthly mean of the net airflow for each floor — Case Shading devices - Concrete
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Case B1.2 Shading devices - Aluminium
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Appendix A. 19 - Monthly mean of difference of temperature between the cavity and the outside air —
Case Shading devices - Metal
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Appendix A. 20 - Monthly mean of airflow on the top of the cavity — Case Shading devices - Metal

10 10 10
9 9 9
8 J 8 p 8
7 J 7 1 7 1
> 6 u > 6 J = 6 n
5 ] o
: . : . . g . .
8 3
3 = w 3 = 3 =1
2 — 2 jo— 2 j—
1 1 1
-16 -1.2 -0.8 -0.4 0.0 04 0.8 1.2 1.6 -16 -1.2 -0.8 -04 0.0 04 0.8 1.2 1.6 -16 -1.2 -0.8 -0.4 0.0 04 0.8 1.2 1.6
Mean net airflow - occupancy hours Mean net airflow - occupancy Mean net airflow - occupancy
[m?3/s] hours [m?¥/s] hours [m3/s]
10 10 10
9 9 9
8 p 8 p 8 h
7 J 7 J 7 d
= 6 u > 6 l o 6 u
:2'. 5 o g 5 o 5} 5 o
4 = 4 - 4 -
3 - 3 o 3 s
2 | 2 I 2 |
1 1 1
-1.6 -1.2 -0.8 -0.4 0.0 0.4 08 1.2 1.6 -16 -1.2 -08 -04 0.0 04 08 1.2 16 -1.6 -1.2 -0.8 -0.4 0.0 0.4 08 1.2 16
Mean net airflow - occupancy Mean net airflow - occupancy hours Mean net airflow - occupancy
hours [m3/s] [m3/s] hours [m3/s]
10 10 10
9 9 9
8 J 8 p 8
7 d 7 g 7 1
30 : 5 3 ' 52 :
b o E
4 j 2 4 = g 4 =
3 o 3 | 53 3 o
2 jo— 2 | n 2 jo—
1 1 1
-1.6 -1.2 -0.8 -04 0.0 0.4 0.8 1.2 1.6 -16 -1.2 -0.8 -04 0.0 0.4 0.8 1.2 16 -1.6 -1.2 -0.8 -04 0.0 0.4 0.8 1.2 1.6
Mean net airflow - occupancy Mean net airflow - occupancy Mean net airflow - occupancy hours
hours [m?¥/s] hours [m3¥/s] [m3/s]
10 10 10
9 9 9
8 p 8 3 8 1
7 J 7 J 7 [
= 6 u = 6 o = 6 u
g 5 o g 5 o g 5 jm
2 4 o 5 4 o £ 4 =
O (‘U [
O 3 o 3 3 o 3 3 o
2 | z 2 j— e 2 jo—
1 1 1
-1.6 -1.2 -0.8 -0.4 0.0 04 08 1.2 1.6 -16 -1.2 -0.8 -0.4 0.0 04 08 1.2 16 -1.6 -1.2 -0.8 -0.4 0.0 0.4 08 1.2 16
Mean net airflow - occupancy Mean net airflow - occupancy Mean net airflow - occupancy
hours [m3/s] hours [m3/s] hours [m3/s]

Appendix A. 21 - Monthly mean of the net airflow for each floor — Case Shading devices - Metal
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Case B2.2 Inner skin material — Insulation material on the inner surface
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Appendix A. 22 - Monthly mean of difference of temperature between the cavity and the outside air —
Case Inner skin material — Insulation applied to the inner surface and black painting on the outer surface
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Appendix A. 23 - Monthly mean of airflow on the top of the cavity — Case Inner skin material — Insulation
applied to the inner surface and black painting on the outer surface
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Appendix A. 24 - Monthly mean of the net airflow for each floor — Case Inner skin material — Insulation
applied to the inner surface and black painting on the outer surface
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Case C1.2 Cavity extension above roof - 1.75m above roof
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Appendix A. 25 - Monthly mean of difference of temperature between the cavity and the outside air —
Case Cavity extension above roof - 1.75m above roof
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Appendix A. 26 - Monthly mean of airflow on the top of the cavity — Case Cavity extension above roof -

1.75m above roof
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Appendix A. 27 - Monthly mean of the net airflow for each floor — Case Cavity extension above roof -

1.75m above roof
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Case C1.3 Cavity extension above roof — 3.50m above roof
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Appendix A. 28 - Monthly mean of difference of temperature between the cavity and the outside air —
Case Cavity extension above roof — 3.50m above roof
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Appendix A. 29 - Monthly mean of airflow on the top of the cavity — Case Cavity extension above roof —
3.50m above roof
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Appendix A. 30 - Monthly mean of the net airflow for each floor — Case Cavity extension above roof —
3.50m above roof
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Case C1.4 Cavity extension above roof — 5.25m above roof
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Appendix A. 31 - Monthly mean of difference of temperature between the cavity and the outside air —
Case Cavity extension above roof — 5.25m above roof
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Appendix A. 32 - Monthly mean of airflow on the top of the cavity — Case Cavity extension above roof —

5.25m above roof
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Appendix A. 33 - Monthly mean of the net airflow for each floor — Case Cavity extension above roof —

5.25m above roof
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Case C2.2 Upper windows closed — Window of 10" floor closed
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Appendix A. 34 - Monthly mean of difference of temperature between the cavity and the outside air —
Case Upper windows closed — Window of 10th floor closed
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Appendix A. 35 - Monthly mean of airflow on the top of the cavity — Case Upper windows closed —
Window of 10th floor closed
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Appendix A. 36 - Monthly mean of the net airflow for each floor — Case Upper windows closed — Window

of 10th floor closed

175



Case C2.3 Upper windows closed — Windows of 9" and 10" floor closed
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Appendix A. 37 - Monthly mean of difference of temperature between the cavity and the outside air —
Case Upper windows closed — Windows of 9th and 10th floor closed
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Appendix A. 38 - Monthly mean of airflow on the top of the cavity — Case Upper windows closed —
Windows of 9th and 10th floor closed
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Appendix A. 39 - Monthly mean of the net airflow for each floor — Case Upper windows closed — Window
of 9th and 10th floor closed
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Case D1.2 Tapered cavity — Inclined outer skin
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Appendix A. 40 - Monthly mean of difference of temperature between the cavity and the outside air —

Case Tapered cavity — Inclined outer skin
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Appendix A. 41 - Monthly mean of airflow on the top of the cavity — Case Tapered cavity — Inclined outer

skin
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Appendix A. 42 - Monthly mean of the net airflow for each floor — Case Tapered cavity — Inclined outer

skin
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Case D1.3 Tapered

cavity — Inclined inner skin
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Appendix A. 43 - Monthly mean of difference of temperature between the cavity and the outside air —
Case Tapered cavity — Inclined inner skin
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Appendix A. 44 - Monthly mean of airflow on the top of the cavity — Case Tapered cavity — Inclined inner

skin
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Appendix A. 45 - Monthly mean of the net airflow for each floor — Case Tapered cavity — Inclined inner

skin

178



Case D2.2 Windows size — Calculated windows size
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Appendix A. 46 - Monthly mean of difference of temperature between the cavity and the outside air —
Case Windows size — Calculated windows size
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Appendix A. 47 - Monthly mean of airflow on the top of the cavity — Case Windows size — Calculated
windows size
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Appendix A. 48 - Monthly mean of the net airflow for each floor — Case Windows size — Calculated
windows size
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APPENDIX B - Calculation of window areas

The following equation (equation 1) is used to calculate the size of the windows

according to their position in height (section 5.2.4) such that the neutral pressure line

occurs at a point above the highest window and the flows from each floor are balanced.

Q = CpAy/2gAHpy, (t; — to)/t; equation 1
Appendix B. 1 — Windows size calculation - Optimized case
. Openings
Equation Inlet - Floors levels
variables
1 2 3 4 5 6 7 8 9 10 Top DSF
Area (%) 1.6 1.7 1.8 1.9 2.1 2.3 2.5 29 3.4 4.6 100
Opening
position in 0.7 4.2 7.7 11.2 14.7 18.2 21.7 25.2 28.7 32.2 38.5
height (m)
AH - NPL (m) 36.1 32.6 29.1 25.6 22.1 18.6 15.1 11.6 8.05 4.55 1.75
NPL position (m) 36.75
Appendix B. 2 — Windows size calculation — 5 floors case
. Openings
quaﬂon Inlet - Floors levels
variables
1 2 3 4 5 Top DSF
Area (%) 4.5 5.0 5.8 6.9 9.2 100
Opening
position in 0.7 4.3 7.8 11.3 14.8 21.0
height (m)
AH - NPL (m) 18.5 15.0 115 8.0 4.5 1.75
NPL position (m) 19.25
Appendix B. 3 — Windows size calculation — 15 floors case
Openings
Equation Inlet - Floors levels
variables Top
1 2 3 4 5 6 7 8 9 10 | 11 | 12 | 13 | 14 | 15
DSF
Area (%) 0.8510.88 |{0.92 (0.95 |0.99 [1.04 |1.09 [1.16 |1.24 |1.33 [1.45 |1.61 (1.84 |2.21 [2.95 100
Opening
position in 0.8 |43 | 7.8 [11.3 |14.8 |18.3 |21.8 |25.3 |28.8 |32.3 [35.8 |39.3 (42.8 |46.3 [49.8 56.0
height (m)
AH - NPL (m) |53.5 |50.0 |46.5 |43.0 {39.5 [36.0 |32.5 |29.0 |25.5 {22.0 (18.5 [15.0 |11.5 | 8.0 | 4.5 1.75
NPL position
54.0
(m)
Appendix B. 4 — Windows size calculation — 20 floors case
Openings
Equation Inlet - Floors levels
variables T
1|2 (34|56 |7 |8 |9 |10]11 |12 |13 |14 |15 (16 |17 (18 [19 |20 | of
Area (%) |0.57|0.58|0.60|0.61(0.63|0.65|0.68|0.70|0.73|0.77|0.80| 0.84| 0.89(0.95|1.02| 1.11| 1.23(1.41|1.69|2.26| 100
Opening
i?]oﬁletilg(;l’?t 08| 43| 7.8|11.3/14.8/18.3(21.8|25.3| 28.8|32.3| 35.8| 39.3| 42.8( 46.3| 49.8| 53.3| 56.8| 60.3| 63.8| 67.3| 73.5
(m)
AH - NPL
(m) 71.0|67.5|64.0(60.5|57.0 53.5|50.0( 46.5| 43.0| 39.5| 36.0| 32.5(29.0| 25.5| 22.0| 18.5(15.0( 11.5| 8.0 | 45| 1.75
NPL (m) 71.75
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ANNEX

Abstracts of refereed papers in international journals and conferences

BARBOSA, S., IP, K. & SOUTHALL, R. 2015. Thermal comfort in naturally ventilated buildings
with double skin fagade under tropical climate conditions: The influence of key design
parameters. Energy and Buildings, 109, 397-406.

Abstract: This paper evaluates the influence of key design parameters on the thermal
behaviour of a naturally ventilated building with Double Skin Fagade (DSF) under tropical
climate conditions. Using a reference model of a conventional office building in the city of Rio de
Janeiro and two groups of design parameters, dynamic thermal simulations are systematically
applied to optimise design options with the aim to maximize the annual acceptable thermal
comfort levels within the occupied spaces. This study not only defines the dimensional
parameters to maximise the system airflows, but also investigates the significance of design
decisions such as thermal mass and shading devices on the system performance. Options to
avoid unintentional reverse flow on the upper floors and maintenance of balanced horizontal
airflow rates across the floors are also addressed.

BARBOSA, S. & IP, K. 2014b. Perspectives of double skin facades for naturally ventilated
buildings: A review. Renewable and Sustainable Energy Reviews, 40, 1019-1029.

Abstract: This paper identifies the parameters affecting the thermal and energy performance of
buildings withdouble skin facades (DSFs). It reviews the state of the art of current body of
literature about the application of DSF technologies in order to provide guidelines to optimise
such designs in naturally ventilated buildings. Three groups of parameters are identified as
having significant impact on the DSF performance: the ‘facade’ parameters, which comprise the
features of the cavity and the external layer of the facade; the ‘building’ parameters, which are
those related to the physical configurations of the building; and the ‘site’ parameters, which are
related to the effects of the outdoor environmental conditions on the building and the DSF
behaviours. For each group of parameters, a comprehensive table is compiled summarizing the
main findings of the studies that directly and indirectly contribute to the understanding and
implementation of such technology. Guidelines established for the design of naturally ventilated
buildings indicated potential application of DSF for improving the indoor thermal comfort even in
warmer regions. However, further investigations expanding the analys is beyond the cavity are
needed in order to evaluate the influence of the DSF on the thermal comfort in the user space.

BARBOSA, S., IP, K. & SOUTHALL, R. 2015. Influence of key site parameters on the thermal
performance of double skin facades in naturally ventilated buildings in a tropical climate.
In: CUCINELLA, M., PENTELLA, G., FAGNANI, A. & D'AMBROSIO, L., eds. 31st
International PLEA Conference, Bologna. Ass. Building Green Futures, Bologna.

Abstract: Double skin facades (DSFs) have gained recognition as architectural elements in
modern office buildings which, when appropriately applied, can potentially lead to improvements
in the indoor thermal comfort and reduction in building energy consumption even in warm or
tropical climates. This technology that utilises the renewable resources of solar and wind to
reduce the air-conditioning demand in such climates is a potential solution to the current
environmental challenges. This study examines the influence of key ‘site’ parameters, by
keeping the ‘building’ parameters constant, on the thermal behaviour of an optimized building
model with DSF. The site parameters represent the variables of two local environmental
conditions: the level of local solar incidence, which relates to the influence of hours of the day,
solar angle, sky conditions (cloudy and clear) and fagade orientation on the building behaviour;
and the wind conditions, which account for the effects of speed and direction acting on the DSF.
Using the climate data of Rio de Janeiro city as the tropical environmental context, building
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energy simulations are performed to the defined DSF models. Airflow levels and periods of
thermal acceptance, based on the adaptive comfort criteria in relation to the outdoor
environmental variations, are analysed to demonstrate the site conditions under which the
technology is likely to operate effectively.

BARBOSA, S. & IP, K. 2014. Double skin facade for naturally ventilated office buildings in
Brazil. World Sustainable Building, 2014a Barcelona. Madrid, Spain: Green Building
Council Espana, 93-99.

Abstract: The double skin facade (DSF) is a developing design option for buildings that can
lead to improvements in the indoor thermal comfort. Most of the studies about the DSF have
been conducted using air-conditioned building models, although applied in naturally ventilated
buildings. This study investigates if satisfactory thermal acceptance can be achieved in naturally
ventilated buildings with DSF in Brazil. It presents the range of natural ventilation performance
that can be achieved by the DSF, based on a generic building model, in response to the impact
of solar radiation on the facade. Building thermal and computational fluid dynamic simulations
were systematically performed to establish air temperature and air movement within the
occupied spaces in the model. Periods of thermal acceptance, examined using the adaptive
comfort criteria of different regional and seasonal variations in Brazil are presented. The study
demonstrated that there is a potential to adopt DSF in some regions of Brazil.

BARBOSA, S. & IP, K. 2014. A feasibility study on the double skin facades application for
naturally ventilated buildings under Brazilian climate. In: SAYIGH, A., ed. World
Renewable Energy Congress WREC 2014, London, UK. Springer International
Publishing.

Abstract: Double skin fagade (DSF) is a potential low energy passive design alternative for
office buildings in warm climates. Although the DSF can enhance natural ventilation in buildings,
most of studies about its performance were conducted using air-conditioned building models,
treating the cavity as an “isolated’ structure” and discounting its effects on the user rooms. To
date in Brazil, there is hardly any investigation to assess the DSF potential and applicability that
takes into consideration the country’s vast area and diversity in climate. The aim of this study,
as part of a comprehensive research on DSF design for naturally ventilated buildings, is to
evaluate the viability of the DSF’s operation according to the Brazilian weather conditions,
identifying the regions and the periods of year suitable for its application. Thermal computational
simulations were performed using a generic naturally ventilated office building model to identify
suitable areas in Brazil and the seasonal periods in which the DSF technology can be adopted.
The results suggest that the thermal conditions in the model are satisfactory in about one third
of the year in zone 8, which covers 60% of the territory including the main coastal cities.
Moreover, this acceptability reaches around 70% in some areas of southwest and centre-west
regions. The findings of this study are significant to the wider application of DSF in Brazil and
the outcomes provide guidance to DSF designers during the conceptual design stage.
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