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ABSTRACT 

This research investigated the thermal environmental performance of atria in the tropics, 

with special reference to Malaysia. The main design problems that affect the thermal and 

energy performance in existing Malaysian atria are overlighting and overheating due to 
the direct application of western top-lit atrium roof form. As such, this research proposed 
the side-lit atrium form which aimed at controlling direct sunlight as a way to improve 

thermal and energy performance of atria in the tropics. Based on the proposed conceptual 

atrium form, this research examined quantitatively some of the low energy design 

features and ventilation strategies that can possibly contribute to a better indoor thermal 

environmental performance of atria in the tropics. The ultimate aim of this research is to 

propose design principles and guidelines for new low-energy atria in the tropics. 

The combined research methods are as follows: developing a conceptual low energy 

atrium form based on the vernacular design features to be used for computer modelling 

studies; carrying out field measurement and monitoring on an existing atrium building 

which provides validation data for dynamic thermal simulation program TAS; modelling 

exercise on the same monitored building using dynamic thermal modelling to develop 

confidence in correctly modelling thermal stratification within the multi-level atrium; 

employing dynamic thermal modelling to model representative atrium forms (i. e. both 

side-lit and top-lit model) and examine quantitatively the effects of some of the key 

design parameters (i. e. wall-to-roof void area, roof overhangs, and internal solar blinds) 

on the thermal comfort and energy performance in atria due to both full natural 

ventilation and pressurised ventilation; and utilising computational fluid dynamics (CFD) 

to complement the dynamic thermal simulation results, and to investigate quantitatively 

the thermal and ventilation performance within the atrium well in response to the changes 

of design parameters (i. e. varying the inlet to outlet opening area ratio and outlet's 

arrangement). 

The research findings supported the research proposition and demonstrated the 

effectiveness of the side-lit form as a way to improve the thermal and energy performance 

with regard to users' thermal comfort in atria in the tropics. The main findings from both 

dynamic thermal simulation and computational fluid dynamics (CFD) are as follows: full 

natural ventilation strategy is not viable for Malaysian atria; both sufficiently high wall- 
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to-roof void area and extending high-level internal solar blinds can greatly improve the 

atrium's thermal performance particularly on occupied levels; sufficiently wide roof 
overhangs above the clerestory areas of the side-lit atrium form generally improves the 
thermal and energy performance within the central atrium throughout the year; reasonably 
comfortable thermal environment on occupied levels of a low-rise atrium can be achieved 
by only supplying cooler air at low-level with sufficient ventilation rate; sufficiently 
higher inlet to outlet opening area ratio can improve the thermal performance on the 

occupied levels; and with equal inlet and outlet opening area, changing the outlet's 
arrangement (i. e. location and arrangement) would not significantly affect the atrium's 
thermal performance. 
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Chapter 1 Introduction 

1.1 Background 

In recent years the world has been increasingly confronted with many problems related to 

the excessive and heedless use of energy, ranging from global warming to the threat of 
depleting fossil fuels. Before the oil crisis in the 1970's and early 1980's, natural 

resources were seen as abundant and readily to be cheaply exploited. Little thought, if 

any, was given to the amount of minerals used or the capacity of the air, land, and water 

to absorb pollutants. Development, however thoughtless, was seen as practically the same 

as economic growth [Mannion and Bowlby, 1994]. 

In view of the global energy usage, the worldwide energy consumption is projected to 

increase by 60% over a 21-year from 1999 to 2020 [U. S. Department of Energy, 20031. It 

is estimated to grow from 382 quadrillion British Thermal Units (BTU) in 1999 to 612 

quadrillion BTU in 2020. 

The emergence of electrical power led to the development of various devices for the 

better environmental servicing of buildings. The invention of air conditioning has 

revolutionised building design in the twentieth century by making year-round tempering 

of the thermal environment an option in all buildings. Its aim is to create healthier, more 

comfortable and stable indoor conditions for people to live and work in. 

Currently fossil fuels are largely consumed towards the production of electricity, which is 

then utilised for many purposes, one of which is regulating the climate inside buildings. 

The two greatest energy demands in buildings come from satisfying our heating and 

cooling needs. 

Total indoor environmental control is possible and effective regardless of the outdoor 

climatic conditions by using today's technology. However, building designs that 

disregard the constraints of climate would require excessive energy consumption to 

maintain human thermal comfort. Such a solution could not be assumed as optimal and 

alternative building designs would then offer potential for the reduction of energy 

consumption. 



Building construction sector uses a large amount of energy to control internal temperature 

and humidity in order to maintain comfort for the occupants. For example, residential and 

commercial buildings consume about one third of the total US energy consumption, with 

about 70% of this total is used for heating and cooling [Nunnally, 1983]. For this reason, 
the standards of buildings and energy performance are receiving better attention with a 

view to regulating the energy demand of this sector [Khair-El-Din, 1990]. Furthermore, 

the increasing cost of energy and the environmental impact of the various sources of 

energy make optimum energy use a major objective in the design and operation of 

contemporary buildings. 

Architects and designers today have at their disposal a variety of mechanical means to 

control the climatic environment in buildings they design. Thus, it has become a common 

tendency to rely largely on services engineers and their equipment and devices to achieve 

comfortable internal climatic conditions in buildings. However, this approach apparently 

would cause some disadvantages. Not only the buildings' initial cost would rise 

considerably, but also mechanical systems employed would require periodical and 

expensive maintenance in addition to the need for energy over the life of the building, and 

all these are accompanied by other environmental drawbacks such as noise, pollution and 

various hazards. 

1.1.1 Background on Global Pollution 

Concern over the environmental impacts of the world's uncontrolled use of energy based 

on fossil fuels have led to national, regional and international agreements aimed at 

controlling these environmental problems by cutting emissions of the gases which pollute 
the atmosphere. Climate change, also known as global warming or the greenhouse effect, 
is caused by the release of these gases, often called greenhouse gases, to the atmosphere. 
The biggest source of emissions of these gases is the burning of fossil fuels to provide 

energy for domestic uses, buildings, transport, and industry. The most important 

greenhouse gas is carbon dioxide (C02), and its biggest source by far is the burning of 
fossil fuels (coal, oil, and gas) for energy. 

In today's modem society, people spend 90% of their time living and working in 

buildings. Therefore, indoor air qualities and personal comfort in buildings have become 

an issue of increasing concern. Space cooling is the dominating energy-consuming 
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service in buildings particularly in many tropical countries. The demand for cooling in 

this region is growing due to increasing comfort expectations as standard of living rises 

and thus increases the required energy production as more properties develop. With the 

reduction in the cost of air-conditioning units together with the growth in population and 

economy, there is a sudden increase in the consumption of energy. According to a recent 

report from the Building Services Research and Information Association (BSRIA) [Anon, 

2001]5 "the world air-conditioning market is worth $34 billion, increasing annually by 4% 

and is predicted to reach $39 billion by the end of 2004 ... East Asia and Southern Europe 

are among the fastest growing regions ... Small commercial and larger residential 

customers are fast growing sectors of the market for air-conditioning". Thus, the need for 

air-conditioning in building sector is on the increase with dire consequences to the energy 

and environmental situations. 

The ultimate aim is thus not only to cut emissions of greenhouse gases but also to provide 

a comfortable and healthy environment for the occupants. As such it requires energy to be 

used more efficiently or a switch to renewable energy systems such as solar and wind or 
by using energy-conserving techniques. In the 1998 ASHRAE winter meeting, an 
international panel of global climate experts concluded that, "the threat of global warming 

can be reduced if the world acts now to implement energy conserving technologies in 

buildings and to reduce energy use" [Wang, 2001 ]. 

The growing needs for space cooling in recent years, particularly in countries within the 

Tropical, Sub-Tropical, and the Southern Mediterranean regions not only impose a 

significant increase in demand for primary energy resources but produces chemical gases 

such as chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs) and halons 

which cause both ozone depletion and global warming. Most of the refrigerants used in 

air-conditioning equipment during the 1980s were either from CFCs or one of its variants. 
The good news is that they are being phased out or controlled under the 1987 Montreal 

Protocol and its later revision; although in some developing countries the adoption of the 

required technological changes has not been accomplished yet. Thus, by scaling down the 

use of air-conditioning the threat of global warming and environmental degradation can 
be mitigated. 
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1.1.2 Malaysia in General and Its Socio-economic Profile 

Malaysia is made up of two main continents namely the Peninsular Malaysia, which 

comprises 132,000 square Km and 2 states on the northern side of Borneo, Sabah and 

Sarawak with a total area of 199,000 square Km making a total of 33 1,000 square Km. It 

is situated in ceritral Southeast Asia, bordering on Thailand in the north, with Singapore 

and Indonesia to the south and the Philippines to the east, at latitudes between I' and 7' 

North of the Equator and longitudes of between 100' and 119' East, as illustrated in 

Figure 1.1. In general, Peninsular Malaysia is an area of forested mountain ranges running 
from North to South, on either side of which are low-lying coastal plains. Malaysia is a 

constitutional monarchy with an elected federal parliamentary goverrunent. 
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Figure 1.1 Map of Malaysia and South East Asian region. [After Sabarinah, 2002] 

The total population of Malaysia comprising citizens and non-citizens was 24.77 million 
in 2003. The rate of urban growth for the period 1996-2000 was at 3.8% per year 

compared with 4.5% per year during 1990-1995. The size of the urban population 
increased from 11.3 million in 1995 to 13.6 million in the year 2000. As a result, the 

proportion of the population residing in urban areas increased from 56.5% in 1995 to 

58.5% in the year 2000 [Malaysia Ministry of Housing & Local Authority]. 

According to the country analysis done by Energy Information Administration, US 

Department of Energy, Malaysia's economic growth slowed in 2005, with real gross 
domestic product (GDP) expanding by 5.3%, down from 7.1% in 2004. The slowdown 
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was largely due to a drop in the rate of growth of the country's exports, particularly 

semiconductors and consumer electronic items. Following the expected increase in 

nominal Gross National Product (GNP) of 7.2%, to reach RM299,534 million, GNP per 

capita is forecast to register growth of 4.7% to RM12,883 (US$3,390). In terms of 

purchasing power parity, per capita income is estimated to increase by 6% to US$7,716. 

1.1.3 Overview of Malaysia's Current and Future Energy Scenario 

Malaysia is endowed with plentiful energy resources, both depletable and renewable. 
However, there has been an over dependence on depletable or conventional sources of 

energy. Hence, the potential of renewable energy has not been fully exploited. 

Historically, Malaysia was considered by many as underdeveloped with agriculture as its 

main economic activity. However, in the mid-eighties, Malaysia embarked on an 
industrialisation programme with emphasis on encouraging multinational corporations to 

invest heavily in the country. New and improved infrastructures were constructed to 

complement the industrialisation programme. Among these was the energy sector where 

there would be an increase in the consumption of energy due to the needs of 
industrial i sation. 

Malaysia is a major player in the energy markets. As of December 2003, reserves 

included 4.55 billion barrels of oil, 89.0 trillion cubic feet of natural gas and 1,483.06 

million tons of coal. Malaysia is a net energy exporter. Crude oil, liquefied natural gas 

(LNG) and petroleum products contributed 12.4% of the economy's export earnings in 

2004 [Department of Statistic, Malaysia, 2005]. Figure 1.2 shows the share of each fuel 

from the total primary energy supply of 58.45 Mtoe (million tons of oil equivalent) in 

2003 [Institute of Energy Economics, Japan]. Combined oil and natural gas contribute the 

majority share (about 89.0%) of fuel for the total primary energy supply. This 

demonstrates that Malaysia is very dependent on fossil fuels for its energy supply. 

Figure 1.3 summarises the energy demand in Malaysia by sector from the total final 

energy consumption of 35 Mtoe (million tons of oil equivalent) in 2003 [Institute of 
Energy Economics, Japan]. The pie chart shows that energy in Malaysia is consumed 

mainly in the transportation and industrial sectors. Energy consumption in the commercial 

and residential sectors combined was 13.4% of the total. This is not surprising since 
Malaysia is still developing aggressively, and both construction and manufacturing are 
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the main economic activities. As the total energy supply increases, it is expected that the 

energy used by commercial and residential sectors will also increase in tandem with the 

economic growth. 
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Figure 1.2 Malaysia energy share of total primary energy supply in 2003. [Source: 

http: //www. ieej. orjp/aperc/2005pdf/apec_energy_overview-2005. pdfl 
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Figure 1.3 Malaysia energy consumption in 2003 by sector. [Source: 

http: //www. ieej. orjp/aperc/2005pdf/apec_energy_overview-2005. pdfl 

At present, Malaysia is a net exporter of oil and gas. However, in the near future Malaysia 

will become a net importer of oil when its oil reserve is exhausted. As stated above, the 

country depends totally on its oil and gas for the supply of primary energy. Therefore, in 

order to lessen the dependency on oil and gas, in 1981 Malaysia introduced Four-Fuel 

Diversification Policy. This policy was designed such that there would be a balance of 
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four main sources of fuels namely gas, oil, hydropower, and coal in the supply of 

electricity. 

Malaysia primary energy consumption per dollar of Gross Domestic product (GDP) or 

energy intensity seems to decrease marginally from 1985 to 2000 as shown in Figure 1.4 

below. This shows that the amount of energy spent for generating one dollar of GDP 

remains the same on average throughout the 15 years of economic growth. Energy 

intensity is the ratio of energy consumption to GDP and typically decreases as a country 
develops. The decreasing ratio shows that the country is efficient in its use of energy. 
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Figure 1.4 Malaysia primary energy consumption per dollar of gross domestic product 

(GDP) between 1980-2000. [Source: http: //www. eia. gov. doe] 

From the data available in [Energy Information Administration, US Department of 

Energy, 2002], as the population increases the total energy needed for the consumption of 

the country increases. Furthermore, as the economy grows the amount of energy spent to 

fuel the economic growth will increase. Thus, even with Malaysia's energy intensity 

suggesting that it is efficient in its energy usage, the growth in energy and electricity 

demand should create incentives for more efficient utilisation of energy throughout all 

sectors including residential and commercial buildings. 

As shown in Figure 1.3, the commercial and residential sector consumed 13.4% of the 

total final energy demand in 2003, where electricity was the main fuel in the residential 

and commercial sector amounting to 58 percent on average. Even though commercial and 

residential sector consumed the least by percentage, it grew by 7.54% annually from the 

year 1980 to 2003 [National Energy Balance 2003, Ministry of Energy, Water and 
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Communications Malaysia]. In order to reduce the energy intensity, the Malaysian 
Government has taken a few initiatives including increasing energy efficiency in 

buildings. 

1.1.4 Current Architectural Practice in Malaysia 

Just like any other developing nation, Malaysia experiences various stages of architectural 

advancement to fulfil the changing lifestyle of its population. Malaysian contemporary 

architecture reflects the socio-economic development of its population. Modem lifestyle 

demands buildings of various functions and styles, whilst scientific discoveries and 

technologies play important roles to enable architects to design buildings that fulfil the 

requirement. Meanwhile, the question of whether the contemporary buildings response to 

the climate or not arises as a challenge to contemporary architects. 

Malaysian contemporary architecture is a mixture of almost all architecture ever exists in 

the world. Although greatly influenced by the modernism and international styles, the 

evolution of various foreign architectural styles is also obviously revealed in the form of 

Malaysian contemporary buildings. All these styles are adopted and modified to adapt 
local preferences and barely local climate. Thus, intensive development of architecture in 

Malaysia particularly in big cities such as Kuala Lumpur, Penang and Johor Bahru are 

always considered as lack of identity. Although these cities consist of many beautiful 

buildings and architectural accomplishment, as a whole they simply give images of visual 

chaos and huge urban mess. 

Modem building technologies can materialise all architects' dreams (perhaps engineers' 

nightmare) so that the contest of having their design innovation realised is a reward for 

architects. Therefore, in order to accomplish their aspiration, architects often overlook the 

importance of sustainable approach in building design. As mentioned by K. C. Leong 

[1997] in his comments on Malaysian architects' attitude, "today's architect is nothing 

but aesthetic design consultant. " All architects seem to want to create a landmark, the 

bigger the better, which will advertise their creativity. It is a common practice in Malaysia 

that an architect, as the chief of the design team, will dictate the design aspects starting 

from its conceptual stage to finalising the design with very little intervention from other 

members of the design team. Services engineers and special consultants normally will 

only be involved when the design has been finalised and therefore they have to design the 

services systems within the constraints of the given design. This lack of communication 
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between members of the design team particularly during the design stage has generally 

resulted in a very complex provision of services systems within the building that are 

costly and energy inefficient. Hence, the architectural progress of disregarding the energy 

efficient or 'green' building design principles should be immediately controlled. 

In every aspect of development, the awareness of sustainability should be slowly induced. 

The goal of a sustainable architecture is to provide better value for building owners by 

creating better, smarter buildings that improve interior environmental quality while also 

lessening the impacts of the facility on the natural environment throughout the life cycle 

of the building [Mendler, 1997]. To achieve that goal, the whole design team needs to 

work together starting from the very early stage of the design process in order to produce 

the best design for everyone. This may involve compromise between the various aspects 

of the design; however, the end product of the design process needs to fulfil all the 

requirements of the client and the user. 

Malaysian government also has shown its initiatives towards improving energy efficiency 
in government and private buildings by taking the lead in developing the first large so- 

called low energy government office building in Malaysia. This Low Energy Office 

Building (LEO Building), which is located at the Federal Government Administrative 

Centre Putrajaya and houses the Ministry of Energy, Water and Communications 

(MEWC), was completed in September 2004. It was specifically designed as an 
integrated energy efficient design and fitted with cost-effective features. Among the key 

features of the building are the energy efficient space planning, energy efficient cooling 

system, maximum use of daylight, usage of high efficiency lighting which are controlled 
by daylight availability and occupancy, energy efficient office equipment, well insulated 

building facade and building roof and the implementation of an Energy Management 

System [Ministry of Energy, Water and Communications, MEWC Low Energy Office 

(LEO) Building]. Apart from being used as a showcase building for energy efficiency and 
low environmental impact, this building is also used to demonstrate, particularly to 

Malaysian architects and developers, that energy efficiency building can be built without 

excessive construction cost penalty. 

1.1.5 Issues Concerning Atrium Buildings 

The use of atrium form has regained popularity in the United Kingdom and other 

European countries after the energy crisis in the early seventies. Today, it is being 
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incorporated in almost all types of buildings including residential, institutional and 

commercial. It has evolved from a simple traditional focal courtyard idea into highly 

complex solutions to a problem of providing a sheltered courtyard. As the popularity of 
the atrium is now becoming universal and internationalised regardless of cultural and 

climatic conditions [Saxon, 1986], it is being used in the built environment for many 
different reasons, creating many different forms. This has led the atrium form being 

subjected to many misapplications [Bednar, 1986; Baker, 1988]. 

In hot and humid climate of Malaysia, the popularity of atrium buildings is undeniable as 

many commercial buildings, particularly large shopping complexes built since 1975, 

utilised this form. The function of atria in the majority of these buildings is mainly for 

spatial and aesthetic reasons whereas the environmental and energy benefits have become 

secondary or may be even neglected. 

(i) Design Trend in Atria 

Historically the traditional atrium was primarily used as a spatial generator and climate 

modifier. However, this dual traditional function has currently become overlooked due to 

different approaches adopted by architects worldwide. Generally the atrium form is now 

being utilised mainly to create three-dimensional visual effects of large indoor space. This 

new atrium's function may now be an overriding generator of the form, negating the 

constraints implied by the other two traditional generators of the form. The incorporation 

of the atrium form in Malaysia is also central to this paradox because the new atrium has 

clearly been introduced for spatial and aesthetic reasons rather than for environmental and 

energy considerations. 

In Malaysia, the atrium form is particularly incorporated in the development of large 

shopping malls and some office complexes in urban areas. It is arguable whether the 

existing atrium designs for these buildings have fully considered the benefits of utilising 

this form. The glazed atrium envelope helps to shield the internal space from harsh 

external climatic conditions, and acts as a buffer zone between the outdoor and the indoor 

environment. It thus contributes to providing a more pleasant relaxing and controlled 
indoor environment which would attract more people to come and perform their daily 

activities, such as banking and shopping. The glazed envelope allows the natural light to 

penetrate inside the atrium space and to indirectly illuminate the adjacent spaces. in 

tropical climates, however, the resultant natural lighting level from daylight and sunlight 
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as well as the direct and indirect solar radiations penetrating into the atrium space is 

normally too high. The excessive light levels together with uncontrolled solar penetration 

cause unwanted thermal stratification and overheating in the atrium [Quek, 1989; Levine 

et al., 1993; and Atif, 1994], resulting in thermal discomfort. 

(ii) Ventilation and Control of Overheating in Atria 

Atria also have complex airflow patterns due to the buoyancy effect as a result of 

convection within the space and the interaction among the atrium space, the adjacent 

spaces, the mechanical system and the outside environment. Atrium spaces involve the 

following two common natural phenomena [Hastings, 1994]: 

* Greenhouse effect: Short wave radiation from the sun passes through glazing to 

warm interior surfaces. The re-radiated heat in the form of long wave radiation is 

not able to pass back through the glass. This results in the effect of solar heat to be 

positive in the winter and negative in the summer. 

9 Buoyancy/stack effect: The stack effect is the result of the action of pressure 
differences with altitude; air will always move from a lower opening to a higher 

one in any enclosed volume. Wind movement over openings will enhance the 

suction effect. Combined with the buoyancy of air warmed by the greenhouse 

effect, there will be strong stratification of air by temperature in a tall closed 

volume. 

Due to the phenomena described above, the increased solar penetration through the roof 

glazing and the temperature difference between the upper and lower levels has great 
impact upon the temperature within the atrium space and its thermal performance. 
Furthermore, the various sizes and forms of atrium spaces contribute to complex skylight 

shapes and surface areas that result in excessive solar heat gains in summer and high heat 

losses in winter. In temperate conditions, many studies have shown that ventilation and 

shading devices are needed during summer time due to the unbearable indoor air 

temperature. 

Even though the thermal problem can be resolved by mechanical means to cool the atrium 

space in order to obtain the required level of thermal comfort for the occupants, the 

cooling load needed is often large and very costly. As a result, research interest in the 

ventilation and thermal performance, particularly to control overheating in atria during 

summer time, for the purpose of energy efficient building design is growing. For 
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example, a lot of research has been done to analyse ventilation performance in atria and 

their adjacent areas [Baker, 1983; Alamdari, 1994; Sharples and Bensalem, 2001]. 

Unfortunately, all of this literature describes the form of northern latitudes which may be 

inappropriate when applied to tropical climates. 

(iii) Replication of Atrium Design 

In addition to its spatial organisational quality, the atrium in temperate conditions is often 
designed not only to optimise the provision of daylight but also to capture sunlight for 

passive heating purposes, particularly during winter when the sunshine hours are limited 

and the sky is overcast. Consequently the atrium here is generally top-lit to maximise 

sunlight and daylight penetration and the light transmitted through the glazing brings heat 

into the atrium space. This long-wave solar radiation heat is trapped underneath the 

glazed roof and gradually increases the indoor air temperature. The additional heat in this 

situation is most advantageous as it can contribute to achieving required comfort levels 

during spring, autumn and winter seasons. Furthermore, low, external illuminance level 

due to overcast sky conditions in this region requires the opening to be as large as 

possible, in order to accomplish the optimum illuminance levels within the atrium and its 

adjacent spaces. However, atrium design in the tropics should not replicate the design of 

atrium in temperate climates since the environmental objectives of an atrium in tropical 

and temperate regions are not the same. The dilemma is that; direct replication of top-lit 

form in the tropical atriums would apparently result in over-illumination and overheating. 

It may not only increase the total energy consumption due to large cooling load required 
but also cause a visual discomfort due to glare. 

Many studies have shown that certain traditional building forms and features can be the 
basis for the design of modem buildings in Malaysia. In hot and humid conditions, the 
forms have been proven to provide excellent performance for passive cooling purpose. 
Amongst them include the air wells or courtyards of traditional shophouses, and jack 

roofs and clerestory windows of traditional Malay houses and mosques [Yuan, 1987; 

Yeang, 1987]. Ahmad and Wood [1993] have described the potentiality of the jack-roof 

system and clerestory windows of traditional Malays houses and mosques to provide 

sufficient daylighting for building interior whilst RaJeh [1989] has shown the capability 

of these vernacular forms and features for natural ventilation purposes. Similarly 

traditional courtyards in warm and hot climates are also capable to perform these dual 

environmental functions as demonstrated by Noor [ 1986] and Quahrani [ 1993 ]. 
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Hanafi [1991] and Bauman et al., [1992] confirm the effectiveness of these traditional 
building forms and features which have been reinterpreted in the design of modem 
domestic buildings. Learning from these proven examples therefore, it can be proposed 
that these traditional forms can be potential alternatives to a better design of the future 

energy efficient atrium buildings in Malaysia. 

1.2 Research Problem 

The building and construction sector is the largest sector of the economy in terms of 

resource consumption and waste production. To build an energy efficient building, multi- 
disciplinary team comprising architects, systems designers and operating engineers must 

work together starting at the planning stage. Likewise, continuous and active government 
involvement in establishing a sustainable built environment is also essential. 

In line with the world trend towards creating a more sustainable architecture ever since 
the Maastricht Treaty signed in 1992 to address the environmental problems particularly 
due to the consumption of energy [Edwards, 1999], the Malaysian Government through 

the Ministry of Energy, Communications and Multimedia [1989] has introduced the 

"Guidelines for Energy Efficiency in Buildings". This is basically aimed at providing 

guidelines to design energy-efficient buildings including retrofitting of existing buildings. 

The guidelines are produced to promote energy efficiency in buildings without having to 
improve any by-laws, and particularly directed to the building sector due to its large 

consumption of electricity for air-conditioning. Apart from that, the government is also 

actively promoting energy efficiency through awareness programmes and cooperation 

with building services consultants, manufacturers and suppliers. 

However, very little attempt has been made by the designers and developers to promote 

passive techniques in countering the trend of solving indoor comfort problems by simply 

adopting mechanical solutions especially in modem buildings in urban and suburban 

areas. Most of the present commercial buildings in Malaysia, particularly buildings with 

atria, are designed to rely on technology in order to provide indoor comfort, especially 

that of air-conditioning. 

With regards to the atrium form, the critical design problems which are central to the 

over-lighting and overheating problem of most existing atrium buildings in Malaysia may 
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be due to direct application of the western top-lighting approach. This approach, which 

provides maximum sky exposure, maximises the amount of direct and diffuse solar 

radiations penetrating into the atrium space, resulting in excessive solar heat gains. 
Despite these environmental and energy consequences the architects and designers keep 

on replicating such imported designs into local climatic condition in pursuit of an 
international aesthetic appeal. In this regard, most of the atrium buildings in Malaysia can 
be described as trendy as any other international architectural styles. Figure 1.5 depicts 

the indoor visual and thermal environmental consequences of typical top-lit atrium in 

Malaysia. 
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Figure 1.5 Indoor visual and thermal environmental consequences of a typical top-lit 

tropical atrium. 

The inclusion of atria has increased both the marketing values and rental rates of 

commercial buildings, particularly offices and shopping malls. These commercial benefits 

provided for by buildings with atrium have encouraged developers to engage in similar 
developments [Quek, 1989; and Atif, 1994]. However, the high operating costs of 

existing atrium buildings in Malaysia, which result from high energy consumption for 

cooling and costly maintenance of the exposed skylight, are major issues raised by 

building managers, and thus become a design challenge which needs to be taken seriously 
by future building designers [Ahmad and Rasdi, 2000]. 

1.3 Research Objectives 

Maznah AM [2003] defines energy efficient buildings as those that provide the specified 

internal environment for minimum energy cost, normally within the constraint of what is 

achievable cost effectively. This can be obtained by using innovative materials, 
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technologies and design concepts as climatically optimised architecture to reduce the 

unnecessarily high-energy consumption in buildings while retaining the same level of 

comfort. It is obvious that new design provides the greatest opportunity for the adoption 

of energy efficient technology and climatically responsive design strategy, and the 

opportunities are significantly more cost effective than in retrofit situations. Yeang [2000] 

has outlined three essential routes to low energy consumption in building: through 

material and component selection; through supplier economics (i. e. a life-cycle approach 
from 'source' to 'sink'); or through basic design. Obviously, it is the last route that 

provides the starting bases for much of the design work. The consideration to design new 

atrium buildings responding to the hot and humid tropical climate of Malaysia is essential 

to attain satisfactory indoor thermal environment and air quality. 

Vernacular architecture in Malaysia, typically the traditional Malay house, Chinese 

shophouse (built as linked building) and vernacular mosque [Yuan, 2000; Yeang, 1984]; 

as well as in hot and regions, provide many valuable lessons that can help in the 

development of sustainable buildings in Malaysia. These traditional buildings were 
designed with a deep understanding and respect for nature. Architect, local authority and 

developer should work together to revive the use of these vernacular forms and features in 

a new building design. Two prominent Malaysian architects, Ken Yeang and Hijas 

Kasturi, have shown that traditional building forms and features can be incorporated in 

the design of new contemporary buildings. Apart from being aesthetically attractive and 

energy efficient, their buildings reflect the patterns of life and culture of the multi-racial 

people in Malaysia. Consequently, all these will enhance the environmental sustainability 

and improve the quality of life of the people. 

Natural ventilation and shading in combination with an optimisation of the microclimate 

were always the main features of vernacular architecture in the hot and humid tropics. Air 

movement is known to significantly improve the thermal comfort sensation [Sharma, 

1977]. The building layout decides the efficiency of natural ventilation -a stretched 
building with big apertures toward predominant wind direction and cross ventilation 

provides good thermal comfort condition for the occupants. Due to strong solar radiation 
in the tropics, shading devices play an important role to shade the building against direct 

and diffuse solar radiation. And shading design should not neglect the potential daylights 

to light the building interior for energy conservation purpose. 
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Due to high ratio of diffused and reflected daylight, the thermal and energy performance 

of atria in the tropics may be efficiently resolved using side-lit systems with proper 

shading devices. With reasonably large vertical glazing area of the clerestory windows, 

adequate daylighting level within the atrium well can be achieved. Figure 1.6 illustrates 

the proposed side-lit alternative and the expected resultant interior using such strategies in 

atrium building in Malaysia. 
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Figure 1.6 The resultant indoor visual and thermal environment in a side-lit 

(clerestory windows) atrium in the tropics. 

It is a huge potential to incorporate the proposed side-lit systems with vernacular 

architectural forms and features as well as other passive design features in the design of 

new low energy atrium buildings in Malaysia. Hanafi [1991] and Bauman et al. [1992] 

confirm the effectiveness of these traditional building forms and features, which have 

been reinterpreted in the design of modem domestic buildings. 

Therefore, the ultimate aim of this research is to propose design principles and guidelines 
for new atrium buildings in the tropics, in terms of optimising low-energy design and 

ventilation strategies by the utilisation of theoretical, experimental and computer 

modelling techniques. The overall objective was to assess some key low energy design 

features and ventilation strategies that can possibly contribute to a better indoor thermal 

environmental performance of atria in the tropics, particularly in warm and humid climate 

of Malaysia. This project would: 

9 Identify and define low energy design features that can be incorporated in the 

development of a conceptual atrium form for Malaysia to be tested by computer 

modellings. 
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9 Utilise field experiment technique to investigate overall thermal behaviour inside 

an atrium in the tropics as well as to provide measurement data to validate the 

capability of dynamic thermal simulation program, TAS, to carry out thermal 

modelling particularly to model thermal stratification within multi-level atrium. 

9 Carry out computer modelling exercise utilising dynamic thermal modelling 

program TAS to model the same atrium building for the field experiment. The aim 

of this modelling exercise is to develop confidence in the created model to 

correctly model thermal stratification within multi-level atrium and the measured 
data from the field experiment is used as validation. 

9 Utilise dynamic thermal modelling program TAS to model vertical temperature 

gradient (thermal stratification) in the conceptual three-story linear atrium form 

under Malaysian weather conditions. Based on the conceptual form, parametrical 

studies were carried out to examine some key design parameters related to 

representative atrium models: the side-lit model and top-lit model. The effects of 
both natural ventilation and pressurised ventilation on the atrium thermal 

performance were simulated using TAS. 

* Utilise CFD software PHOENICS to model the same representative atrium and 

TAS simulation results were used to complement and validate CFD predictions. 

CFD atrium modellings also carried out parametrical studies investigating and 

evaluating the effects of varying inlet to outlet opening area ratios as well as 

outlet's location and configuration on the atrium's thermal environmental 

performance in relation to the users' thermal comfort. 

1.4 Research Justification and Significance 

The atrium space normally consists of large glazed walls and roof, its indoor thermal 

environment is greatly influenced by the outdoor conditions due to the high transmittance 

and absorptance characteristics of glass material for both solar and heat. Obviously the 

benefits of the atrium are more relevant in temperate and cold regions particularly during 

winter where it provides an environmentally controlled space, which not only acts as a 
buffer to the harsh external conditions but also provides natural light and useful heat gain 
from solar radiation [Atif, 1994]. 

However, the atrium in low and middle latitude regions, particularly in tropical and 

equatorial climates, will be in the heat surplus condition for the most part of the year. The 
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air temperature inside an enclosed atrium in tropical areas can be above the external air 
temperature. In addition, the relatively high proportion of solar radiation heat absorbed by 

the atrium envelope will increase the mean radiant temperature of the internal surfaces, 

and subsequently give rise to the resultant temperature inside the atrium. The fact that 

people's thermal comfort also depends on the radiation exchanges between them and the 

surrounding surfaces, this strong mean radiant temperature coupling with high internal air 
temperature will certainly reduce the users' comfort. Moreover, as the glazed walls and 

roof area is large, the buoyancy generated by the solar heat becomes important, and this 

can lead to significant thermal stratification, which is difficult to control. All these 

thermal problems would create unfavourable conditions and would cause great discomfort 

to the occupants. 

The purpose of this study is to analyse indoor thermal environmental performance of the 

atrium space and its adjacent corridor or gallery area, as used in the design of commercial 

and office buildings in Malaysia. Two representative atrium forms will be investigated 

namely the side-lit form, a local traditional response to natural lighting and strong solar 

radiation, and the top-lit form, an imported solution which is popularly employed by 

present day designers. Comparative studies by quantifying the internal thermal 

environmental performance between the two atrium representative forms are vital to see 

whether the side-lit form can give a much better performance in terms of reducing 

overheating inside the atrium space which in turn further enhances the occupants' thermal 

comfort. For this purpose, various design parameters are studied in order to see which 

contributes best to the improvement of atrium thermal environmental performance. 

The intention of the study is to convince both the present and future designers that the 

atrium building can be used as an energy efficient strategy for office building design in 

Malaysia. However, the Western form must be modified rather than replicated so that it 

can be suitable to the local climatic conditions and cultural traditions. Furthermore, the 

needs for carrying out this study will be further justified by evidence drawn from a 
thorough and comprehensive literature review, which will be delineated in the next 

chapter. 

1.5 Research Scope 

The study focuses mainly on the thennal and ventilation performance within the atrium 

space and adjacent corridor areas under tropical condition of a low latitude area between 
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0 degree to 7 degree North. Drawing from well documented previous studies and 

computer simulations [Quek, 1989; Liu et al., 1991; Gillette and Treado, 1988; Degelmen 

et al., 1988] the assumption is made that efficient provision of natural lighting systems 

provides the opportunity to reduce the total energy use in commercial buildings, 

contributing to visual and thermal comfort conditions conducive to atrium environment in 

the tropics, particularly in Malaysia. 

Both field measurement and computer simulation tools are used in a complementing 

manner in the investigations of atrium thermal environmental performance as part of the 

methodology employed in this research. Recent development in indoor ventilation and 

thermal performance research illustrates the flexibility, reliability and accuracy of the 

computer simulation tools [Alamdari, 1994; Schild, 1997; Kuznik et al., 2002]. A major 

advantage is that it can perform complex calculation within reasonable amount of time on 

readily available computer. In this thesis, dynamic thermal building simulation software, 

TAS and a commercial CFD software package, PHOENICS are chosen for the atrium 

thermal environmental performance computer model simulations. 

1.6 Structure of the Thesis 

The structure of this thesis is divided into nine chapters. A brief introduction to the 

overall thesis and its contents are presented in this chapter identified as chapter one. 

Chapter two reviews the background studies or related literature that directly influences 

our general understanding of the area of concern. It begins with a review on tropical 

climate and architecture in general and weather analysis of the hot humid climate of 
Malaysia in particular. Following that is a review on the worldwide development and 
design of atrium buildings, from traditional atrium to modem atrium, its design principle 

and functions, as well as the environmental issues associated with atrium buildings. It 

outlines briefly the development of atrium buildings in Malaysia and discusses the 

environmental consequences of imported temperate forms into tropical areas. 
Additionally, overview on research trend in atria highlighting issues related to 

environmental and energy consequences due to incorporating atria, which have inspired 

diverse research programmes, is also presented. This chapter also reviews the 
fundamental concept of thermal comfort, as it is an important requirement in building 

design. It discusses briefly the indoor comfort criteria for Malaysians. Next, the general 

review on building ventilation systems and the theoretical basis for natural ventilation by 
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thermal buoyancy in atria is presented. This chapter concludes with discussion on some of 

the common research methods and experimental procedures for atrium studies employed 
by previous researchers. Thus, in general, chapter two can best be described as the 

literature review which constitutes the background study of the whole thesis. 

Chapter three outlines the methodology used for this thesis, which is to study thermal 

environmental performance within an atrium in the tropics. The combined research 

methods include developing a conceptual low-energy atrium form for Malaysia, field 

study to gain an overall understanding of thermal problems within an existing atrium in 

the tropics as well as to obtain measurement data for validation of TAS program, and 

computer modellings to quantitatively investigate the thermal and energy performance of 

atrium in the tropics using dynamic thermal simulation software (TAS) and 

computational fluid dynamics (CFD). 

Chapter four discusses the development of a low-energy conceptual atrium form for 

Malaysia to be used as the base model for computer simulation studies using TAS and 

CFD. The discussion begins with a brief review on three most well-known vernacular 

architecture of Malaysia, namely traditional Malay buildings, traditional Chinese 

shophouse and vernacular mosque to reveal their main climate responsive design 

characteristics that can be incorporated in the conceptual atrium. Then, it outlines briefly 

the validity and limitations of applying vernacular forms and design principles in the 

design of modem buildings, as well as the general concept of low-energy building and the 

main design principles for passive low-energy building. It concludes with discussion on 

the development of a low-energy conceptual atrium form for Malaysia by integrating the 

selected vernacular design features with the suggested side-lit form (i. e. vertical 

toplighting or clerestory openings). 

Chapter five presents the field study by conducting field measurement and monitoring in 

an existing three-storey atrium building in Guangzhou, China. The field study is to gain 
better understanding of the resultant thermal environment within the atrium space under 

tropical climatic conditions and to obtain measurement data for the validation of dynamic 

thermal modelling using TAS program. This chapter explains the equipment used and the 

experimental procedures for the field study. The data recorded during the field study and 

their analyses are also included. 
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Chapter six discusses the TAS computer simulation to model the measured conditions of 

the same three-storey atrium building in Guangzhou. It describes the modelling 

procedures to correctly model thermal stratification within a large and complex multi- 
level space of the atrium using TAS program. A comparison between thermal 

performance results from measured conditions and that predicted by TAS is discussed to 

evaluate the capability and accuracy of the TAS program in simulating atrium's indoor 

thermal environmental performance. A summary of the steps and procedures to model 
thermal performance within a large multi-level space of an atrium concludes chapter six. 

Chapter seven describes the application of TAS program in performing dynamic thermal 

computer modelling on the conceptual atrium building under Malaysia's weather 

conditions. It also discusses the parametrical studies to examine some key design 

parameters related to two representative TAS atrium models derived from the conceptual 
form. The results of the modellings and their interpretations are also discussed. A 

comparison between thermal performance of side-lit model and top-lit model is discussed 

and becomes an important component in this chapter. 

Chapter eight describes CFD modelling of the same representative atrium models and 

TAS simulation results will be used to complement and validate CFD predictions. It also 

discusses parametrical studies investigating the effects of varying the inlet to outlet 

opening area ratios as well as the outlet's arrangement (i. e. the location and configuration 

of the outlet) on the atrium's thermal environmental performance. An important 

component in this chapter is the discussion on the results of the parametrical. studies with 

regards to the atrium thermal environmental performance due to each of the variables 

investigated. 

The overall research summary is presented in the last chapter of the thesis, which also 

outlines some suggestions on the good practices for low-energy atrium in tropical areas. 

A design summary for tropical atria is drawn from the outcomes of the development of 

the conceptual atrium building, the field experiment, and also the TAS and CFD 

simulation results. Recommendations for future research on atrium buildings in Malaysia 

conclude the thesis. 
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Chapter 2 Literature Review 

2.1 Introduction 

This chapter reviews the background studies or related literature that directly influences 

our general understanding of the area of concern. It was also instrumental in the 
formulation of the thesis problems and in the preparation of the research methods. This 

chapter is divided into five main sections. First, it begins with a review on tropical 

climate and architecture in general and weather analysis of the hot humid climate of 
Malaysia in particular. The second section discusses the general understanding of the 

overall development and design of atrium building, a specific review of its development 

in the Malaysian context, and overview of research trend in atria. Thirdly, the 

fundamental concept of thermal comfort and the internal comfort criteria for Malaysian 

are reviewed. Following that, a general review on building ventilation systems and the 

theoretical basis for natural ventilation by thermal buoyancy in atria is presented in the 

fourth section. The final section of this chapter reviews some of the common research 

methods and experimental procedures for atrium studies employed by previous 

researchers. 

2.2 Tropical Climates and Architecture 

This section looks at tropical climate in general and the hot and humid tropical climate of 
Malaysia in particular. The study analyses weather data obtained from Malaysian 

Meteorological Service in order to define the characteristics of the hot humid tropical 

climate of Malaysia and to determine the external climatic design data for Kuala Lumpur, 

Malaysia. This climatic design data is very important especially for atrium computer 

modellings in order to simulate the worst-case scenario. It concludes with a review on the 

general criteria for architectural design in hot humid tropical regions. 

2.2.1 Definition and Areas of Tropical Climate 

Tropical climate (referred to as the 'tropics') have no exact definition, but the best way to 

define the tropics is to describe their common climatic feature [Nieuwolt, 19771. The 

most important characteristic is the absence of a cold season, as illustrated by the old 
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phrase: "where winter never comes", in which for instance the mean temperature is 18T 

for the coldest month of the year [Koppen, 1936]. In turn, this measure would exclude the 

tropical highlands, where temperatures frequently remain well below this limit; yet the 

areas are truly tropical because they experience no winter. Another indicator, by the well- 
known saying, originating from Alexander von Humboldt: "the nights are the winter of 

the tropics" [Nieuwolt, 1977]. 

The areas of the tropics are largely found between the tropic of Cancer and tropic of 
Capricorn (of north and south respectively), the parallels at latitude of 23/2 degrees, in 

other words,, the regions of low latitudes. However, these two lines are too rigid to 

determine the boundaries, because some regions with tropical characteristics are found at 

latitudes of more than 231/2 degrees, while some non-tropical areas are situated much 

closer to the equator. 

The zones of tropical regions are roughly divided into two areas: humid and dry tropics. 

This is shown in Figure 2.1. 
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Figure 2.1 Tropical regions: humid and dry tropics. [After Nieuwolt, 1977] 

2.2.2 Analysis of Hot and Humid Tropical Climate of Malaysia 

D 

As shown in Figure 1.1 Chapter 1, Malaysia which consists of Peninsular and East 

Malaysia lies between latitudes I and 7 degrees North, and longitude 100 and 119 degrees 

East. Climate analysis provides essential data for the assessment of the climatic pattern 
for many purposes. In building design, climatic data is required to assist the designer to 

produce a better interactive and responsive building design in relation to the given 

climate. However, in many cases relevant data is not easily available to be used in 

building applications. The basic data available from the meteorological office has to be 

reproduced and presented in design format for building design purpose. 
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Since much of the relevant data is unavailable in Malaysia, it has to be derived from the 
basic Malaysian meteorological data. Analysis and inspection of daily and hourly values 

of most main climatic elements is required in order to determine the pattern and variation 
that prevails over the selected location. Climatic elements considered are the solar 

radiation, sunshine hours, air temperature, relative humidity, wind and precipitation. 

(i) Solar Radiation 

Solar radiation records available from the Malaysian Meteorological Services indicate 

that the radiation changes only slightly over the year. The duration of daylight varies only 

slightly within 12 hours. Since the rainfall supplies abundant moisture for evaporation, 

which absorbs large amounts of net radiation, the temperatures tend to be not only 

uniform throughout the year but also rather low when compared with those of the and 

regions. 

Radiation records for most of Malaysia are only available in terms of total global 

radiation. Other data, such as diffuse and direct radiation, have to be derived from the 

global values using a special converter. In this section the values reproduced for 

assessment of the general pattern are based on the meteorological station data. 

Mean Daily Global Solar Radiation: The mean daily global radiation varies from place 

to place depending on the location, height and the condition of the clouds. There are 

many occasions when the radiation is very low due to heavy clouds in the sky. Six 

stations located in different regions were considered in order to compare the variation of 

records. These stations include Ipoh, Alor Star and Bayan Lepas in the Northern Region; 

Kuantan on the east coast; Subang Airport, Kuala Lumpur in the mid-land region; and 
Senai Airport, Johor Bahru in the south. Comparing the records for the above stations 

revealed the indications of daily radiation values as surnmarised in Table 2.1. 

The highest radiation levels received in the Peninsular occur in the month of March when 

most places experience a dry season and the sky is generally clear during the day and at 

night. The station recording the highest amount of mean daily solar radiation value is in 

Alor Star in the northern state of Kedah. However, when compared with several other 

stations throughout Peninsular Malaysia, the average daily range for the whole country is 

only 464 W/m 2- 
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Stations - (W/M2) Mean (W/M2 Highest Lowest (W/m 2 

Alor Star 516 598 447 
Bayan Lepas, Penang 474 572 372 
lpoh 487 540 455 
Subang, Kuala Lumpur 437 488 390 
Kuantan 428 485 316 
Senai, Johor Bahru 444 483 411 

Average 464 528 399 

Table 2.1 Summary of comparison of mean daily solar radiation for various stations 
in Peninsular Malaysia [Source: The Malaysian Meteorological Services: 

Climate Data 1993-2002]. 

The highest mean daily value of solar radiation occurs in the month of March for most 

stations. Kuantan, which is the station located on the East Coast, received the lowest 

radiation compared with the other stations on the west coast. Table 2.2 shows the values 

of solar radiation for the 5 major stations in the Peninsular. Radiation values for stations 

on the west coast are generally higher than on the east coast where it is more exposed to 

the large water body and constant high cloud cover and rainfall. 

Month of the 
Year Alor Star Bayan Lepas 

Stations 
lpoh Subang, Kuala Lumpur Kuantan 

Jan. 521.7 521.4 470.9 421.31 378.3 
Feb. 554.8 526.8 505.0 458.8 437.1 
Mar. 597.8 571.4 540.2 487.5 484.5 
Apr. 582.0 534.4 531.8 462.4 468.5 
May 570.6 506.8 522.8 460.6 473.9 
June 529.6 480.6 495.5 438.1 450.9 
July 493.7 478.6 493.0 438.5 454.9 
Aug. 470.6 386.3 449.3 411.4 432.1 
Sept. 476.2 389.2 470.9 430.4 442.9 
Oct. 499.9 385.3 481.0 444.4 451.6 
Nov. 475.2 438.9 457.5 402.6 376.5 
Dec. 433.0 462.8 429.2 390.3 297.4 

Average 517 474 487 437 429 

Table 2.2 Mean daily value of solar radiation for major stations in Peninsular 

Malaysia (in W/m 2 ). [Source: The Malaysian Meteorological Service: 

Climate Data 1993-2002] 

Mean Hourly Global Solar Radiation: The mean hourly global solar radiation for most 

of the stations indicates that the highest solar radiation for all stations occurs during the 

time between 1200 hrs to 1500 hrs of the day with maximum intensity generally between 

1300 hrs to 1400 hrs. Most of the radiation during that time when the sun at the zenith is 
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almost perpendicular to the horizontal surfaces of the earth and mostly falls on the roof of 
the building. Radiation decreases gradually towards 1700 hrs. 

Solar radiation recorded at Subang station in the month of March, as shown in Table 2.3 

also indicates that the highest radiation occurs at 1300 hrs to 1500 hrs with a maximum 

radiation at 1300 hrs. Comparison of radiation values for five stations in Peninsular 

Malaysia in Table 2.2 showed that the northwest station receives higher radiation than on 
the east coast. 

Hour Radiation (W/M2) 

8 17.7 
9 154.8 
10 348.7 
11 571.5 
12 756.5 
13 831.4 
14 804.9 
15 793.5 
16 656.8 
17 448.4 
18 283 
19 109.8 
20 76.6 

Total 5853.7 

Table 2.3 Average hourly solar radiation for Subang Station in March. [Source: The 

Malaysian Meteorological Service: Climate Data 1993-2002] 

(ii) Sunshine 

Sunshine records are also available from the Meteorological Service. Mean hourly values 

of sunshine hours are important indication of the availability of radiation and the variation 

of air temperature. Since Peninsular Malaysia is located close to the Equator, sunshine 

hour may affect other elements. In certain cases, where solar radiation is unavailable, 

sunshine hour's values may be important to estimate solar radiation. Inspection of 

sunshine record for Malaysia in Table 2.2 indicates some variation due to regional 

influences which may affect climatic characteristics particularly for those on the East and 

West coast of Malaysia. 

Mean Annual Hours of Bright Sunshine: Hours of bright sunshine means a period of a 

sunny day during which the sun emits and reflects a high degree of light. In the lowlands 

the average number of hours of bright sunshine per year varies between 2000 and 2600, 

tending to increase from south to north and from east to west. In general the coastal plains 

are the most predominantly sunny areas receiving an average of more than 2300 hours of 
bright sunshine per year. The central part of southern Malaysia receives the least sunshine 
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with an average of 2024 hours per year which represents 46 percent of total possible. Alor 

Star area is the sunniest region of the country with an annual average of 2539 hours or 57 

percent of the total possible. The highlands receive less sunshine then the lowlands. The 

annual average for the Cameron Highlands is 1628 hours or 37 percent of the total 

possible. Table 2.4 shows monthly average number of hours of bright sunshine for 

different regions in the Peninsular. The climatic records also show that there were many 

occasions when the sunshine was almost zero probably due to heavy overcast skies which 

are quite common in equatorial regions. There were many occasions when the sun was 

not visible all day. The sky is covered in dense cloud particularly in the Monsoon seasons 

when certain parts of Malaysia experience heavy rain. 

Month of the 
Year Alor 

Star 
Bayan 
Lepas 

Stations 
Port Mersing Kelang 

Kota 
Bharu 

Cameron 
Highlands 

Jan. 292 242 176 160 190 128 
Feb. 243 231 177 186 226 132 
Mar. 263 240 225 239 268 166 
Apr. 246 224 197 224 265 150 
May 211 197 191 214 226 134 
June 191 201 199 200 208 159 
July 208 208 201 203 221 160 
Aug. 198 192 199 189 218 148 
Sept. 169 162 173 180 194 115 
Oct. 172 169 165 181 182 120 
Nov. 169 172 156 146 139 96 
Dec. 218 220 174 136 160 119 

Total (Year) 2539 2460 2232 2257 2497 1628 

Table 2.4 Average number of hours of bright sunshine per month/year. [After Ofi, 

JB., 1974] 

Month of the 
Year Alor Star Kuala Lumpur 

Stations 
Kota Bharu Mlersing Bayan Lepas 

Jan. 8.0 6.2 6.1 5.3 9.0 
Feb. 8.6 7.4 8.1 7.0 7.3 
Mar. 8.3 6.5 8.4 7.3 9.1 
Apr. 8.0 6.3 8.7 7.3 7.6 
May 7.0 6.3 7.4 6.9 7.1 
June 6.5 6.6 7.0 6.6 6.7 
July 6.5 6.5 7.0 6.6 6.9 
Aug. 6.4 6.3 7.1 6.5 4.5 
Sept. 5.7 5.6 6.4 6.0 4.5 
Oct. 5.6 5.3 5.8 5.6 7.0 
Nov. 5.7 4.9 4.8 4.8 7.0 
Dec. 6.8 5.4 5.0 4.7 7.4 

Average 6.9 6.1 6.8 6.2 7.0 

Table 2.5 Mean daily hours of sunshine for five major stations. [After Takahashi and 
Arakawa, 1981 ] 
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Mean Daily Hours of Bright Sunshine: Daily record of hours of bright sunshine as 

shown in Table 2.5 above indicates that for most parts of the country, the sunniest period 

of the year occurs during the months of February and March, at the end of the Northeast 

Monsoon. In the Northwest, February is the sunniest month with an average of 8.5 hours 

per day. In general, for the whole of the Peninsular, March is the sunniest month with the 

amount of sunshine being about 7.5 hours per day. 

Mean Daily Regime: The time and duration of daylight varies only slightly throughout 

the year due to the location of the Peninsular being less than 7' from the Equator. In 

Kuala Lumpur, daylight extends from about 0610 hrs until 1815 hrs. Its duration is close 

to twelve hours in all seasons. The length of the day in December is approximately II 

hours 58 minutes and in July it is 12 hours 17 minutes. 

The sunniest part of the day at any one place is fairly constant throughout the year 
fluctuating slightly with the prevailing monsoon, but it varies considerably from place to 

place. For most of the West Coast the sunniest hour is normally between 0830 hrs to 0930 

hrs and in the East Coast it is frequently between 0930 hrs to 1030 hrs, and further inland 

it may be an hour or later. In Kota Bharu, usually the sunniest hours are between 1230 

and 1430. Along the Central and Southern stretch of the East Coast the daily sunshine 

peak is much earlier in Kuantan and Mersing, usually between 0930 and 1130 hours. In 

the central lowlands the earlier hours of daylight are often foggy so the sunniest part of 

the day is delayed until the afternoon. In Kuala Lipis, fog is present for some considerable 

time after sunrise and the hour of maximum sunshine is from 1230 to 1330 hours. In the 

highlands, the period of maximum sunshine is usually from 0830 to 1030 hours 

(iii) Air Temperature 

Surface air temperature is also uniform throughout the year. Comparison of air 

temperature for several main stations in Peninsular Malaysia shows a small variation. The 

average 24 hours mean value is only 27.7'C whilst the average mean daily maximum for 

most stations seldom exceeds 35'C. However, the average mean daily minimum does not 

drop much below 23'C. Table 2.6 shows the comparison of typical air temperatures for 

several stations in Peninsular Malaysia. Typical mean daily air temperature values for 

individual stations are shown in Table 2.7. 
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Stations 24 hour mean ("C) Mean Daily Max (C) Mean Daily Min (IC) 
Alor Star 28.2 34.9 22.9 
Penang 28.3 33.8 23.3 
lpoh 28.1 35.5 22.7 
Kuala Lumpur 27.7 34.7 22.5 
Kuantan 27.2 33.9 22.3 
Senai 26.9 34.1 22.0 

Average 27.7 34.5 22.6 

Table 2.6 Comparison of air temperature for stations in Peninsular Malaysia [Source: 

The Malaysian Meteorological Service: Climate Data 1993-2002] 

Month 
of the 
Year 

Alor 
Star 

24 hour mean (OC) 
Kuala Kota 

Lumpur Bharu Mersing Alor 
Star 

Mean Daily Max (OC) 
Kuala Kota 

Lumpur Bhary Mersing 

Mean Daily Min (T) 
Alor Kuala Kota 
Star Lumpur Bharu Mersing 

Jan. 27.4 27.2 26.7 26.9 34.3 34.5 31.1 30.0 21.2 21.9 22.0 22.2 
Feb. 28.1 27.6 26.8 27.1 35.4 34.9 31.6 30.4 21.4 22.2 21.9 22.9 
Mar. 28.6 27.9 27.8 27.6 35.8 35.3 33.1 31.4 22.4 22.7 22.5 22.9 
Apr. 28.8 28.1 28.8 27.9 35.1 35.2 34.5 33.0 23.2 22.9 23.2 22.6 
May 29.0 28.5 29.0 28.0 34.4 35.4 35.1 33.9 23.9 23,2 23.8 22.8 
June 28.5 28.2 28.5 27.6 33.7 35.0 34.4 33.3 23.6 22.8 23.4 22.6 
July 28.4 28.0 28.4 27.5 33.6 34.8 34.3 33,2 23.5 22A 23.4 22.5 
Aug, 28.0 27.7 28.0 27.0 33.0 34.5 34.0 32.8 22.1 22.2 21.9 21.1 
Sept, 27.8 27,6 27.9 27.1 33.0 34.6 34.0 33.2 23.4 22.3 23.1 22.1 
Oct. 27.6 27.4 27.6 27.1 33.0 34.5 33.1 33.1 23.2 22.5 23.2 22.3 
Nov. 27.2 27.2 27.0 26.7 32.9 34.1 31.3 31.6 22.7 22.6 22.9 22.4 
Dec. 27.0 27.1 26.5 26.7 33.2 34.1 30.6 30.1 21.9 22.4 22.7 22.9 
Year 28.1 27.7 27.8 27.2 34.0 34.7 33.1 32.2 22.7 22.5 22.8 22.4 

Table 2.7 Mean daily air temperature for four stations in Peninsular Malaysia. 

[Source: The Malaysian Meteorological Service: Climate Data 1993-2002] 

The temperature of the Peninsular is largely influenced by the insularity of the land and 

the high humidity which maintains a relatively low temperature despite the proximity to 

the Equator. The average 24-hour mean is about 27.7'C, which is acceptable for any 

external activity at any time [Olgyay, 1963; Givoni, 1992], though the best time for sports 

activities is between 1600 hrs to 1800 hrs. The mean daily maximum seldom exceeds 
35'C at any place. The sky is always covered with some clouds throughout the daytime 

and night which filters a considerable proportion of the solar radiation and could have 

some effect on the temperature. The coolest time of the day is before sunrise when the 

temperature reaches its minimum and gradually increases as the sun rises. 

Records for Kuala Lumpur for 24-hour mean values show that the months from 

November to January are generally the coolest months with an average of 27.21C and a 
daily mean value of 27.7'C. From Table 5.7, the mean daily maximum is 34.71C with the 

highest values between 35.2-35.4'C in the months of March to May. January records the 

lowest mean daily minimum with a value of 21.9'C. 
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(iv) Relative Humidity 

The relative humidity over the Peninsular is uniformly high throughout the year due to the 

insularity and proximity to large water bodies. No part of the region is more than 80 miles 
from the coast. The country is constantly bathed with humid tropical air. The 24-hour 

mean relative humidity varies slightly from one region to another, in the range of 76-83%. 

The mean daily maximum for the six stations as shown in Table 2.8 varies from 97- 

99.5% while the mean daily minimum ranges from 53-62%. Comparative studies of 

relative humidity for selected main stations on the Peninsular shown in Table 2.9 indicate 

that most parts of the country experience a uniformly high mean daily pattern. 

Stations 24 Hour Mean (%) Mean daily Max. Mean Daily Min. 
Alor Star 77.5 97.0 58.2 
Penang 78.0 97.2 61.6 
lpoh 76.8 97.0 53.1 
Kuala Lumpur 79.2 98.4 55.9 
Kuantan 81.1 98.9 60.8 
Senai 82.6 99.5 61.4 
Average 79.2 98.0 58.5 

Table 2.8 Comparison of relative humidity for six stations in Peninsular Malaysia. 

[Source: The Malaysian Meteorological Service: Climate Data 1993-2002] 

Month of the 
Year Alor Star Kuala 

Lumpur 

Stations 
Kota 

Bharu Mersing Bayan 
Lepas 

Jan. 74.7 79.2 80.9 82.2 71.8 
Feb. 72.1 77.8 80.0 80.7 74.2 
Mar. 73.2 78.2 78.0 80.2 75.6 
Apr. 78.0 80.1 77.4 81.1 78.8 
May 78.8 78.9 76.8 81.0 78.9 
June 79.5 78.0 78.2 82.1 79.3 
July 78.6 76.5 77.7 80.6 78.4 
Aug. 80.6 78.2 79.1 82.7 80.4 
Sept. 81.3 79.1 79.4 82.5 81.3 
Oct. 82.4 80.2 81.1 82.4 81.3 
Nov. 82.7 82.2 83.8 84.1 80.5 
Dec. 76.4 81.8 80.3 80.4 73.6 

Year Average 78.2 79.2 79.4 81.7 77.8 

Table 2.9 Comparison of mean daily relative humidity for five stations in Peninsular 

Malaysia. [Source: The Malaysian Meteorological Service: Climate Data 

1993-2002] 

The general pattern of relative humidity for the Peninsular is uniformly high for the whole 

year with an average 24-hour mean of 79.2%. The mean daily diurnal range average is 

about 39.5% which is still considered too low to have a significant effect on temperature 
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variation over the course of the day (i. e. the relative humidity will drop by a factor of 2 

for every 11. PC increase in temperature) [Himmelblau; 1989]. Nevertheless, the hottest 

period in the West Coast of Malaysia is from January to March with a high relative 
humidity period during the day but relatively low air temperature and humidity at night 

which produces quite comfortable conditions. 

(v) Wind 

The distributions and characteristics of wind are detennined by several global and local 

factors such as seasonal distribution of air pressure, the rotation of earth, the daily 

variation in heating and cooling of land and sea, the topography and surroundings of the 

given region. 

Malaysia lies in the Equatorial belt of principle low pressure which is uniform throughout 

the year and the wind velocity is generally low. In this region, where the relative humidity 

is also high averaging of about 80%, wind speed is an important element to maintain body 

thermal comfort by evaporation. Natural cooling is sometimes impossible during certain 

period of the day due to low wind speed. 

Prevailing Winds: Since Peninsular Malaysia receives rainfall every month of the year, 

there are no distinct wet or dry seasons. The seasonal division of the year is often related 

to the dominant prevailing wind. The two main seasons are the Northeast Monsoon which 
last from about November to March, and the Southwest Monsoon season from May to 

September. The months of April and October are generally known as the Transitional or 
Changeover months separating the end of each monsoon from the beginning of the other. 
The Northeast Monsoon is the wetter season. During the Northeast Monsoon season 

winds blow most frequently from North to Northeast, while during the Southwest 

Monsoon, the prevailing winds are from South to Southwest. The Northeast Monsoon 

winds are generally cooler and more constant in direction and bring spells of wet weather 

which may persist for several days at a time. During the changeover months of April and 
October, winds are light and variable in direction. Afternoon or evening thunderstorms 

and conventional showers are frequent. Table 2.10 shows the daily frequency of wind 
direction of five main stations in the Peninsular Malaysia. 
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Month of 
the Year Alor Star Kuala 

Lumpur 

Stations 

Kota Bharu Mersing Bayan 
Lepas 

Jan. Northeast (NE), East (E) NE E, NE North (N), NE Variable 
Feb. NE NE E N, NE Variable 
Mar. NE Variable E, NE N, NE NE, N 
Apr. Variable Variable E, NE W SW, W 
May West (W) Variable Southwest (SW), S W'SW SW, S 
June W South (S) SW'S SW, W Variable 
July W S SW'S SW, W Variable 
Aug. W S SW'S SW, W Variable 
Sept. W S SW'S SW, W SW'S 
Oct. Variable Variable SW W'SW SW'S 
Nov. NE W E, NE W Variable 
Dec. NE NE E, NE N, NE N, NE 

Table 2.10 Comparison of daily prevailing wind direction. [Source: The Malaysian 

Meteorological Service: Climate Data 1993-2002] 

Wind Speed: The wind, more than any other climatic element determines the season in 

the Peninsular. Its general pattern also relates to the main rainfall regime. Table 2.11 

illustrates the relationship of wind and rainfall in the Peninsular. 

Season Month Winds Winds Speed Rainfall 
Northeast November - March North-easterly < 3.3 m/s Light (except East Coast) 

Transitional April - May Weak / Variable Calm < 0.5 m/s Heavy rain 
Southwest May - September West's / South's < 3.3 m/s Light rain 

Second Transitional September - October Weak / Variable Calm Heavy rain 

Table 2.11 Relationship of winds, season and rainfall regime. [Source: The Malaysian 

Meteorological Service: Climate Data 1993-2002] 

The most frequent wind comes from the Northeast with a mean annual percentage 
frequency of 15% and a speed of 2.4 m/s. This is followed by the North wind, the South 

and the Southwest. The annual average of calm period is 26%. In general, the average 

frequent wind speed is between 0.3-1.5 m/s. Though occasionally wind speed exceeds 5.5 

rn/s, these higher wind speeds accompany the rain during the Monsoon season for a short 

period of time. 

(vi) Precipitation 

The general pattern of rainfall in the Peninsular is related to the wind seasons. Changes in 

the direction and speed of the airstreams are responsible for the division of the year into 

four seasons. The Northeast Monsoon prevails from November until March followed by 

the transitional season of five to seven weeks. The Southwest Monsoon prevails between 
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May until September followed by another transitional season from October and early 
November. In many parts a maximum rainfall coincides with each of the two transitional 

periods and a minimum occurs sometimes during each of the two monsoons. Comparison 

of the rainfall amount in Table 2.12 shows that the average yearly rainfall from the six 

regions of Peninsular Malaysia is about 2753.8 mm (108 inches), coming principally in 

the Northeast Monsoon. November is generally the rainiest month with an average 

rainfall of 21 days. Table 2.13 shows a comparison of the mean monthly rainfall amount 
for the six regions in the Peninsular. 

Location Rainfall (mm) Highest Month Season 
Alor Star 2387.0 October and September Second Transitional 
Bayan Lepas 2678.0 September and October Second Transitional 
lpoh 2864.5 October and November Transitional Northeast 
Subang 2639.5 April and October Transitional Transitional 
Kuantan 3062.3 December and November Northeast Monsoon 
Senai 2801.6 December and November I Northeast Monsoon 
Average 2753.8 

Table 2.12 Comparison of mean annual rainfall amount and highest month. [Source: 

The Malaysian Meteorological Service: Climate Data 1993-2002] 

The maximum amount of rainfall generally occurs during the months of September, 

October and November for most regions. The highest recorded amount of rainfall is in the 

East Coast region. The station in Kuantan recorded an average annual rainfall of 505 mm 
in the month of December. The least amount of rainfall is in the months of January, 

February and March with an annual average of between 20-150 mm. 

Month of the 
Year Alor Star 

(mm) 
Kuala Lumpur 

(mm) 

Stations 
Kota Bharu 

(mm) 
Mersing 

(mm) 
Bayan Lepas 

(mm) 
Jan. 75 220 323 499 87 
Feb. 48 156 128 211 87 
Mar. 152 252 183 217 144 
Apr. 229 269 112 133 203 
May 248 208 154 149 239 
June 223 153 185 180 220 
July 281 145 202 232 291 
Aug. 305 187 197 200 282 
Sept. 352 214 242 180 393 
Oct. 294 261 246 209 364 
Nov. 270 324 769 419 316 
Dec. 131 251 719 563 123 

Annual 2610 2640 3460 3192 2751 

Table 2.13 Comparison of mean daily rainfall amount for five stations in Peninsular 

Malaysia. [Source: The Malaysian Meteorological Service: Climate Data 

1993-2002] 
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2.2.3 General Characteristics of the Hot Humid Climate of Peninsular Malaysia 

Peninsular Malaysia can be classified as having a warm or hot humid climate. Since its 

location is in close proximity to the equator, the sunrays are always overhead all the year 

round. The average number of hours of bright sunshine per year varies between 2000 and 
2600, tending to increase from South to North. The Alor Star area appears to be the 

sunniest region of the country with 57% of the total possible. 

For most parts of the country, the sunniest period of the year occurs during the months of 
February and March at the end of Northeast Monsoon. In the Northwest, February is the 

sunniest month with an average of 8.5 hours per day. In the south and central areas, the 

hottest days are between the months of March to April, while on the East Coast they are 
between March and April. 

The climate of Malaysia is not subjected to great extremes of temperature. This is mainly 
due to its insularity and moderate relief. All parts are within 80 miles of the sea and the 

entire country is permanently bathed in warm moist tropical maritime air. In general, it 

may be said that the temperature seldom rises above 36'C or falls below 20'C. 

The temperatures are high all the year round with the annual mean varying between 1-3'C 

of the mean shade air temperature of 27C. The annual mean diurnal range is less than 
TC, whilst the monthly mean diurnal range is only 12T. 

The daily minimum is reached sometimes between 5 am and 7 am and the maximum 
between 12 am and 3 pm. The time of the daily maximum and minimum seldom vary by 

more than an hour throughout the year at any one place. A fairly rapid rise in temperature 

takes place during the first six or seven hours of daylight and after reaching the maximum 

the temperature falls again fairly rapidly in late afternoon and slowly through the night. 
On some occasions, the afternoon temperature falls at a rate as rapid as its rate of increase 

during the morning. 

The temperature in Alor Star in February, the month with the largest diurnal range, rises 

at the average rate of 1.5'C per hour between 7 am and 2 pm. The maximum rise in any 

one hour takes place between 8 am and 9 am when the average increase is about YC. The 

maximum fall occurs between 6 pm and 7 pm when it decreases by about 1.7'C. 
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The average annual mean relative humidity is 85%. By day it varies between 55% and 

70%, and at night it rises above 95% which often makes evaporation and sleeping 
difficult. 

Since the atmospheric temperature of the Peninsular is uniformly high all the year round, 

there is no alternation between summer and winter as in temperate regions. There is no 

wet or dry season. Heavy rainfall may be experienced anywhere at any time of the year, 

and whilst short dry spells sometimes occur, they are normally not long enough to be 

called a dry season. 

The wind is the most important climatic element which determines the seasons of 
Malaysia. Changes in the direction and speed of air streams that cross the Peninsular are 

responsible for the division of the year into four monsoon seasons. The four monsoon 

seasons, which are affected by the wind, determine the general pattern of rainfall but it 

varies from place to place. One remarkable feature of the distribution of rainfall in the 

Peninsular is the way in which it varies considerably between places only a short distance 

apart and without the intervening highlands. The four Monsoon seasons are as follows: 

9 Northeast Monsoon Season - Northeasterly wind blowing from South China Sea 

sweeps over the country, bringing a lot of rainfall on the East Coast, which is the 

highest in December and may cause flooding in many coastal areas of Kelantan, 

Terengganu and Pahang. The speed of the wind seldom exceeds 10.7 m/s, except 

during occasional tropical storm accompanying the heavy showers which prevail 

from November until March. 

* Inter-Monsoon or Transitional Period - The period of five to seven weeks in the 

month of April in the south and May in the north. During this short period the 

winds are either weak and variable or reduced to calm. 

Southwest Monsoon Season - Southwesterly trade winds from the Indian Ocean 

blow into the West Coast of the Peninsular in May and June and bring light rain. 

9 Second Transitional Season - This occurs after the Southwest Monsoon in 

October and early November and brings a lot of rain into the West Coast regions. 
The wind is weak and variable with a high percentage of calm periods. 
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2.2.4 The External Climatic Design Data for Kuala Lumpur, Malaysia 

The establishment of external climatic design data initially was more useful for building 

services engineering than for the purpose of estimating the energy required by the 
building. But the demand for a more energy conscious building has led to an increase in 

more specific data for the prediction of energy requirements, even at the early design 

stage. In the current work, the establishment of average hottest day and the mean 

maximum air temperature is needed for the assessment of the magnitude of climatic 
impact on building with atrium for the day. Generally, the design day represents the 

average worse climatic conditions that prevail over the particular location. This is of most 
interest in terms of climatic design. 

The external design data for Peninsular Malaysia at station Subang, Kuala Lumpur 

includes the average hottest day and mean maximum temperature. 

Methods of selecting design data for building application have been proposed by many 

researchers but among the most relevant and widely used are those recommended by 

Roux and Richards [1959]. Roux [1959] suggested that the selection of design data 

should be chosen by a frequency analysis of records covering a number of years, carried 

out for each hour of the day to find, for each element, a 24-hour curve. 

Richards [1959] suggested the use of the mean hourly values of the weather element for 

the twenty hottest days (days with the highest maximum air temperatures) in each year, 

over a suitable number of years. 

The records obtained from the Malaysian Meteorological Service, which was used in the 

analysis of hot humid climate of Peninsular Malaysia, include the following: 

" Hourly Air Temperatures for the years 1993 - 2002. 

" Hourly Total Solar Radiation for the years 1993 - 2002. 

" Hourly Relative Humidity for the years 1993 - 2002. 

" Hourly Wind Speed for the years 1993 - 2002. 

" Hourly Wind Directions for the years 1993 - 2002. 

" Mean Monthly Rainfall for the years 1993 - 2002. 

" Mean Monthly Sunshine Hours for the years 1993 - 2002. 

" Mean Monthly Air Temperature for the years 1993 - 2002. 

" Mean Monthly Relative Humidity for the years 1993 - 2002. 
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The method adopted for the selection of the design data is to inspect the available climatic 

elements such as the air temperature, sunshine records and solar radiation for a minimum 

period of five years, Climatic data of less than five years may not be sufficient enough to 

give accurate values for typical hot days. Inspection of mean hourly value of the highest 

solar radiation for the same period is also required to determine the typical hot day for the 

selected station. 

(i) Design Day 

The design day for the Peninsular Malaysia varies from place to place according to the 

latitude and regional climatic variations. Inspection of the climatic records for Kuala 

Lumpur shows that the sunniest period of the year occurs during the month of March with 

an average of 6.1 hours per day. Radiation records for the same station from 1993 to 2002 

show that the highest radiation day varies from the Ist to 27th day of the March. But 

many authorities [Koenigsberger et. al., 1973; Takahashi and Arakawa, 1981; Nieuwolt, 

1977] suggest that 21st day of March is likely to be the most appropriate design day for 

this region based on sun-path diagrams which are widely used in the prediction of solar 

radiation. The design day for the region of Kuala Lumpur is therefore chosen to be the 

21 st day in March. 

(ii) Design Air Temperature 

Inspection of the meteorological records for stations on the West coast of Peninsular 

Malaysia indicates small regional variations compared to the East Coast stations. The 

annual mean temperature for Peninsular Malaysia is about 27.9'C and the range of the 

average monthly temperature is only 1-3'C. The diurnal range is rarely more than 10'C. 

Maximum temperature is usually about 34.5'C, with extreme temperature of about 36'C. 

The average 24-hour mean for Peninsular Malaysia is about 27.7'C. The 24-hour mean 
daily temperature for the station in Subang, Kuala Lumpur is also about 27.7'C. 

(iii) Design Maximum Air Temperature 

The mean daily maximum air temperature seldom exceeds 35'C at any place. Extreme 

maximum temperatures of about 36'C however have been recorded. The average design 

maximum air temperature for Peninsular Malaysia can be taken as 33.5'C. The design 

maximum air temperature in March for Kuala Lumpur is about 35.3'C. 
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(iv) Design Minimum Air Temperature 

The mean daily minimum for many parts of Peninsular Malaysia is about 22.8'C which 

mostly occurs before sunrise. The design minimum air temperature for Kuala Lumpur is 

about 22.70C. 

2.2.5 General Considerations for Hot and Humid Tropical Architecture 

Under hot conditions, the concept of the application of thennal control in buildings 

consists of three objectives [Koenigsberger et al., 1973]: 

" Preventing heat gain; 

" Maximising heat loss; and 

" Removing any excess heat by cooling, which can be passive means or some form 

of energy supply. 

Olgyay [1963] and Koenigsberger et al. [1973] suggested a structure which can achieve 

the above objectives and create a better living conditions, by reducing undesirable 

stresses. Its aim is to utilise all passive and active controls, in order to provide favourable 

environmental conditions for human comfort; it is called 'climate balanced'. The diagram 

of the potential of climatic controls is shown in Figure 2.2. 
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Figure 2.2 Potential of climatic controls to flatten the temperature curve from natural 

conditions. [After Koenigsberger et al., 1973] 

The first two thermal controls: micro-climatic and structural or constructional controls, 

are passive methods in which varying climatic factors can be influenced by a settlement 

and a building design. The last one is by mechanical or energy-based controls, which are 
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an alternative and inevitable method when passive approaches cannot be used to achieve 

comfort. It is able to make level the prevailing thermal conditions, or to produce a 

constant or static environment. However, the aids of cooling with the mechanical methods 

should be considered in collaboration with those passive means, aiming to minimise the 

energy consumption. 

The extreme climatic control is an arguable subject. Lee [1958] expressed that the degree 

of sophistication in environmental controls is largely a socio-economic question, which 

concentrates on the achievement of comfort through the social status and financial 

support. Heschong [1979] emphasised that thermal qualities should not be produced only 
by the use of mechanical systems. Fanger [1993] argued that it is important to provide a 

comfort temperature without trading off the passive means, but the considerations on the 

side effects such as draught risk, saturation causing discomfort, or pollution from the 

environment, are also significantly important. 

(i) Criteria of Architectural design 

The suggestions on architectural design in this sub-section aim to achieve comfort by 

means of passive approaches as a priority. Therefore, the only two thermal controls, 

micro-climate and structural controls (refer Figure 2.2), will be discussed. 

Firstly, micro-climate or settlement controls are used to respond to the man-made 

environment by creating a large scale urban climate [Koenigsberger et al., 1973]. This 

includes exteriors and in-between spaces of buildings, which are influenced by the design 

of the settlement, grouping of buildings, controlling and planning air movement, external 

wall and space orientation, etc. The factors affecting microclimate controls are: 

* Space qualities of both pavements and envelopes of buildings can increase or 

reduce the absorbance and transmittance of solar radiation; 

* The grouping of nearby buildings can cast shadows, act as barriers to wind or 

channel wind to increase air speed, store heat in their mass and release it at night; 

9 Planting the surrounding land affords protection against glare from the ground by 

bushes and grass, and from the sky by tall plants; 

0 Energy use factors such as heat loss/gain through the walls/glazings and 

ventilation, casual heat gains from occupants, lighting and equipment, and heat 

output of refrigeration plants and air-conditioning, and 
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9 Atmospheric pollution, waste products, exhaust from motor-cars, fumes and 

vapours tend to reduce direct solar radiation but increase the diffuse radiation and 

provide a barrier to outgoing low frequency radiation (longwave). 

Secondly, structural controls are used to ensure the best possible indoor environments and 
to aim for initial concept of building designs. Some of the factors affecting structural 

controls include orientation/arrangement of a building, building form, passive ventilation, 

solar control and shading devices, use of vegetation, roof treatment, wall treatment, etc. 
These factors will be discussed further in details in chapter 4. 

2.3 Atrium Review 

This section initially reviews the worldwide development of atrium buildings, from 

historical and design perspectives, which includes its traditional origins and the modem 
interpretations of the atrium form. It follows with a specific review on the atrium 
buildings in Malaysia. The main purpose is to highlight the context of the research and 
discuss briefly the popularity of atrium form and the environmental consequences, as well 

as the passive design strategies applicable to Malaysia. Finally, this section presents the 

overview of research trend in atria. 

2.3.1 Historical Development and Its Evolution 

The traditional atrium form can be traced back to 3000 BC in the archaeological remains 

of a courtyard house in Ur, Mesopotamia [Bednar, 1986] as shown in Figure 2.3. It is 

later found in ancient Roman and Islamic architecture. The semi-open courtyards in these 

buildings act as both a climate modifier and an ordering device giving a central social 
function space. Covered semi-open courts in warm and hot climates, such as the one in 

the Persian house shown in Figure 2.4, are common features fulfilling these dual 

functions [Noor, 1986]. 
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Figure 2.3 Plan and section of House of Ur, Mesopotamia [After Golany, 1980] 

-> 

Plan 

cool air 

Figure 2.4 Plan and section of Persian House, showing the use of courtyard and 
badger [After Golany, 1980] 

Atria first became popular in Europe between 1820 and 1870. The fully covered internal 

courtyard and the generation of buildings that used this approach started during the 

Industrial Revolution with the availability of prefabricated cast-iron constructions and 

glass elements. The Crystal Palace by Joseph Paxton, with the grand scale of the enclosed 

space and the innovative use of prefabrication techniques and glass architecture, was a 

catalyst in the development of the enclosed atrium in Europe and North America. 

However, the sudden and spectacular collapse of some early steel and glass structures in 
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urban fires in Europe led to the atria in the United States being wrapped by a conventional 

masonry skin [Bednar, 1986]. The Pension Building by General Montgomery Meigs 

(Figure 2.5) demonstrated a very good example of late Nineteenth Century use of the 

atrium in the United States. The atrium was used as a civic square, a social space for staff 

and the general public. Its large central linear space was purposely designed to maximise 
daylight and natural ventilation. 
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Figure 2.5 Plan and interior perspective of Pension Building, Washington DC [After 

Bednar, 1986] 

2.3.2 The Modern Atrium and Its Definition 

The modem atrium form only appeared during late 1950's and early 60's. The early 
influential buildings in this new period of atrium buildings were the Hyatt Regency Hotel, 

Atlanta by Edwards and Portman and the Ford Foundation Headquarters, New York by 

Roche and Dinkeloo. The Hyatt Regency has an internal atrium the full height of the 

building lit by both a skylight at the top and clerestory glazing (Figure 2.6). The atrium 

space uses extensive landscaping with water features, planting and birds, reflecting the 

nature of the resort, with the galleries of the hotel rooms looking into the atrium. It creates 

a feeling of happiness and pleasant excitement and this is an example which became an 
immediate success. It revolutionised and influenced the design of later hotels. The atrium 

concept in the hotel provides an opportunity to create a sheltered yet great hotel interior 

with stimulating and dynamic views. The success of this atrium hotel later became the 

standard of prestige for all luxury hotels [Bednar, 1986]. 
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Figure 2.6 Typical guest room Plan and section through atrium, Hyatt Regency Hotel, 

Atlanta. [After Bednar, 1986]. 

On the contrary, the function of atrium in office buildings can be more open and blend 

with the urban context. For instance, the Ford Foundation office building has an atrium at 

the comer of the floor plan, acting as a transition between the private world of the 

building and the urban environment, in this case the public park leading into the city 

(Figure 2.7). 

It is important to note that in contrast to the urban environmental benefit of the traditional 

atria,, the revival of the new atrium is now promoted primarily for its space ordering 

qualities and dynamic expressions. Thus, it leads Bednar [ 1986] to a definition of the new 

atrium as a centroidal, interior, daylit space that organises a building. The environmental 

advantages of the atrium were only considered in its use in temperate climates in the 

1970's and early 1980's as a post oil crisis response to high-energy use in building. The 

environmental issues and energy conservation became an important issue in building 

design. Thus, the environmental benefit of the atrium has been once again promoted as an 

energy conservation design feature. The concept of highly technological and 
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mechanically dependent atria was now replaced by more passive and low energy atria. 
The atrium's traditional functions of daylighting, passive heating and cooling are 

exploited along with its spatial organisational quality. The energy benefits of atria are to 

some extent assumed to automatically reduce total energy use in buildings. However this 
is a fallacy if the atrium is not properly designed and understood [Baker, 1988]. The 

direct application of temperate atrium solution to hotter climates is one example which 

needs to be investigated. 
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Figure 2.7 Ground floor plan, top floor plan, and section through atrium, The Ford 

Foundation Headquarters, New York. [Source: Bednar, 1986] 

Atria, according to Baker, have become the "the intermediate space, non air-conditioned, 
daylit and naturally ventilated, being selective to the external environment rather than 

exclusive" [Baker, 1988]. This definition can be extended to include conservatories "that 

act as intermediate space lying between outside climate and a more controlled internal 

environment" [Hawkes, 1983]. The intermediate spaces defined above, which also 

encourage the admission of useful solar heat, have been called "sunspaces". In England 
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examples of the use of sunspaces can be seen in the designs of Terry Farrell (Figure 2-8). 

The use of atria as buffer zones is thus an increasingly familiar idea. 

Figure 2.8 Section through sunspace of Clifton Nurseries by Terry Farrell. [Source: 

Architectural Monograph, 1984] 

2.3.3 The Generic Atrium Forms 

Atria can be classified into nine generic types. The simpler atrium forms; open-sided 
(i. e. one-sided, two-sided, three-sided), core (four-sided) and linear atria are generally 

suitable to small and single building as well as large complexes (Figure 2.9). The 

bridging, podium, multiple lateral and multiple vertical atriums are more appropriate for 

large scale and high-density development. However, the most common form of atrium is 

the four-sided atrium, sometimes described as fully enclosed atrium with glazed roof. The 

four-sided atrium is normally employed in deep plan buildings to permit natural light into 

the centre of the building. It efficiently functions as central organisational and circulation 
devices as well as becoming a focal point for various activities. 

a) Core 
four-sided 

c) Open-sided 

Figure 2.9 Generic form of atrium building. [After Saxon, 1986] 
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2.3.4 Atrium Buildings in Malaysia 

The development of atrium buildings in Malaysia is central to the development of large 

shopping malls in urban and suburban areas. In 1975, Malaysia had her first modem 

atrium building, The Plaza Sungei Wang in Kuala Lumpur by Leung Ching Fan. After 

this the majority of the shopping malls in major towns had to have an atrium. Quek 

[1989] has identified the most common generic forms being used as the four-sided or 

enclosed atrium, and the linear atrium form. 

The atrium at the centre of a deep plan building brings natural light into the central space 

of the building. The purpose of having an atrium in most buildings is to help define the 

space organisation and circulation, the atrium becoming the focal point with the space 

organised around it. This is clearly seen in the plan form of the Weld Atria Shopping Mall 

by Ken Yeang (Figure 2.10). In some buildings the atrium serves as a conspicuous spatial 

gesture for a corporate retail image without which the building would be deemed 

ordinary. Davey [ 1989] points out that there is a perceived need for special interior design 

space, as the internal environment and ambience of such space have become part of a 

marketing strategy. 
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Figure 2.10 Plan of the Weld Shopping Mall, Kuala Lumpur showing typical use of the 

atrium as a space organiser. [After Powell, 1986] 

(i) The Application of Western Atrium Form 

The direct application of western solutions of large transparent glazed areas for top 

lighting without any adaptation to local context of high irradiance levels should be 

avoided. A situation parallel to Malaysian scenario can be made to the use of atrium form 
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in the Middle East. The atrium buildings in new cities in the oil rich Middle East are 

central to this problem of non-contextual design as illustrated in the design of the atrium 
building of Bin Laden Headquarters, Jeddah by Peter Pren (Figure 2.11). They are 
frequently a stage for the international architectural set piece, but pay little attention to the 

climate of the region and local cultural traditions. Part of the reason is that it is difficult 

for international consultants to assimilate the cultural background of their clients, tending 

to use their own instead. The top-lit atrium that is based on western concepts which are 

suitable for temperate climates is adopted as a symbol of acceptance of western design 

superiority. This trend is becoming visible in Malaysia as the nation is striving towards a 
fully industrialised country by the year 2020 and adopting the symbol of an industrialised 

western country. 

Figure 2.11 Bin Laden Headquarters Building, Jeddah 

Monograph, 1994] 

[Source: Architectural 

(ii) The Environmental Problem in Malaysian Atria 

Unlike an atrium in the temperate climate, the atrium in Malaysia will be in the heat 

surplus condition throughout the year. This is due to the equatorial climate which is 

generally characterised by low wind speed, high external air temperature and relative 
humidity, with little variations throughout the year. Quek [1989] has shown that the 

temperature inside an enclosed atrium in a tropical area can be above external air 

temperature, and greatly exceeds comfort levels (Figure 2.12). 
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The disadvantage of atriums in hot-humid climate of Malaysia in particular is therefore 

the accompanying heat gain associated with direct and indirect solar radiations and the 

creation of thermal differentials in large volumes of air. With clear single glazing in atria 

and the sun at a high solar altitude, there is greater heat penetration. The large amount of 

glazing in atria results in an overheating greenhouse effect. Short-wave solar energy is 

transmitted through the glazing and absorbed by the solid element of the building or in 

the building. These elements then re-emit long wave radiation, which is prevented from 

re-transmitting back through the glazing [Goulding, 1992]. 

Degree of cooling required 

atrium temperature 
34 

ambient temperature 
29 ---------- 

27 
COMFORT LEVEL 

24 

degree C 

Figure 2.12 The degree of cooling required in an atrium in warm and humid condition. 

[After Quek, 1989] 

The large amount of glazing which results in excess heat gain via direct radiation input 

also overrides the natural convection processes. This produces a thermal stratification 

stack effect within the atrium space. The result is a much higher and stable temperature 

towards the top of the atrium. The hot air also flows into the upper level adjacent spaces, 

making them hot as well. 

Mean radiant temperature (MRT) or long wave radiation of the internal surrounding 

surfaces is as important as the air temperature, which affect occupants' thermal comfort. 

At least 40% of all thermal exchange between the environment and a human body are 

through radiant heat processes [Moore, 1993]. The high internal air temperature due to 

the thermally stratified hot air coupling with high mean radiant temperature of the internal 

surfaces will further enhance the overheating greenhouse effect in the atrium space. This 

condition will greatly affect the occupants in the occupied zone on the atrium floor and 
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the adjacent spaces, as the human body constantly exchanges heat with all objects and 

surfaces that are in its view. Particularly at upper levels, the radiation effects on the 

occupants are even higher resulting from the greater view factor between them and the 

surrounding hot surfaces. 

Therefore, the atrium in the equatorial and tropical area should function as a cooling 
device. A cool atrium will reduce the cooling load in the parent building as it reduces the 

temperature difference between the parent building and the adjacent spaces. To ensure 

that this cooling function is performed, measures must be taken to minimise solar heat 

gains (e. g. using shading devices and overhangs) and maximise the heat losses (through 

ventilation). 

Several passive techniques can be considered in the design of cooling atria. These include 

control of solar heat gains, reduction of heat load from electric lighting, and the use of 

passive cooling techniques which include thermal mass, radiative cooling and convective 

cooling. 

(iii) Control of Solar Heat Gains 

In Malaysia the sky condition is normally 60 to 90 percent cloud cover. Daily mean solar 

radiation ranges from 450 to 520 WM-2 with a mean daily sunshine probability of 6 hours. 

The highest solar radiation occurs between 12.00 and 15.00 hours. 

Avoiding direct sunlight penetration by using shading devices is an important strategy to 

minimise solar heat gains by reducing the 'greenhouse effect' [Baker, 1984] in glazed 

atria. External shading is preferable to internal blinds because it is better to avoid sunlight 

entering the space. However, external blinds do not generally provide glare control as 

they often cannot be controlled by the occupants. With internal shading, adequate venting 
is needed to allow the hot air to escape. Orientation and location are important in the 

design of effective shading devices (Figure 2.13). Movable shading devices are preferable 
but the high solar altitudes in Malaysia allow the use of fixed shading devices which will 

achieve total exclusion for long periods of the daylight hours (Figure 2.14). 
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Figure 2.13 The importance of orientation in avoiding solar heat gain in tropical area. 
[After Ahmad and Rasdi, 2000] 
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Figure 2.14 Critical cut-off angle for Malaysia on North and South walls for effective 

shading design. [After Ahmad and Rasdi, 2000] 

Roof forms and type of glazing are important design factors in the control of sunlight 

penetration for heat gain problems [Usha, 1994]. Most of the atrium buildings in 

Malaysia have either horizontal or pitched glazed roofs. The majority have tinted glazing 

but with no external shading. As more than 50 percent of the horizontal glazing must be 

shaded to reduce solar gains, consideration should be given to opaque material for the 

roof to block sunlight with side glazing or clerestory windows to permit diffused and 

reflected lights into the atrium space. This technique is suggested by traditional Mosque 

design in Malaysia as illustrated in Figure 4.6, where double-hipped roofs with clerestory 

openings provide good illumination and allow natural ventilation. Another advantage of 
high clerestory windows is that they will lift the hot air mass above the occupied zones 

and if opened can automatically exhaust the hot air. The use of fabric materials such as 

/ 
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Teflon-coated fibreglass could be considered as they can have high thermal reflectance 
but still permit enough daylight into the atrium [Saxon, 19901. 

(iv) Passive Cooling 

In Malaysian hot-humid conditions, natural air flow fulfils the function of helping the hot 

and sticky skin by encouraging the evaporation process to achieve a certain level of 

comfort. The relative humidity in Malaysia, which remains high and varies from 55% to 

almost 99%. requires high air movement indoors, especially when the air temperature is 

also high. The annual mean temperature in Malaysia is 26.40C, with a monthly annual 

range of 1-4'C. The diurnal range is about 100C with the mean daily maximum of 32'C. 

The extreme air temperature is 36'C. The air that is moved through the exchange of 
indoor with "fresh" outdoor air can provide cooling, and can also act as a heat carrying 

medium. The thermal mass of a building also can help in a cooling strategy, absorbing the 

heat in the atrium during day time and releasing the heat at night. Typical lightweight 

construction and fairly small diurnal temperature differences in the tropics limit the 

effectiveness of this approach [Koenigsberger et al, 1980]. Radiative cooling utilises the 

cold night sky and polar sky during the day time as a heat sink. In theory the heat from 

the atrium space will radiate to the cooler sky thus lowering the temperature. 

Unfortunately, due to the high humidity and normally extensive cloud cover in Malaysia, 

this strategy is of limited value as a heat transfer mechanism. Figure 2.15 illustrates the 

concept of radiative cooling. 

heat release to 
cooler air at night 

pool of cool air 
in the morning 

Figure 2.15 Radiative cooling 
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Convective cooling is the most effective method for passive cooling of the atrium in 

Malaysia. This method is frequently referred to as the "stack effect". The heat build-up in 

the atrium naturally causes air buoyancy (Figure 2.16). Cooler air entering at the bottom 

of the atrium will displace the hot air. Convective air "flushing" at night leaves cooler air 
in the morning to absorb heat generated in the atrium space slowing the rate of heat 

radiation to the parent building. Any daytime convective cooling will assist evaporative 

cooling of the building users. Exhaust fans can also be used to further maximise the 

airflow. 

prevailing 
wind 

cool outdoor 
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stack effect 
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Figure 2.16 Convective cooling 

induced 
air 

(v) Disadvantage of Passive Systems 

Passive systems have disadvantages especially for atrium buildings in the city centre 

areas. The need for openings at ground level for cooling purposes aggravates the 

problems of external noise and air pollution, and causes potential security problems at 

night. The extent to which external noise is a problem will depend on the internal ambient 

noise climate and sensitivity of the building user activity. Pollution filtering measures can 

be installed and security grills fitted. The need to filter the external environment may, in 

some dense urban areas, mean that air-conditioning is still required to meet the comfort 

standards and to avoid indoor air pollutants. But the atrium building in suburban area, 

which is becoming a common feature in Malaysia, can be an open and passive system. 

2.3.5 Overview of Research Trend in Atria 

The atrium has achieved broad-based popularity not only because it creates a feel-good 

place but also has given a strong return on investment, raising commercial and 

community values [Harney, 1979; and Saxon, 1995]. In addition, Saxon [1986] claims 
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that atria are relatively inexpensive to build and maintain, as well as can possibly 
contribute to lower energy use in buildings. However, it is often a misconception that the 

use of an atrium automatically provides benefits in terms of lowering energy costs, which 
makes it viable commercially. In many cases, the construction cost of atrium buildings is 

much greater compared with conventional building designs [Building Journal Hong 
Kong, 1984; 1985] and they are also expensive to operate and maintain [Bryn, 1995]. 

Furthen-nore,, resulting from being misdesigned and misused, many atria have been 

considered as failures due to their disastrous energy waste and comfort problems [Saxon, 

1986; Thyholt et al., 1998]. 

These misconceptions of the environmental and energy benefits leading to poor designs 

of atria have inspired diverse research programmes. In general the purpose of the research 
is to enhance the architects' understanding on the effect of incorporating atria into any 

type of buildings, particularly non-domestic buildings. Research on atria can be classified 

according to the general research functions, which can be broadly divided into three main 

categories namely the non-energy related function, energy related function, and the 

indoor air quality. 

(i) Non-Energy Related Research 

The non-energy related researches comprise the study on the use of 'atrium' concept for 

spatial expression and aesthetic value [Harney, 1979; Lehrman, 1984], and creating urban 

quality indoor environment [Hashimoto, 1989]. Strategies and approaches for fire safety 

and smoke control in atrium buildings are studied by Morgan [1979], and Hartsell and 

Morgan [1994]. Other relevant areas of concern include building appraisal [Ne'eeman 

and Selkowitz, 1984], building typology [Hawkes and MacCormac, 1978; Geist, 1983], 

indoor landscaping [Watson, 1982; Navvab, 1990; Maddock, 1992], and the economic 

contribution of the atrium buildings as a marketing strategy [Portman and Barnett, 1976]. 

The architectural and urban issues concerning the atrium building design are obviously 

dependent on the architect's design intentions, whilst its economic contribution in terms 

of better return on investment is of greater concern on the part of the owner or developer. 

Apparently the non-energy related research has not been an important factor which 
directly influences decisions made by the architects. This is due to the fact that the non- 

energy related issues are subjective to the designers' intentions, the goals set by the 

developers and the users' perceptions towards atrium buildings. 

53 



(H) Energy Related Research 

According to Atif [ 1992] the findings from energy related research is considered to be an 

essential contribution to the architects as their design decisions may directly affect the 

final energy consumption in atrium buildings. The architect should carefully consider the 

implications of his or her intended design solutions particularly on the energy and 

environmental consequences starting from the very early stage of the design process. In 

order to achieve optimum design solutions the architects should understand that indoor 

environmental performance of an atrium is directly influenced by its basic form and 

architectural treatments. Using appropriate design tools available they should be able to 

predict and identify any possible design problems and correct them accordingly before the 

final design is approved. 

One of the main concerns of energy-related research is to study the thermal 

environmental performance in atria associated with unwanted interior air stratification 

and overheating. The concept of thermal stratification within atria is important in terms of 

reducing the energy running costs of the building and to increase the human comfort 

level. In air-conditioned atrium if thermal stratification exists then the mechanical 

ventilation system has to do more work to produce a comfortable climate. More work 

means more energy required and therefore more money spent. In a naturally ventilated 

atrium where the convection process means that the less dense hot air rises and the cold 

air sinks, the hot air also flows in to upper level adjacent spaces making them hot. If the 

thermal stratification can be reduced then the comfort in the adjacent spaces will be 

increased. 

Obviously the main problem with thermal environment within the atrium space is the 

vertical height over which the air is distributed. The temperature distribution with respect 

to height in a fluid is known as 'thermal stratification'. This also gives rise to a non- 

uniform density variation in a fluid [Juluria, 1980]. 

Thermal stratification is a significant problem in a tall and narrower atrium building due 

to the large glazing area, large internal air volume, the convection process and the direct 

solar radiation. The temperature differences between the lowest and highest points could 

be as much as 7 degrees [Jones et al., 1991; Kainlauri et al., 1991]. 
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Thermal stratification in atriums has mostly been investigated in temperate climates 

where direct solar radiation is beneficial because the temperature outside is often lower 

than the inside temperature. This includes studies on the use of the atrium as a passive 
feature for either cooling or heating investigated by Hawkes [1983], Baker [1984], 

Degelman et. al. [1988], Kristensen et. al. [1991], Alamdari [1994], Sharples and 
Bensalim [2001 ] and Voeltzel et. al. [2001 ], and the thermal performance of atria and the 

energy savings associated with the inclusion of the atrium form can be found in the work 

of Bazjanac [1981], Watson [1982], Atif [1992], and Gillette and Treado [1988], Laouadi 

and Atif [ 1999] and Laouadi et. al. [2003]. 

In tropical climates where direct solar radiation resulting in excessive heat gains which is 

the major cause of overheating and unwanted thermal stratification within the atrium has 

largely not researched to date. Computer simulation studies on the design of atrium 

building in warm and humid tropics by Quek [ 1989] indicate that there is a need to reduce 

the size of horizontal opening. At the same time, they point to the need to maximize the 

internal shading to reduce the temperature build-up in the atrium space, hence lowering 

the indoor air temperature, resulting in a better comfort conditions for the occupants. 

However, the impact of other architectural design solutions such as using the side-lit form 

and overhangs on the thermal performance is not included in his studies. 

The other concern of energy related research is to study daylighting and sunlighting, 

which is a direct consequence of having an atrium. In temperate climates, interest in the 

contribution of daylighting for the purpose of energy efficient building design is growing. 

For example, a lot of research has been done to analyse daylighting distribution within the 

atrium spaces and their adjacent areas [Liu et al., 1991; Cole, 1990; Atif and Boyer, 1991; 

Ahmad and Rasdi, 2000]. 

Studies on energy conservation in commercial buildings in Singapore [Levine et al., 

1993; Sullivan et al., 1992], report the significance of daylighting as the most important 

measure for reducing total energy use in commercial buildings, cutting the energy use by 

at least 20%. They also indicate that the top five areas of concern in energy conservation 

are daylighting, lighting, external shading, window-to-wall ratio and shading coefficient, 

all involving some modifications and design solutions of openings and lighting strategies. 

Since cooling load is proportional to the amount of solar gain, avoiding direct sunlight 

penetration is the most appropriate alternative solution. Otherwise, extensive external 
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shading or internal blinds are required which defeat the purpose of a toplighting system. 
Atif [ 1992] in his studies on the impact of the top-fenestration on daylighting and cooling 

of atrium buildings in warm climates of North America, illustrates that the increase in the 

area of top-fenestration increases the cooling loads and decreases the lighting loads. 

The impact of vertical fenestration with fully opaque atrium roof on daylight distribution 

within the atrium spaces in Malaysia has been investigated by Ahmad and Rasdi [2000]. 

Their computer simulation studies indicate that even though side-lit atria can significantly 

reduce daylight levels within the atrium spaces, the resultant daylighting quantity was 

adequate for the occupants and plants. However, the impact of the side-lit form (which 

aims to control direct sunlight) on the atrium thermal performance has not been 

investigated. 

This review on energy-related research has shown that previous researchers on 
daylighting and thermal performance within the atrium environment generally 

concentrate on the investigation of toplighting strategy in the context of temperate 

climates, thus having little relevance to tropical solutions. 

(iii) Indoor Air Quality 

In the past decade, there has been growing concern over the impact of indoor air quality 

on the comfort, health and the productivity of users or occupants. Factors contributing to 

indoor air pollution include building location and air intake; building design, building 

materials and furnishings; and indoor activities [Cheong and Chong, 2001]. Some of the 

common causes of indoor air problems giving rise to poor air quality are the presence of 
indoor sources of pollution; poorly designed, maintained or operated air-conditioning and 

mechanical ventilation systems; and uses of the building that were unplanned for what the 

building was designed or renovated. 

The research on indoor air quality associated with atria is normally concerned with the 

performance and efficiency of the ventilation systems in the removal of pollutants and 

smells originating in the atrium space as well as the removal of excessive heat to avoid 

unwanted temperature stratification and overheating which is directly related to indoor 

thermal comfort. Computer simulation studies by Wang and Tait [2002] prove that 

effective provision of ventilation systems design can avoid or minimise the smells and 

odours from the kitchen and eating areas on the ground floor of the atrium from spreading 
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to open plan offices on the upper levels. The effectiveness of the mechanical ventilation 

systems placed on the atrium rooftop in improving thermal environmental conditions 

within a high-rise atrium building (30 stories) in Japan has been investigated by Kato et 

al. [1995]. Their computer simulation studies indicate that the ventilation systems can 

significantly improve environmental conditions in summer, especially for upper part 
(above 20th storey) of the atrium. In general, the study on the performance and efficiency 

of the ventilation systems in atria can also be associated with energy-related research. 

Several researches also have shown that ventilation systems in buildings are largely 

responsible for Sick Building Syndrome [Morey and Shattuck, 1989; Helsing et. al. 
1989]. These ventilation systems are either designed incorrectly or they are poorly 

maintained. Particularly in the atrium space, the presence of pollutants and food odours 

can give significant adverse impact on comfort and health of its immediate users as well 

as the occupants of the ad acent spaces immediately both upon entering the spaces and 

throughout the exposure period. However, in terms of the provision of ventilation systems 
for thermal comfort, the requirement can be relaxed a bit as the atrium is generally used 

as transitional space. 

2.4 Thermal Comfort 

This section looks at the theory of thermal comfort. Generally, it is known that there are 

heat transfers between human body and its environment, and a thermal balance between 

the two, which is simplified as the condition of thermal comfort. A brief review on indoor 

comfort criteria for Malaysian is also included. Thermal comfort is an important 

requirement in building design. It is the main reason for building and that it improves the 

health and mental performance of occupants of buildings. 

2.4.1 Human Comfort and Thermoregulatory System 

The definition of thermal comfort for a person, in agreement with ASHRAE Standard 55 

[1966,1981,1992] is "that condition of mind which expresses satisfaction with the 

thermal environment" [Fanger, 1970]. Chadderton [1991] claimed that building services 

engineering is involved in the basic needs for human comfort: visual comfort by 

rendering natural and artificial illumination; acoustic environment by quiet services 

equipment; and thermal comfort by the consideration of thermal control systems. 
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In several previous research investigations [Fanger, 1970; McIntyre, 1980; Gagge et al., 
1986], thermal comfort is strongly related to thermal balance between the body's heat 

generations and the release of body heat into its surroundings. The body temperature must 

remain balanced and constant at around 37C. In order to maintain this steady level, there 

are many physiological mechanisms of the body which can occur [McMullan, 1992]. 

Conduction 

Figure 2.17 Body heat exchange. [After Koenigsberger et al., 1973] 

Koenigsberger et al. [1973] explained that there is some form of heat exchange between 

the body and the environment, and this mechanism is shown in Figure 2.17. 

There are four different modes of heat transfers between the human body and its 

environment [Koenigsberger et al., 1973; Egan, 1975; Chadderton, 1991 ]: 

Radiation: Heat gain from the environment is by solar radiation or warm surfaces, 

whilst radiant heat loss between skin and clothing surfaces and the room depends 

on the absolute surface temperature, the emissivity, the surface area and the 

geometric configuration (or the view factor) of the emitting and receiving areas. 

Thus, a moving person will experience changes in comfort level depending on the 

location of the hot and cold surfaces in the room. It is recommended that the heat 

exchange by radiation is about 40% for a thermally comfortable state. 
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9 Convection: Heat transmission from the body to the air in contact with the skin or 

clothing by natural convection currents or ventilation is a major source of cooling. 

The rate of convection heat loss is influenced by two factors: speed of air 

movement and temperatures of air. The body's response to a cool environment is 

by restricting blood circulation to the skin, involuntary reflex action such as 

shivering, or in extreme cases, lowering the body temperature. Body heat loss is 

primarily by convection (about 40%). 

* Evaporation: Heat loss takes place on the skin as insensible perspiration and 

sweat, and in the lungs through respiration and exhalation. Basically, man loses 

about one litre of water a day by perspiration. The rate of evaporation depends on 

the amount of moisture transfer and on the air humidity. Other variables such as 

temperature, speed of air, clothing and activity also affect the evaporation. Heat 

transfer by evaporation is about 20%. 

9 Conduction: Heat exchange depends on thermal conductivity of materials 

contacting directly with the skin and the surroundings. In other words, it is the 

temperature difference between the body surface and the object that is in direct 

contact with the body (i. e. clothing). Usually, there is very little heat transfer by 

conduction and it also depends on the insulation value of the cloth the body is 

wearing. 

Koenigsberger et al. [1973] stated that the body constantly produces heat from the 

consumption and digestion of food and the processes are known as metabolism of the 

energy produced in the body. Only about 20% is utilized in useful work, while the 

remaining 80% must be dissipated to the environment. The body's heat balance 

[Auliciems and Szokolay, 1997] can be expressed as: 

M±R±Cv±Cd- E=AS 

where 

: metabolic rate, 

: net radiation, 

Cv : convection, 
Cd : conduction, 

E: evaporation heat loss, and 

AS : change in the heat stored. 

(2.1) 
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If AS is zero, it is the state of thermal balance between the body and its environment; if 

positive, the body temperature increases; and if negative, it decreases [Auliciems and 
Szokolay, 1997]. 

Hensen [1990] included the heat transfers into the theory of thermoregulatory system, 

explaining thermal interaction between man and his environment. The diagram of basic 
features of the thermoregulatory system in man is shown in Figure 2.18. 

controller 

teisperat ure 
sell-satioll 

.r hypotha) Amu -C: 

feedback 
elements 

controlled 
system 

external 
tilsturbance 

control 
actions 

ski n 
thermoreceptors 

body shell 

adjustment of 
heat exchange: 

vasoynot ion 
Sweating 

clothing 

behaviour-al- 
regulation 

iII 
nternal 

1: 
I 

hermoreceptor-s 

i nterna 1 
disturbnnur 

adjustment of 
heat production: 

met a bol i sni 
sh i verinq 

thermal 
comfort 

autonomic body core regul. 2tion 

voluntary movement!; A-, - 

ý signal Path $ heat transfer path 

Figure 2.18 Schematic diagram of the thermoregulatory system in man. [After Hensen, 
1990] 

According to Hensel [1981], man's thermoregulatory system is more complicated than 

any actual technical engineering control system. It is highly non-linear in the 

mathematical sense and contains multiple sensors, multiple feedback loops, and multiple 

outputs. Hensen [1990] described that the control system is influenced by both internal 

(e. g. internal heat generation by exercise) and external (e. g. originating from 

environmental heat or cold) disturbances. These thermal disturbances are detected by 

thermoreceptors in the skin and the body core. The thermoreceptors in the skin respond to 

the temperature sensation and those in the brain or hypothalamus, thermal comfort. 
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Mayer [1993] explained a difference between these two thermoreceptors that the cold- 
receptors in the skin react, when skin temperature falls below a certain threshold- 
temperature, combined with freezing, or locally, e. g. by draught, whilst the warm- 
receptors react combined with sweating, when a certain threshold-temperature in the brain 

is surpassed. Warm-sensors in the skin and cold-sensors in the brain exist too, but do not 

contribute to the discomfort sensation. 

Hensen [ 1990] further stated that there are two types of regulations in the system which 

control heat balance in the human body: autonomic and behavioural temperature 

regulations. Autonomic thermoregulation, by hypothalamus, controls actions such as 

adjustment of heat production, internal and external thermal resistance, water secretion 

and evaporation; and behavioural thermoregulation controls active movements and 

adjustment of clothing, which is associated with conscious temperature sensation and 

with thermal comfort/discomfort. Hensel [1981] found that the temperature sensation 
depends mainly on the activity of thermoreceptors in the skin whereas the thermal 

comfort reflects a general state of the thermoregulatory system. 

2.4.2 Factors Affecting Comfort 

Conventionally, there are two groups of factors which influence the condition of thermal 

comfort in man, and these are environmental and individual factors. The environmental 
factors are air temperature (Ta); mean radiant temperature (T, "'t)', relative humidity (rh) 

(usually, converted into units of water vapour pressure in ambient air - Pý' )2 ; and relative 

air velocity (v). The individual factors 3 are activity level or metabolic rate (M) and 

clothing thermal resistance (I,, ) [Fanger, 1970]. 

These variables have been used in various extensive investigations and experiments 
involving numerous subjects, and have resulted in methods to establish the prediction of 

the degree thermal comfort of people in a still thermal environment [Hensen, 1990]. It is 

cited by Fanger [1970] that thermal comfort is the 'product' which can be achieved by 

many different combinations of the above variables. Besides the above-mentioned six 

1 T,,,,, = Tg + 2.3 5 (V)0,5 (Tg - T,, ): where T,,,, = mean radiant temperature; Ta = air temperature; Tg = globe 
temperature; and v= relative air velocity [Moss, 1998]. 

2 P,, = rh * exp [ 18.956 - 4030.18 / (T, + 235)] (millibar): where P. = water vapour pressure; rh = relative 
humidity (units in fraction), and T. = air temperature [McIntyre, 1980]. 

31 met = 58.2 W/m 2 and I clo = 0.155 M2 K/W [Fanger, 1970]. 
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variables, there are a number of subjective parameters which have influences on thermal 

preference [Oseland, 1992]. These are: individual or group (ethnic and cultural); social 
classification (gender and age); somatic factors (body build or menstrual phase); 
psychology (attitude and expectation); economic (income or cost of heating or cooling); 
and external circumstances (time of the year or climate). In recent research [Humphreys 

and Nicol, 1998; de Dear and Brager, 1998], other parameters concerning the adaptation, 
which have influenced thermal comfort, are also considered. 

2.4.3 Comfort Equations 

Fanger's comfort equations [Fanger, 1970; ISO 7730,1994] is one of the most well 
known and widely accepted methods in establishing thermal comfort conditions and later 

standards [Hensen, 1990]. It considers the heat balance as the first requirement for 

thermal comfort and the expressions for skin temperature and sweat secretion at a given 

activity level as the second. These conditions are claimed to be valid only for steady state, 

with the combined clothing and environmental variables [Fanger, 1970]. 

It should be noted that the comfort equations are based on experiments with Danish and 
American college-age persons exposed to a uniform environment under steady state 

conditions. Therefore, the reliability of the equations applied for extreme climates is 

questionable and needs further experimental verification [Fanger, 1970]. 

Chadderton [1991] expressed the Fanger's comfort equations in the form of mathematical 

statement: 

(met, clo, T, T., P, v) =0 (2.2) 

where f represents a mathematical function connecting all the variables contained in the 

bracket. 

Fanger [ 1970] applied his equations by using the following variables: 

ea function of clothing: 

o Ic, : thermal resistance of clothing (m'OC/W); 

o f, : ratio of man's surface area while clothed to while nude; 
,I 

o tc, : surface temperature of clothing (OC); 

ea function of activity: 

oM: metabolic rate (W/m 2); 

62 



oW: external work (W/m 2 
2). o Ad. : DuBois area: body surface area of the human body (m 

o Tj : external mechanical efficiency of the body; 

environmental variables: 

oT air temperature (T); 

o T., : mean radiant temperature (T); 

o Pa water vapour pressure in ambient air (millibar); 

ov relative air velocity (m/s); and 

others: 

0k convective heat transfer coefficient (W/M2oC). 

The practical assessment of any given thermal environment is evaluated in quality in 

terms of 'Predicted Mean Vote' (PMV) and 'Predicted Percentage of Dissatisfied' (PPD) 

[Fanger, 1970]. The PMV is a rather complicated mathematical expression (and therefore 

hardly suitable for calculations by hand) that predicts the mean value of the votes of a 
large group of persons. It uses thermal sensation as assessment. The thermal sensation 

applies a seven-point scale as the subjective rating responses for the thermal environment 
by subjects in thermal comfort research. Table 2.14 shows the ASHRAE scale, the one 

normally used in American work and it refers strictly to thermal sensation [McIntyre, 

1980]. 

ASHRAE Scale Numbering of votes 
Hot 3 

Warm 2 
Slightly warm 1 

Neutral 0 
Slightly cool -1 

Cool -2 
Cold -3 

Note: +1,0, -1 are considered to constitute the comfort zone 

Table 2.14 The ASHRAE scale of thermal sensation 

The PMV Index can be precisely determined if both environmental and individual 

parameters are correctly measured and only for steady-state conditions or minor 
fluctuations of variables. It must be remembered that the index is derived on the basis of 

experimental conditions which are near thermal neutrality (slight discomfort). Therefore, 

it is recommended to use only the PMV values which are between -2 and +2 [Fanger, 

1970; ISO 7730,1994]. 
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The PPD is another index that establishes a qualitative prediction in percentage of the 

number of persons who are expected to feel uncomfortable in a given environment and 

these dissatisfied persons in practice incline to complain about their environment. It is 

defined as those who vote 'hot (+3), warm (+2), cool (-2) or cold (-3)' on the ASHRAE 

Scale [Fanger, 1970; ISO 7730,1994]. 

From Figure 2.19, the PPD can be written as a function of the PMV, in the follwing 

equa ion: 

PPD = 100 - 95 xe 
-(0 ' 

03353 x PMV4 + 0.2179 x pMV2) 
(2.3) 

The curve is symmetric and its minimum value is at five per cent dissatisfied for the mean 
PMV equal to zero. This point corresponds to the optimal comfort condition, where the 

least percentage of the subjects would complain about their environment. This curve 

signifies that complaints cannot be avoided, but they should be kept to a minimum. 

The maximum/minimum values of the PMV are at ±2.0, since it excludes the extreme 

cases as mentioned above. The more the PMV deviates from zero, the more PPD 

increases, in a semi -1 o garithmic manner. When the PMV is at ±0.5 , there are ten per cent 

of dissatisfied persons. After this, the PPD increases quite rapidly: for PMV =±1.0, there 

are over five times as great as the minimum value. 
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Figure 2.19 Predicted Percentage of Dissatisfied (PPD) as a function of Predicted Mean 

Vote (PMV). [After Fanger, 1970] 
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2.4.4 Comfort Zones 

Many researchers attempt to define a range of the conditions within which at least 80% of 

the people would feel comfortable, or are in the 'comfort zone'. The conditions can be 

represented as a person sitting in a shaded area with negligible air movement and feeling 

comfortable [Olgyay, 1963]. An example of the comfort zone is estimated at temperatures 

between 21T and 28'C (in the tropics, 24'C - 30'C), with relative humidity 30% to 70%. 

This estimation can only be thought as an approximation idea. Olgyay [1963] mentioned 

that, regarding the range from observations, there is no precise criterion by which comfort 

can be evaluated. Such zone can vary from one individual to another, depending on types 

of clothing worn, activities performed, acclimatization and so on. As a result, the exact 
boundary of the comfort zone does not exist. Any definite comfort perimeter outline 

merely is based on arbitrary assumptions selected at a particular condition. There have 

been attempts to devise methods to establish the comfort zone by drawing all the 

environmental parameters (T,,, T,,,, t, rh and v) into one single chart to represent thermal- 

comfort threshold. This chart will enable building designers or architects to make a 

quicker and easier assessment of building designs. Here are two types of charts: the 

Bioclimatic Chart by Olgyay [1963] and the Building Bioclimatic Chart by Givoni 

[1969]. 
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Figure 2.20 The Bioclimatic Chart by Olgyay [1963], with an activity level of 1.2 met 

and clothing insulation of 1.0 in warm climates. [After Koenigsberger et 

al., 1973] 
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The first chart, the Bioclimatic Chart [Olgyay, 19631 shown in Figure 2.20, represents the 

combination of dry bulb temperatures on a vertical axis and relative humidity on a 
horizontal axis, composing the comfort zone in the centre. Outside the comfort zone, the 

curves and lines indicate the recommendations used to achieve comfort by means of 

radiation or air movement. These corrective measurements are essential to restore thermal 

comfort. The chart is applicable to inhabitants wearing a typical business suit (1 .0 CIO) 

and performing sedentary or light work (1.2 met) in a warm climate. 

This seems to be the first attempt to encourage architects to consider climate seriously in 

their design. However, Olgyay's chart has some limitations when applied; firstly, the 

chart is based on outdoor climatic conditions and does not predict or expect inside 

buildings, and secondly, it does not relate any strategies to building design [Givoni, 

1976]. 

The second chart, the Building Bioclimatic Chart [Givoni, 1969] shown in Figure 2.21, 

has been developed to evaluate the comfort requirements and suggest the applications 

used for building design. The chart consists of 15 areas, each of which indicates necessary 

controls and design strategies applied to the environmental conditions for the comfort 

zones. It uses the Psychrometric Chart, which asks for dry bulb and wet bulb 

temperatures, and relative humidity, as a plotted sheet. 
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Figure 2.21 The Psychrometric Chart marks up as the Building Bioclimatic Chart by 

Givoni [ 19691. 
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The Building Bioclimatic Chart is later revised by taking into consideration the effects of 

acclimatization, various design strategies and passive cooling systems [Givoni, 1992]. 

The comfort zone here is differentiated between persons living in developed countries and 
in hot developing countries. The temperature ranges of acceptable conditions in still air 
for people living in developed countries are 18-25'C in winter and 20-27'C in summer. 
The upper temperature limits are applicable at low humidity levels. For people living in 

hot developing countries, the upper temperature limit can be increased by 2'C. More 

details can be found in Givoni [ 1992]. 

2.4.5 Indoor Comfort Criteria for Malaysians 

There are few thermal comfort studies done in Malaysia before the 1990s. For indoor 

design conditions for air-conditioned space, the comfort range suggested by the Ministry 

of Energy, Telecommunications and Posts [1989] and the Malaysian Department of 

Standards [2001] for non-residential building is 23-26'C. These figures are similar to the 

ASHRAE 55 [1992] and ISO 7730 [1994] standards. 

Since the 1990s, with the growing concern over the increased use of energy in Malaysia 

over the past decades, more researches have been conducted in the area of thermal 

comfort to find means to provide comfortable indoor environment, to reduce energy 

consumptions and save on air-conditioning costs. 

Sabarinah [2002] has reviewed and compared seven studies on indoor thermal comfort in 

various buildings in Malaysia from the 1990s. The types of studies conducted are either 
field study or climate chamber study. From the field study, various types of buildings are 

represented, i. e. offices, classrooms, factories and multi-storey dwellings. Both naturally 

ventilated and air conditioned buildings are included in the field studies. The summary of 

the seven studies is presented in Table 2.15. 

In all the studies, all the proposed neutral temperatures are higher than 24.5 T as 

recommended by the DOSM and ASHRAE Standards. For the indoor design conditions, 

the comfort range for all studies have higher maximum values, some at 4 degrees higher 

than the recommended range for air-conditioned buildings. 

67 



Indoor design 

Researcher 
Type of Year Comfort 
Study & No. of Occupancy condition 

Published value OC Location subjects category Comfort Relative 
range IC humidity % 

Abdul 
Shukor & 1993 28.2 Ta Chamber 12(a) 

1.0 met 
25.0- 50 

Young (Penang) 130(b) 31.4 Ta 

55-80 
Chamber & 

Not Field Factory 23.0- average air 

Zainal 
1993 

available (Johor (field) 33.0 T, velocity 

Bahru) 0.15-0.20 
m/s 

Field 18-75, 
Zainal & 
Keong 1996 26.0 (Johor 119 Factory 24.6- 

27.4 
average air 
velocity 0.3 

Bahru) M/s 

Abdul Field Naturally 4- 23 Rahman & 1997 27.4 (Subang 236 ventilated . 31 5 54-76 
Kannan Jaya) classrooms . 

NV and Air- 
Zain Ahmed 1997 26 27 

Field 
283 conditioning 24.5- 73 

et. al. . (Shah Alam) (AC) lecture 28.0 
rooms 

Ismail & 2001 24.6 Ta 
Field 

501 100% AC 20.8- 40-80 Barber (Penang) office 28.6 Ta 

Up to 90 

Field Air velocity 
Sapian et. 2001 NV multi- 26.0- 0.5 - 1.0 m/s 

al. (Kuala storey flats 29.5 neededto Lumpur) 
achieve 
comfort 

Summer 50 
ASHRAE 

1992 24.5 To Chamber Light, 23.0- mean air 
Std 55 sedentary 26.0 To velocity 0.15 

activity m/s 

Summer 30-70 

IS07730 1994 24.5 To Chamber Light, 23.0- 
26 0T mean air 

sedentary . , velocity <0.4 
activity M/s 

Dept. of 
standards 2001 Not AC non- 23.0- 60-70 Malaysia available residential 26.0 
(DOSM) 

Table 2.15 Neutral temperature and comfort ranges of subjects in Malaysia. [After 

Sabarinah, 2002] 

In air-conditioned building, from Table 2.15, the field study conducted by Ismail and 

Barber in 2001 showed that the comfort temperature (20.8-28.6'C) was much wider than 

the range recommended by ASHRAE and other organisations ý, ý-hich indicated that the 

Malaysian thermal acceptability in air-conditioned environment is xider than 
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recommended by other standards. Their study also found that the Malaysian neutral 
temperature in air-conditioned office buildings to be 24.60C, a value of 3.60C lower than 

the value earlier found by Abdul Shukor and Young in 1993 from the climate chamber 

study. This result indicates that the Malaysian workers acclimatised and adapted (i. e. 

putting on more clothing) to the lower temperature provided by the typical air- 

conditioned environment of the modem office. 

For naturally ventilated building, the field study by Abdul Rahman and Kannan in 1997 

showed that the upper range of comfort can be stretched up to 33'C with the aid of air 

movement of 0.5 m/s to 1.0 m/s. In comparison with the South East Asian regions, the 

neutral temperature for naturally ventilated building in Malaysia (26'C to 27.4'C) 

corresponds to the results produced in Thailand and Singapore of 27.4'C ET and 28.5'C 

respectively [Busch, 1992; Karyono, 1996]. 

Result of the studies therefore suggest a higher thermal comfort range for Malaysian 

compared to the thermal comfort range proposed by international standards, i. e. ASHRAE 

Standard and ISO 7730 which indicates that Malaysians are acclimatised to much higher 

environmental temperature. Therefore adopting the international standards for interior 

comfort conditions for the Malaysian hot-humid tropical climate may lead to overcooling 

and energy waste. 

With regard to the atrium building in Malaysia, interaction between the large glazed 

enclosure and the unfavourable outdoor weather conditions is the primary contribution to 

indoor thermal discomfort in atrium buildings in hot-humid regions especially in 

Malaysia. However, since the atrium space is normally used as a relaxing, transitional 

space, the requirement of comfort is less stringent. Therefore in order to make the space 

inhabitable, the temperature within the atrium space should be kept within or slightly 

higher than the comfort temperature range for Malaysians (20.8-28.6'C) in air- 

conditioned office buildings as defined by Ismail and Barber [Sabarinah, 2002]. 

2.5 Building Ventilation Systems 

This section initially looks at the objectives and requirements for ventilation in buildings 

and also the criteria for the ventilation efficient selection. It follows with a brief review on 

natural ventilation in atria. 
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2.5.1 Critical Parameters in Ventilation System Design 

Ventilation systems, whether natural or mechanical, may be used for: indoor air quality 

control, air flow distribution patterns for thermal comfort, passive heating and cooling in 

various climatic zones. 

The appropriate design of a ventilation system can provide acceptable air quality and 

meet thermal comfort needs throughout the full range of climatic conditions. In winter, 

design should minimize excess ventilation but ensure adequate indoor air quality to meet 

occupants' need for comfort and health. The critical parameters include room 

temperatures, indoor air quality, and draught control. In summer design, the main aim is 

to satisfy occupants' thermal comfort needs by avoiding overheating through controlling 

of room temperatures, solar and internal heat gain, and provision of convective cooling. 

Particularly for natural ventilation system, other important parameters identified in the 

NatVent project [Kukadia et al., 1998] are the controllability by individuals, internal and 

external air pollution or odours, safety issues regarding fire regulations and security, and 

finally construction, operation and maintenance costs. 

Since ventilation is the act of supplying clean air to a zone to satisfy the need for fresh air, 

ventilation rate is another important parameter to be considered. If ventilation air is 

assumed to mix perfectly and instantaneously with the air and pollution within a zone, 

then for a fixed pollutant emission rate, the steady state concentration of pollutant within 

that space will be a function of the ventilation rate [Liddament, 1993]. 

The ventilation rate can be measured in either air-changes per hour or cubic metres or air 

supply per hour, which depends on the activities of the occupants and the volume of the 

space of floor area per person [Yeang, 1996]. A ventilation rate of 0.5 air change rate per 

hour (ACH) can be suggested as the minimum health ventilation rate in residential 

buildings with low occupancy density for maintaining adequate indoor air quality 

[Givoni, 1998]. Table 2.16 shows the approximate values for the ventilation rates needed 

for each ventilation function. 

Requirement ACH I/s. sq. m 
Health 0.5 to 1.0 0.4 to 0.8 

Comfort 1.0 to 5.0 0.8 to 4.0 
Cooling 5.0 to 30.0 4.0 to 25.0 

Table 2.16 Approximate ventilation rates requirement. [After BRESCU, 1995] 
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On the other hand, in an office building, BRE Digest [ 1994] has proposed the ventilation 

rates for fresh requirements in different occupancy activities and pollutant levels as 

shown in Figure 2.22. It suggested that the requirement for oxygen is far smaller than that 
for metabolic carbon dioxide dilution. This, in turn, is less than the air needed for dilution 

of body odour and much less than the ventilation needed to dilute tobacco smoke and 

other pollutants to acceptable levels. 

40 

32 - to minimise effects of heavy smoking 
30 

2 20 

16- to minimise effects of some smoking 
C 0 

10 
8- to control body odour 

>5- to reduce build-up of carbon dioxide 

0-3 - to provide oxygen for breathing 

Figure 2.22 Ventilation rates for fresh air control. [After CIBSE AMIO, 1997] 

In hot areas such as the tropics, ventilation is important to remove moisture from the skin 

and to assist heat conduction. It is the velocity of the air that is critical, rather than the 

volumetric air flow [Yeang, 1996]. To provide for structural cooling ventilation in hot- 

humid regions, the velocity should approach 2-3 m/s. 

2.5.2 Types of Ventilation System 

The method of ventilation and cooling chosen for a building should depend upon likely 

gains and the admittance. Some of the common ventilation systems available for the 

control of internal environment are discussed below. 

(i) Natural Ventilation 

Natural ventilation has proven to be an energy efficient alternative to reduce the cooling 
load in buildings, achieve thermal comfort and also maintain a healthy indoor 

environment, where the outdoor air conditions are favourable [Cohen et al., 1992]. 

Natural ventilation system is achieved by making use of the natural pressure differences 

surrounding a building, caused by the wind and stack effect. Air movement within the 
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building may also depend on buoyancy (thermal forces). There will always be periods of 

calm when the wind speed is ineffectual. In these situations, buoyancy forces act alone. 

Natural ventilation is dependent on three climatic phenomena as follows: 

Wind Velocity: The direction of the wind and its velocity over the building create a 

pressure field around the building. It is therefore important to exploit the pressure 
differences by placing inlets in areas of positive pressure and locating outlets in 

areas of negative pressure (Figure 2.23). Pressure differential around the building 

will always be the predominant factor influencing natural ventilation, but this is 

reliant on the velocity of the wind. If this drops below a certain level, only then 

will stack effect (buoyancy) have any real bearing on the rate of ventilation. Wind 

ventilation is not effective unless wind speed is in excess of 2.5 m/s [Battle 

McCarthy, 1997]. 

Wind Direction: The manner in which air passes through a building is basically 

dependent on the direction of the wind. As the wind moves over the building it 

creates a varying positive and negative pressure field. Air will then flow from the 

positive pressure zones to the negative as shown in Figure 2.23. It is important to 

note that as wind direction varies on a daily and seasonal basis, the pressure field 

around the building will also alter. 

Figure 2.23 Wind pressure drives cross ventilation. [After Battle McCarthy, 1997] 

Temperature difference: As the temperature increases, the density of air decreases 

and the air consequently rises. Temperature differences between the inside and 

outside of the building, and different areas of the building, create pressure 
differences and, subsequently, air movement. This is known as 'stack effect' (see 

Figure 2.24). A natural ventilation system should therefore also be designed to 

promote air buoyancy. It is desirable for the wind to apply its force in the same 
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direction as the buoyancy force to avoid a condition in which the two forces 

cancel each other out. Buoyancy effect will, however, be exceeded by wind- 

generated pressures for wind speed over 2.5 m/s. 

if 
Figure 2.24 A chimney uses the wind to create suction and the stack effect within the 

building to the air flow. [After Battle McCarthy, 1997] 

(ii) Mechanical Ventilation Systems 

Mechanical ventilation systems involve promoting air flow and movement by using fans 

and air supply/extractor ducts. This approach is intrinsically more versatile and 

controllable than natural ventilation. Well-designed and operated systems will maintain a 

chosen ventilation pattern which is independent of the weather and responds to the needs 

of the people in the building. The best systems are very successful in maintaining a 

predictable and comfortable environment [Dickson, 1992] but there is a significant 

minority of installations which fall short of this ideal through design, construction, 

operation or maintenance faults and result in a higher incidence of 'Sick Building 

Syndrome' (SBS) complaints. In general mechanical ventilation systems are likely to be 

necessary if: [Dickson, 1998]. 

" the internal heat gains are unusually large; 

" solar overheating would otherwise occur, due to poor solar control strategies; 

" the building is too deep for natural cross-ventilation; 

" the out side environment is polluted or noisy; and 

" heat recovery is a key issue, normally during winter. 

The mechanical ventilation systems can be sub-divided into three categories: supply-only, 

extract-only and balanced system. 
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Sqppljý-only Mechanical Ventilation: This system results in pressurisation of the building 

interior, which resists the entry of infiltration air and any pollutants that might be present 

in the outside air as shown in Figure 2.25. 

External 
opening 

Floor mounted Z 
diffusers 

Supply 
duct 

I 

Figure2.25 Mechanical supply-only ventilation. [After CIBSE AMIO, 1997] 

If there are significant sources of water vapour in the room, the increased internal 

pressure can force moist air from the space into the fabric via cracks and unsealed joints, 

resulting in an increased risk of interstitial condensation [CIBSE AMIO, 1997]. This 

mechanical strategy can be used for a low-level displacement ventilation to supply the 

natural ventilation strategy that exhausts air via atria or tower. 

Light 
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stratification 
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Figure 2.26 Combined natural ventilation and supply-only mechanical ventilation 
(Displacement ventilation). [After CIBSE AM 10,1997] 
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Figure 2.26 illustrates the displacement ventilation by applying supply-only mechanical 

system in Inland Revenue HQ Building, Nottingham. Incoming fresh air through floor 

perimeter inlets must be first heated/cooled by the supply-only mechanical ventilation 

system before passing the office space and full high corridors to leave the building via 

stair tower. 

E. Xtract-only Mechanical Ventilation: This system has the primary ability to extract 

internally generated pollutants sources as shown in Figure 2.27. It can be used to extract 

pollution from localised sources of pollution, such as bathrooms, rather than to allow that 

pollution to spread within the building or need the whole rate of natural ventilation to 

achieve a less effective result. 

The extract-only ventilation has a reverse result of the supply-only ventilation. It 

depressurises the building that result in increased infiltration. Unless the building 

envelope is airtight, air will be drawn into the building through leaks and cracks as well 

as the openings, resulting in increases heating/cooling demand and draughts in cold 

weather. 

---ý f* 
Mechanical 
extract 

Figure2.27 Mechanical extract-only ventilation. [After CIBSE AMIO, 1997] 

Balanced Mechanical Ventilation: This system offers the combined benefits of the 

supply-only and extract-only ventilation as shown in Figure 2.28. It also allows the 

application of air-to-air heat recovery using a variety of heat recovery devices. However 

the need for two separate ductwork systems increases both the initial and running cost of 

fan energy and maintenance. 
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Figure2.28 Balanced Mechanical System. [After CIBSE AMIO, 1997] 

(iii) Comfort Cooling and Air-Conditioning 

Comfort cooling can be incorporated into a mechanical ventilation system which has a 
fan-driven air supply. When such an all-air system includes heating, cooling, filtration 

and moisture control (humidify or dehumidify), it is known as 'air-conditioning'. In 

principle, ventilation and conditioning of spaces of any size and shape is feasible to 

provide comfort conditions to allow the spaces to be used across a wide range of function 

and in any climatic conditions. 

The cooling effect in an occupied space can be achieved by circulating air, water or 

refrigerant around the building to appropriate terminal devices around the occupants. The 

main options for active cooling are: [Limb, 1994]. 

9 Chilled water to local induction units,, fan coil units or radiant panels in the 

ceiling. 

0 All air systems of various types: 

o Fixed flow rate, variable temperature ducted air to suit the building cooling or 

heating requirements plus terminal reheat; 

o Variable air volume (VAV) supplies clucted air at a fixed temperature to 

special terminal devices which vary the air flow rate locally to suit thermal 

(but not air quality) requirements; and 

o Dual duct air flow system which blends cold and warm air at the air supply 

terminals to provide local temperature requirements. 

o Refrigerant-based systems in which room air is driven locally by a fan across a 
heat pump evaporator in the room linked to a remote condenser. Ventilation is 

separate. 

9 Evaporative cooling is an alternative to heat pump systems in hot dry climates 

where the mid-day summer relative humidity is less than 40% [Liddament, 1996]. 
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The ways in which moving air is used for cooling are essentially by ventilation of the 

whole space or by spot cooling directed at the people. 

(iv) Mixed-mode System 

This system represents an attempt to achieve the perceived benefits of natural ventilation 

with the controllability of a mechanical system. Natural ventilation is used when and 

where possible, from both an energy and comfort point of view, changing over to 

mechanical at times or in parts of the building where natural ventilation is not 

satisfactory. Two main strategies of mixed-mode system are as follows: [CIBSE AMIO, 

1997]. 

Zonal mixed-mode: in which different parts of the building are serviced in 

different ways to cater for different use of space (Figure 2.29). This allows 

additional servicing to be provided to those parts of the building which have more 
demanding environmental requirements. 

Figure2.29 Zonal mixed-mode strategy [After CIBSEAMIO, 1997] 

Seasonal mixed-mode: in which both natural and mechanical ventilation systems 

are installed to service a particular zone (Figure 2.30), the alternative systems 

being used at different times of the year. Usually the mechanical ventilation is run 
in winter and peak summer and natural ventilation being employed in mid-season. 
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Figure2.30 Seasonal mixed-mode. [After CIBSE AM10,1997] 

In addition to the two strategies described above, Chadderton [2000] also has suggested 

two possible combinations of natural and mechanical ventilation as follows: 

" Natural inlet with mechanical outlet: This is similar to mechanical extract-only 

ventilation system shown in Figure 2.25. Mechanical extract fans in windows or 

roofs and ducted system where the air is to be discharged away from the occupied 

space owing to its contamination with heat, fume, smoke, water vapour or odour. 

A slight reduction in air static pressure is caused within the building, and external 

air flows inwards. This inflow is facilitated by air inlet grilles, sometimes situated 

behind radiators or convector heaters. There is no infiltration of incoming 

impurities. For winter use, the incoming air must be heated. 

" Mechanical inlet with natural outlet: This is similar to mechanical supply-only 

ventilation system shown in Figure 2.27. Air is blown into the building through a 

convector fan or ducted system to pressurise the internal atmosphere slightly with 

a heated/cooled air supply. The air leaks out of the building through adventitious 

openings and permanent air bricks or louvers. 

2.5.3 Theory for Natural Ventilation by Thermal Buoyancy in Atria 

In general an atrium ventilation system is to ensure the lowest possible indoor 

temperature in summer and to remove moisture and other pollutants in winter with the 

lowest possible energy consumption. Wind and thermal buoyancy are the driving forces 

for a natural ventilation system in atria. If designed and executed properly, these forces 

can be used to obtain sufficient ventilation capacity and suitable regulation possibilities. 
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However, in hot humid Malaysia, where the weather is generally characterised by low 

wind speed, high outdoor air temperature and relative humidity, with little variations all 

year round, thermal buoyancy will be the dominating driving force within the atria. 

Natural ventilation by thermal buoyancy is essentially the air exchange between two or 

more zones with different air densities. These differences can be due to different 

temperatures or different moisture content. In an atrium, the temperature differences will 
dominate. The following discussion will focus on the theory for natural ventilation by 

thermal buoyancy in a single zone with two openings at two different levels and with 

uniform indoor temperature as developed by Andersen [1995,2003], ignoring the 

moisture differences. 

(i) Fundamental Flow Equations 

With the assumptions that Reynolds number for the airflow through the openings is so 

high, the flow will take the shape of jets on entering and leaving the room as shown in 

Figure 2.3 1. The air pressure in the smallest cross-section of the jets, the so-called vena 

contracta, is equal to the surrounding pressure and the air velocity in these sections can 

be considered uniform. The room is supplied with heat, and there will be a net heat input, 

where the heat loss by transmission through the boundaries, if any, is taken into account. 

3 

Y5 jAi 
L. - PýI- , I, .- 

-P-2-f 

x4 

-pil --- -- --- ------- Q 

C2 PO. ' 

Figure 2.31 Natural ventilation through two openings by thermal buoyancy. [After 

Andersen, 1995] 

The room can be considered to be a well-defined control volume enclosed by the room 

surfaces, the two vena contracta volumes, and the two short pieces of jet between the 
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opening and the vena contracta. When the airflow between the vena contracta of the inlet 

and the vena contracta of the outlet in the room is considered, this flow does not take 

place in a stream tube although the flow boundaries fulfil the stream tube requirement of 

no fluid transfer through the boundaries except through its end. The fluid does not follow 

streamlines when flowing from one vena contracta to the other. In fact, there is no direct 

relationship between the flow conditions (i. e. velocities, cross-section areas and 

pressures) in lower and upper part of the room or between the two vena contractas except 

the mass balance has to be fulfilled. Therefore, for the considered airflow, the Bernoulli 

equation is not valid as it is only valid if the flow takes place in a stream tube with no 
friction, no exchange of heat or work and with uniform air velocity in any cross-section of 

the flow. 

For the defined control volume, there will be no change of mass, energy and momentum 
through the boundaries except through the two vena contractas. Fulfilment of the mass 

balance under steady-state conditions leads to the following equation: 

Po Ac 1 Vc 1A 
Ac2Vc2 

where 

p, pi outdoor and indoor air densities (kg/m 3); 

A,, 9 
A, 

2 : areas of the vena contracta for inlet and outlet (m 2) 
; and 

Vc] 5 
Vc2 : air velocities in the vena contracta for inlet and outlet (m/s). 

Further, 

Ac, --.,: Cc, A, and Ac2 ý CcA 

Vcl --"' CvlVtheo, 
l and Vc2 --" Cv2Vtheo, 

2 

where 
A, 5 

A2 : opening areas of inlet and outlet (m 2); 

Cd 
9 

Cc2 
: contraction coefficients for inlet and outlet (for flow directly 

(2.4) 

(2.4a) 

(2.4b) 

through a sharp-edged opening C, - 0.6 [Olson and Wright, 1990]; and 

for opening with smooth, round edges C, -- 1.0); 

C, 
I 5 

Cv2 : velocity coefficients for inlet and outlet (where 

ýE- 
--0.1)1/' ; tý 0.95 ; and cv fr -zz (I 

Ap, 

VIheo, I ' 
"theo, 2 : theoretically obtained velocities for inlet and outlet (i. e, 
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Vfheo =I 2Ap/ pil/2 ). 

Assuming that air flows in through the vena contracta of the inlet and out through the 

vena contracta of the outlet, the conservation of energy leads to the following equation: 

pA v2 +Q, =IA2+ pjA A (2.5) A 
c2Vc2 ai -T 2o cl cl 2 c2Vc29H 

+ CpPo 
clVcl 

(T 
ao) 

+ A-Efr 
2 

where 

surplus heat or net heat input (i. e. the heat available for heating up the indoor 

air); 

g gravitational acceleration (m/s 2); 

H vertical distance between inlet and outlet (m); 

cp specific heat capacity of the air (J/kg. K); 

T, ý T,,, : indoor and outdoor temperatures (T); and 

AE, : friction loss due to airflow through the outlet. jr2 

The net heat input is the dominating term in Equation 2.5. For instance, if the net heat 

input is about 15,000 J/kg air (equal to a temperature increase of about 15'C), the H-term. 

(potential energy) will be about 50 J/kg, the velocity terms (kinetic energy) will be about 

5 J/kg, and the frictional term will be about I J/kg. Therefore, the energy conservation 

equation is not suitable for determining any velocities, as it would require exact values for 

net heat input and temperature difference. The equation is only suited for determining the 

difference between indoor and outdoor temperatures. It can, with an error smaller than 

I%, be reduced to 

pocpAclvc, AT = Q, (2.6) 

In the horizontal momentum equation, the velocity terms are small compared to the 

remaining terms, as was the case with the energy equation. In combination with 

uncertainties on pressure distributions, the equation is unsuitable for determining air 

velocities in the openings. 

The vertical momentum equation can be set up because the vertical velocity component in 

the room is negligible, leading to the aerostatic pressure distribution: 

Pil -A2 --": PigH (2.7a) 
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Outside the control volume there will be an aerostatic pressure distribution as well, except 
for a region very close to the inlet opening, and it is given by 

Pol - Po2 - #oogH 

Subtracting Equation 2.7a from 2.7b results in 

Ap 
T- I+ AP2 "": APgH 

(2.7b) 

(2.8) 

(ii) Additional Equations 

Of the four fundamental flow equations, only three equations (i. e., Equations 2.4,2.6, and 
2.8) are applicable since the horizontal momentum equation is unsuitable. These 

equations contain five unknown quantities: AT, v Ap, and A cl 5 Vc2 ý P2. Therefore, two 

additional equations are needed. 

Additional independent equations can be derived by relating the air velocities in the two 

vena contracta openings to the pressure differences between inside and outside the 

openings. For the inlet opening, this can be done by imagining a stream line between an 

arbitrary outside point (point 3 in Figure 2.31) and a point in the vena contracta. Along 

this streamline the modified Bernouilli equation (taking friction into account) is valid. 

The friction loss can be expressed through the so-called resistance coefficient, defined by 

Ap fr _I (v 2 (2.9a) 
p2c 

resulting in the following equation: 
pil 

+1v2+12 
P3 Pol 

PO 2"2 Vc i "Z 
)0, 

+ gy3 -": 
PO 

or 
(p", - PiO 

=I VII (I + (2.9b) 
PO 2 

or 
Ap, 

=I WIV2 I (2.9c) 
p, 2c 

where y, =I+ý, , is called the flow coefficient (a constant that is introduced solely to 

simplify some of the following equations). 

Likewise, for the outlet opening, one can imagine a streamline between an arbitrary inside 

point (point 4 in Figure 2.32) and the vena contracta, resulting in the following equation: 
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A P2 
W2 VC2 2 

P, 2 

whereW2 =1+ ý2 
' 

(2.10) 

From Equations 2.9 and 2.10 the values for resistance coefficient, ý and flow 

coefficient, V are defined as follows: 

Since the resistance coefficient, ( = (11C, )' -I thus, for C, -- 0.95 one 

gets ý ~~ 0.11. 

Forý ~ 0.11, and the flow coefficient, y =1+(, one getsy;: t 1.11 

(iii) Solutions 

A total of five equations with five dependent variables are derived, and one can get an 

unambiguous solution with net heat input as independent variable. Alternatively, the 

indoor air density or the indoor air temperature can be chosen as independent variable. 
For example, the indoor air temperature can be chosen as independent variable when it is 

chosen as design criteria. The result is then unambiguous solutions based on air density 

differences or temperature differences as shown in the following. 

Solution Based on Density Differences: By solving Equations 2.4,2.8,2.9 & 2.10, 

and Ap = p,, - p, , one gets the following solutions: 

VC1 -: 
2ApgH, 

1/2 

(2.11) 
PA 

2AogH2 
1/2 

(2.12) Vc 2 "': 
PiW2 

Ap, = ApgH, (2.13) 

and 
AP2 -": 6ýiOgH2 (2.14) 

where H, + H2 
=H and is defined as 

)2 
(2.15a) 

(Po IA )(W2 'W I 
)(Acl 1Ac2 
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and 

H2 
1+ (PilPo )(Yl /W2 )(Ac 

2/Ae. 1) 
(2.15b) 

Figure 2.32 illustrates these results. The inside and outside pressures are equal at a certain 

level between the two openings. This level, the vertical distance H, from the centre of the 

inlet, is the so-called neutral pressure plane (NPP); and the vertical distance H2up to the 

centre of the outlet is called the efficient stack height. There will be an indoor negative 

pressure below the neutral pressure plane allowing an inward airflow through the inlet, 

whilst the positive pressure will be above the neutral pressure plane forcing the room air 

to flow out through the outlet. 

H2 

trol 

ne 

Pý2 

Po2 Y 

Lý P2 Vc2 

e 

V 

Vci 

Figure 2.32 Pressures, pressure differences and air velocities at the two openings. 

[After Andersen, 1995] 

Position of Neutral Pressure Plane: The height determining the position of the neutral 

pressure plane can be rewritten using Equations 2.15 and 2.16: 

H, =H (2.16a) 
I+n' 

and H=H_nH (2.16b) 21+ (1/n)2 I+n 2 

where 
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2= (Po IA ) (W2 IWI ) (A,, 1Ac2 )2 

(Tai ITao ) (W2 /Wl ) (Ac, 1Ac2 )2 

(T )2 )2 
aj 

/T (A, 1A 
ao 

) (W2 /Wl ) (cc] Icc2 
2 

(2.16c) 

If, for instance, n=l then one gets HI=H2=HI2. Furthermore, for n=2, one gets HI=0.2H 

and H2=0.8H. Concerning the quantities in Equation 2.16c, it should be noted that: 

T, IT,, is almost constant, and 

0 W2/y, andCcI 
K2 

are constant unless changes of the opening areas change the 

resistance and the contraction coefficients. 
Therefore, changes of the neutral pressure plane are essentially dependent on changes of 

the ratio A, / A2 
* 

Ventilation Capacity: It is the air volume flow through either the inlet or the outlet 

opening. Therefore, the ventilation capacity through the inlet is expressed as: 
11 

A�v� = CIAI 
2ApgH, 2= 

Cd, Al 2ApgH, 2 

(2.17) 
povi PO 

where discharge coefficient has been introduced and is defined as 
C=c= Ccl /(l 

+ ýj )1/2 
= Ccl /WI/2 (2.18) dl VICCI I 

Thus, for Cv - 0.95 and C, - 0.6, one gets Cd= 0.95 x 0.60 = 0.57. 

In a similar manner, ventilation capacity through the outlet can be written as: 
I 

V2 
-'ý: 

Ac2Vc2 "- CdA 2ApgH2 2 

(2.19) 
A 

Solution Based on Temperature Differences: The quantity Q, is the surplus heat for 

heating up the incoming fresh air. It is also the same heat removed by ventilation air when 

steady state is maintained. In general, the surplus heat is the net heat gain (i. e., from 

people, lighting, equipment, sunshine, heating system, etc. ) minus the heat losses (due to 

heat transmission through surfaces and infiltration). From Equation 2.6, one gets: 

AT = 
QS 

p,, cpAclvc, 
QS QS 

Pocpvl JoiCpV2 
(2.20) 
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The temperature difference, AT, can replace the density difference, Ap, by introducing 

Equation 2.20 into Equations 2.11 through 2.15: This gives the following solution based 

on AT. 
I 

2ATgH, 2 

VC1 
Taiyl 

(2.21) 

2'6ýT 2 
Vc2 

9H2 
(2.22) TaoW2 

Ap, =, o,, gH, 
AT 

(2.23a) 
Tai 

and 

AP2 --": PigH2 
AT 

(2.23b) 
Tao 

where again, 

H, =H )2 '+(Tai ITao ) (W2 /Wl) (A,, 1Ac2 

(2.24a) 
H 

'+(Tai ITao ) (Cdl /cd2 )2 (A, /A2 )2 

and 

H2 

I (T 

H 
)2 

ao 
/T 

at 
) (y] /Y2 ) (Ac2lAcl 

(2.24b) 
H 

'+(Tao ITai)(Cd2lCdl )(A21AI )2 

Thus, the expressions for the ventilation capacity are given as follows: 
I 

V, = Cd, Aj 2gHIAT 2 

(2.25) 
Tli 

I 

A 
29H2AT 2 

V2 = Cd2 
2T (2.26) 

ao 

86 



Solution Based on Surplus Heat: The temperature difference, AT, is dependent on the 

surplus heat, Q, as well as the ventilation capacity, V, as shown in Equation 2.20. The 

ventilation capacity is again dependent on the temperature difference as shown in 

Equations 2.25 and 2.26. By combining Equation 2.20 with Equations 2.25 and 2.26, the 

expression for ventilation capacity can be eliminated which results in the following 

relation between temperature difference and surplus heat: 

AT = 
Q 

/2 

sTal I 
p, c,, Cd, Al (2gHAT)1/2 

and, when solved with regard to AT, one gets: 

AT = 
Q, 

2/3 
Tat 

1/3 

--Q, - 

2/3 
1 

113T 

PoCpCd] 2gH, poTicpCd]Al 2gH, at 

Air density term can be removed by introducing the following relation: 

p,, T p, T (T 
, 

IT,,, ) = (p, IR) (Ti /T,,, ), 

resulting in: 

R 
2/3 

1 
1/3 

Tao 
2/3 2/3 

1 
1/3 

T AT = 
Pocp 2g Tai CdIA, H, ai 

By inserting the following values for the constants: 

R= 287 J/kg. K, p= 101300 Pa, cp = 10 10 J/kg. Kg 

By estimating, with an error less than 2%, that under practical conditions 

T,,, 
=, _AT , , z: ý 0.95 

Tai Tai 

hence, one gets: 

AT = 7.1 xI 0-'T, 
QsI 

Cd, Aj H, 

and, 

AT = 7.5 x 10-5T 
Qs 2/3 

1 
1/3 

ao CdA H2 

(2.27) 

9.82 M/S2. 

(2.28) 

(2.29) 

By introducing Equation 2.28 or 2.29 into Equations 2.21,2.22,2.25 and 2.26, one finally 

gets the following solution based on Q,: 
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vc, = 0.037 QH, 
1/3 

1 
1/2 

(2.30) Cd, A, W, 

Vc2 = 0.038 QH2 
1/3 1/2 

(2.31) CdA W2 

and, expressions for ventilation capacity as follows: 

V, = 0.03 7 (Q, H, )'/' (Cd, A, )'/' (2.32) 

V2 
= 0.03 8 (QH2 )1/3 KA )1/2 (2.32) 

2.6 Common Research Methods and Experimental Procedures for Atrium Studies 

This section looks at common research methodologies employed by previous researchers. 
Currently there has been no single complete method developed which can provide 

measurable and useable results for designers and researchers in the analysis of all aspects 

of atrium design [Navvab, 1990]. In general there are three common methods that are 

often employed in energy related atrium research such as actual building measurement 

(field measurement/experiment), simulation studies using physical modelling (scale 

model experiment) or computer modelling based on simplified design and calculation 

tools, and a combination of any or all of these. 

2.6.1 Actual Building Measurement 

Actual building measurement or field experiment is carried out on site using one or 

several measuring equipment and apparatus for data monitoring and collections [Baker, 

1988; Kainlauri et. al., 1991; Jones et. al. 1991; Abdullah et. al, 2005]. In addition to 

scientific data collections, an appraisal of the measured building can also be done either 

through personal observation or user response study. The major advantage of this method 

is that it allows the real performance of the built atrium to be measured and analysed 

within its external climatic conditions. The daily changes of the atrium internal 

environment in response to the outdoor weather conditions can be monitored and 

recorded on site. However, there are several disadvantages of using this method. First, 

apart from being subject to human errors in the setting and handling of the measurement 

apparatus, the field measurement and monitoring periods normally require a considerable 
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length of time in order to obtain reliable data to be used in the analysis of results to assess 
the overall atrium performance since the daily local outdoor weather conditions may be 

unstable. Another problem is that as the field measurements are conducted on the actual 
atrium building, any proposed improvements and corrections that involve alterations to 

the existing form and structure may not be feasible in construction or economic terms. 
The other drawback is that to obtain an approval to use any particular building as a case 
for the field study is normally not an easy task and may take a lot of time and persuasion. 
Generally the building owner or the building management including the architect is quite 

apprehensive to permit their building to be used as a case study. The reason for such an 

attitude may be due to their fear that the findings of the research may have unfavourable 
impact on the building itself and on them as professionals. 

Particularly for atria, which may have large and complex geometry, the measurements for 

ventilation and then-nal performance can be very troublesome. Some possible 

measurement techniques for large enclosures can be found in the literature [Charlesworth, 

1988; Roulet and Vandaele, 1992]. Measurements should be performed only when the 

purpose or problem has been defined, and the missing information is listed. This is very 
important so that the measurements can be planned, and the measurement techniques can 
be chosen accordingly. Table 2.17 shows several typical measurement techniques and 

applications for large enclosures such as atria. 

Problem Measurable variable Measurement methods 

Draughts 

Thermal Radiation 

Over Heating 

Contaminants 

Velocity, 
Turbulence 
Temperature 
Radiant Temperature 
Temperature 
Comfort 

Anemometry 
Thermometry 

Radiometer, Comfort Meter 
Thermometry 
Comfort Meter 
Analysers, 
Samplers / dosimeters (passive and active) Contaminant concentration 

Simulation of contaminant Concentration 
spread Removal efficiency 

Tracer Gas, Smoke 

Leakage parameters 
DC Pressurisation 

Air Infiltration Stack Pressurisation 

Leak detection Thermography, 
Smoke Detection 

Specific airflow rate Tracer gas, uniform concentration 
Correct ventilation Age of the air Tracer gas, homogeneous emission 

Airflow visualisation Smoke Tests, balloons 

Table 2.17 Measurement techniques and applications. [Source: lEA-ECB Annex 26, 

1998] 
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2.6.2 Scale Model Experiments 

The scale model experiment has been an important tool in building research and are used 

extensively especially in the study of daylighting, indoor ventilation and thermal 

performance. This method is popular due to its capability to predict the actual building 

conditions with a reasonable degree of accuracy [Usha, 1994; Li, 2000; Holford and 
Hunt, 2003]. Scale models of indoor ventilation and thermal performance are primarily 

used to determine airflow patterns in an enclosed space subjected to various boundary 

conditions (i. e., geometry, location of openings and thermal conditions etc. ). Airflow 

patterns are usually 'visualised' while temperatures and mean velocities are measured. 
Accuracy relies on achieving a similarity of conditions between the real building and the 

model. 

In addition to matching the geometrical shape and processes, it is necessary to match the 

Reynolds Number (scale of turbulence), Prandtl Number (mixing characteristics) and 

Archimedes Number (strength of buoyancy forces in relation to momentum). In many 

cases it is impossible to maintain similarity of all these Numbers for the whole ventilation 

process range and therefore it is usually important to concentrate on the desired operating 

range of most significant. In this way, model construction and experiment is much 

simplified. It is assumed that similarity of the air mean velocity fields can be fulfilled 

when the airflows in the real space and in the scale models are fully turbulent. Using 

fluids of different density such as salt/water mixture often represents thermal sources and 

stratification. 

According to 'IEA-ECB Annex 26: Energy Efficient Ventilation of Large Enclosures', 

when constructing the model, it is crucial to achieve the following: 

9a model length scale to ensure Reynolds Number independent flow. 

do accurate representation of boundary conditions. 

9 scaling of temperature difference for accurate representation of thermal 

boundaries. 

e sufficient size to enable ease of air velocity measurements, other field 

measurements and airflow visualisation. 

The closer the model size and flow parameter values related to those of the full-scale 

object, the more reliable the test results would become. In practice, it is recommended to 

divide the design to be investigated into those aspects which require precise quantitative 
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analysis (for example flow field in the occupied zone) and those requiring qualitative 

observations. Generally, small models will provide good qualitative guidance (e. g. on the 

general pattern of airflow). 

Currently, there are essentially three laboratory- scale modelling techniques: wind tunnel 

modelling, salt-bath modelling and fine-bubble technique. 

(i) Wind Tunnel Technique 

Wind tunnel scale models are often used for the following: [Carey and Etheridge, 19991 

9 To determine wind pressure coefficients, from which ventilation rates are obtained 
indirectly by means of mathematical model; and 

* To directly determine the ventilation rates. 

The wind tunnel modelling system uses air or other gases as the flow media, while the 

buoyancy flows are generated by embedded heating elements. 

There are basically two wind effects, namely the generation of the surface pressures and 

the velocity field local to the opening. In general, both the pressure and velocity fields are 

unsteady. Current theoretical design procedures take into account the time-averaged 

surface pressures by making use of pressure coefficients determined from wind tunnel 

model [BSI, 1991]. The effects of unsteady pressures and the local velocity field are 

ignored, which can be significant. For instance, Jozwiak et al. [1995] investigates the 

aerodynamic interference effects on the pressure distribution on a building adjacent to 

another one in a wind tunnel. It was found that for some wind directions local values of 

the external pressure coefficient on the leeward wall, close to the gap between buildings, 

was 2.5 times higher than on an isolated building. This led to a reverse draught in the 

natural ventilation system of the apartment buildings. 

Design for buoyancy effect only is relatively straight forward, and most natural 

ventilation systems are designed for this force alone. The boundary conditions for 

temperature i. e. dTIT in the model should be the same as that at full-scale. 

(ii) Salt-bath Technique 

Salt-bath (saline) modelling utilises the density difference between salt solution and fresh 

water to generate buoyancy forces which represent those found in naturally ventilated 
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atrium buildings. Salt-bath techniques have been used to consider atrium ventilation by 

thermal buoyancy [Holford and Hunt, 2003]. The ventilation performance was assessed 
by measuring density and velocity within the model; the corresponding air temperatures 

and ventilation rates within the test building were predicted. 

(iii) Fine-bubble Technique 

The fine-bubble modelling system uses electrolytically generated fine hydrogen bubbles 

to simulate the buoyancy-driven ventilation airflows in buildings. Experiments for 

displacement natural ventilation [Chen et al., 2001] in a single-zone building induced by 

two types of buoyancy sources, a point source and a line source, showed that the 

ventilation and stratification phenomena were successfully modelled by the fine-bubble 

technique. The experimental results for stratification were in good agreement with both 

the experimental data and theoretical predictions available in the literature. 

2.6.3 Computer Modelling 

The application of computer model simulations for various building energy and 

environmental performance analyses such as daylighting, HVAC (heating, ventilation and 

air conditioning) operation or for thermal modelling at the early design stages is very 

beneficial. A number of sophisticated building energy simulation programs have been 

developed since the mid- 1970's that model the dynamic thermal behaviour of the system. 

However, a weakness in all these new computational approaches is that emphasis has 

been placed on simulating the transient performance of the building fabric, whilst airflow 

and convective heat exchange in and around the structure are modelled using only rough 

approximations [Alamdari, 1994]. Recently, the adoption of some of the modem 

architectural features, such as atria in office complexes and shopping malls, gives rise to 

new and complex fluid dynamic problems. This requires computational models which are 

not only capable of simulating the complex flow pattern generated within the building but 

also able to accurately predict the airflow and thermal field. In general, the two most 

popular computational methods for modelling airflow in enclosures are zonal models and 

computational fluid dynamics (CFD) models. 

Zonal models form a more advanced form of macroscopic models approach. It is based 

on the conservation laws of mass (continuity equation) and energy (Bernoulli's equation). 

The main principle of zonal models is to split the indoor air volume into several macro- 

volumes of an assumed (usually uniform) temperature distribution, and to solve the mass 
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and energy balances in each zone in order to compute the temperature and flow fields. 

The main problem to be addressed with zonal models is the prediction of air mass flow 

(and to a lesser extent heat flux) between the macro-volumes. A first approach was to 

establish the indoor airflow pattern using specific laws in each zone for flow elements 

such as jets and thermal plumes. Although good results can be obtained [Inard and 
During, 1994], its application is limited due to constraints on the airflow pattern. 
Therefore, a second approach was proposed [Dalicieux et. al., 1992] which is based on 
the computation of pressure field with a 'degraded' momentum equation which allows 

one to link air mass flow between zones with a pressure difference. It is obvious that this 

method has an application field larger than the first one but the performance was poor for 

high momentum driving flows. A zonal model with a larger application field and with 

good accuracy was obtained by coupling these two approaches into a three-dimensional 

zonal model [Heiselberg et. al.: Annex 26,1998]. 

Recently, computational fluid dynamics (CFD) has become a powerful tool for the design 

of indoor climate control. This numerical program, commonly described as field models 

or microscopic models, are based on the governing equations for fluid flow. These 

governing equations include the conservation laws of mass (continuity equation), energy 

(internal-energy equation) and momentum (Navier-Stokes equations). Microscopic (i. e. 

CFD) models use far smaller cells (control macro-volumes) than do macroscopic (i. e. 

zonal) models, such that the flow properties can be assumed to be uniform in each cell, or 

if they are not uniform, they can be interpolated with a simple linear function [Heiselberg 

et. al.: Annex 26,1998]. If the assumption of uniform/linear cell properties is strictly 

preserved, CFD models can give very accurate results in predicting velocity, temperature 

and other air flow properties throughout a whole space, with a high degree of resolution. 

Therefore, they can be used to evaluate whether the proposed airflow design will work as 

intended, or to identify potential problems with local thermal discomfort, poor indoor air 

quality and condensation. It is obvious that CFD simulation of the flow field in large 

enclosures such as atria presents many difficulties due to the large size of the enclosure 

and the complicated flow field. However, despite many difficulties in applying CFD to 

large enclosure flow field analysis it is the only method that makes a detailed analysis 

possible [Liddament, 1993]. 

Prianto and Depecker [2002] numerically investigated the effects of balcony, opening 

design and internal division on the indoor airflow and temperature distribution patterns of 
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a living zone located on the second floor of a two-storey building in a tropical humid 

region. They concluded from the numerical experiments on the 2D building model that 
the location of balcony, the arrangement of openings and the internal division had great 
influence on the flow inside the building, especially the indoor velocity distribution. 

CFD and zonal modelling of a 3D full-scale building can be considered to be a more 
feasible and effective design tool for studying the local architectural features' effect on 
the indoor air flow and temperature distribution patterns than a scaled building model in a 
wind tunnel. Holmes and Davies [2003] demonstrated the interaction between CFD and 
zonal model (dynamic thermal analysis program) for predicting air flows in a6mx6mx 
3m room with a large window on one wall. The room was ventilated by a displacement 

system with constant air supply. Data from the dynamic thermal analysis program were 
transferred into the CFD using a user-defined subroutine. The variation of the 

assumptions made for the thermal boundary conditions had little influence on the air 

speed predictions, but caused significant differences in temperature distributions. The 

coupling of CFD and zonal (dynamic thermal analysis) models offers great challenges 

and advantages to both architects and design engineers. 

2.6.4 Combined Methods 

As mentioned earlier in section 2.6.3, currently there is no single comprehensive method 

that is capable of producing a complete and accurate analysis [Navvab, 1990] particularly 
for energy-related and indoor air quality atrium research. It is therefore worthwhile to 

combine the different methods which were previously discussed and explained. Not only 

this will allow the researcher to fill the gap in any shortcomings of a particular method 

[Everett and Baker, 1995] but also allow the researcher to validate the results as well as 

correlate the findings [Mardaljevic, 1995; Kim, 1987]. 

According to Navvab [ 1990] in one of his atrium design studies, combination of methods 

can be a back-and-forth process. At first the design can be tested using a scale model. 
Then computer models can be developed for parametrical studies. After conducting 

parametrical studies by computer modelling we can go back to the scale model to refine 
the design. By doing this process we can obtain data from both modelling techniques and 

these data can be also be used to validate the simulation results of both the scale model 

and computer models. Navvab also stresses that there will always be some differences 

between both modelling results since no modelling technique is perfect. 
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Combined methods have been increasingly applied in various research studies that aim to 

gain a better understanding of a complex nature of some problems. Obviously employing 
various methods should yield comprehensive and more accurate results. However, apart 
from time consuming, it is also costly as each particular method uses different techniques 

and may involve various types of equipment. Despite such drawbacks, a combined 

method is more appropriate in a well-resourced programme. 

2.7 Summary 

Characteristics of tropical climate in general and the specific characteristics of hot humid 

climate of Malaysia were initially discussed. Based on the climatic conditions, criteria for 

architectural design in the hot humid tropical region, particularly those promoting passive 

approaches to achieve indoor thermal comfort, were also highlighted. 

Then, the discussion continued with historical and design development of atrium building 

in international and regional contexts. Traditional atria evolved in response to the various 

climates and cultures, providing comfort and regional identities. The invention of new 

materials such as glass and steel made covering large courtyard architecturally irresistible, 

giving birth to today's modem atrium which is becoming popular worldwide. 

Internationalisation of modem atrium which originated from temperate regions (having 

exposed horizontal glazed roof) gave rise to problem of inappropriate solutions to places 

with warmer climate like Malaysia. Overheating and unwanted thermal stratification 

resulting from excessive solar gain were identified as the two major causes of discomfort 

in tropical atria. Highly stable thermal stratification at upper levels would cause the 

stratified hot air to flow into top occupied levels adjacent to the central atrium, thus 

causing great discomfort to the users surrounding the area. Suggestions to achieve more 

responsive tropical atrium were also given. Additionally, issues related to environmental 

and energy consequences due to incorporating atria, which have inspired diverse research 

programmes, were also presented. 

Following that, the fundamental concept of thermal comfort and the internal comfort 

criteria for Malaysians were also reviewed. It was found that Malaysians are acclimatised 

to a much higher environmental temperature leading to a much higher thermal comfort 

range for Malaysians compared to the thermal comfort range proposed by international 

standards. 
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A general review on building ventilation systems and the theoretical basis for natural 

ventilation by thermal buoyancy in atria was presented later. In Malaysian climate where 

wind speed is generally low, thermal buoyancy will be the dominating driving force 

within the atria. 

Finally, some of the common research methods and experimental procedures for atrium 

studies employed by previous researchers were also reviewed. It was suggested that for 

atrium studies, a combination of methods would provide a more comprehensive and 
better analysis results as any shortcomings from a particular method can be 

complemented by the others. 

In the next chapter, research methodology for this thesis will be discussed. 
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Chapter 3 Research Methodology 

3.1 Introduction 

Most of the literature cited that generally during summer in temperate regions, indoor 

thermal environment in multi-level atrium would suffer from overheating and high 

vertical temperature gradient as a result of a high temperature rise in the below-roof area 
due to the influence of solar radiation. Consequently, upper occupied levels facing the 

central atrium well are greatly affected by this hot air. This situation coupling with the 

high mean radiant temperature of the surrounding surfaces will obviously cause great 
discomfort to the occupants. In tropical climates, these thermal problems will be even 

greater as the atrium space is in the heat surplus condition for most part of the year. As a 

result, most of the existing atrium buildings in this region require air-conditioning system 

all year round in order to provide comfortable internal environment for the occupants. 

This research proposes that the performance characteristics of vernacular architectural 
features integrated with the side-lit form can be used as the basis of the design of low- 

energy atrium buildings in the tropics. The assumption is made that generally the existing 

atrium buildings in the tropical regions, particularly in Malaysia are not energy efficient. 
This is due to the misapplication or rather a direct replication of imported architectural 
form originated in temperate climate into totally different climatic conditions. The 

imported atrium form with fully transparent top-lit glazed roof system in hot and humid 

condition has resulted in an atrium interior with profound overlighting and overheating 

conditions, which consequently bring about problems associated with visual and thermal 

discomfort. 

Therefore, this chapter outlines the methodology used for this thesis. It is divided into 

four stages as described in the following sections. Though other methods, which have 

been discussed in detail in section 2.6 in the previous chapter are also suitable, the 

combined research methods employed in this thesis are designed for the following 

purposes: 

9 To identify vernacular architectural form and design features that can be possibly 
integrated with the suggested side-lit form for the development of a conceptual 

atrium building form in Malaysia; 

* To understand the existing thermal problems in an atrium in the tropics due to its 

top-lit fonn by carrying out a case study; 
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* The measurement data from the case study will also be used to complement the 

prediction results from the dynamic thermal modelling of the same atrium; thus to 

verify and validate the capability and accuracy of the TAS program to perform 
dynamic thermal modelling of thermal stratification and thermal environmental 

performance within the created conceptual representative atrium fonns; 

9 To formulate a proposition to rectify the situation by introducing the side-lit form 

wit vernacular architectural features and low energy design strategies; and 

9 To evaluate and justify this proposition by carrying out computer modelling 

studies using both TAS dynamic thermal modelling program and CFD. 

3.2 Conceptual Atrium Form 

It has been mentioned earlier that the high operating costs of existing atrium buildings in 

Malaysia is particularly due to the high energy consumption for cooling and costly 

maintenance of the exposed skylight. These issues have become a design challenge which 

needs to be seriously considered by architects in the design of new atrium buildings. The 

new design provides the greatest opportunity for the adoption of energy efficient 
technology and climatically responsive design strategy to attain satisfactory thermal 

environment and air quality within the atrium. 

Vernacular architecture provides many valuable lessons that can help in the development 

of a new sustainable atrium building. Typical traditional buildings in Malaysia, among 

them include the Malay house, Chinese shophouses and vernacular mosque, were built in 

full response to the hot and humid tropical climate. These buildings use mainly 

ventilation and solar control devices to provide indoor envirom-nental comfort for the 

inhabitants. The Malay house and vernacular mosque were built from timber and raised 

on stilts. The buildings are well ventilated and shaded by having doors and windows with 

perforated panels or adjustable louvers as well as large pitched roof overhangs. Similarly, 

traditional Chinese shophouses in town and vernacular mosque have strongly considered 

the need for natural ventilation to cool the interior spaces and to maximise natural lighting 

from reflected and diffused daylights as they can minimise solar gain and glare. 

Elemental features such as air well, courtyard and jack roofs were incorporated in the 

buildings with fenestration components on windows, door, walls and clerestory openings. 

Therefore, vernacular architectural form and features can be the basis in the design of a 

new low-energy atrium building in Malaysia. In Chapter 4, the forms and elemental 
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features of vernacular architecture will be reviewed and discussed to reveal its potential to 
be incorporated in the design of contemporary buildings including an atrium building. A 

proposed conceptual low-energy atrium form for Malaysia will be developed by 
integrating the suggested side-lit form with the selected vernacular form and design 
features. The conceptual atrium form will then be used as the basis for computer 
modelling studies to investigate the effectiveness of the proposed atrium form and its 

contribution towards achieving a better indoor thermal environmental performance in 

association with thermal comfort within the atrium space. 

3.3 Field Measurement 

In general, previous literature mostly cited and illustrated atrium environments in the 

context of the temperate climates, or for regions of northern latitudes. The information 

directly related to atria in tropical countries, particularly with regard to the thermal and 

ventilation performance within the atrium and adjacent corridor areas under tropical 

conditions is very limited and insufficient. 

Therefore, the case study was carried out not only to gain a better understanding of the 

thermal conditions within the existing atrium building in the tropics but also to obtain 

measurement data for validating the capability of dynamic thermal modelling program 

TAS to model thermal stratification within multi-level atrium. The method of conducting 

the case study is discussed in detail in Chapter 5. This case study was to evaluate and 

quantify the effect of environmental control measures on indoor thermal environment. 

Measured and recorded parameters include indoor/outdoor air temperatures, internal 

surface temperature of the atrium's roof glazing and the internal walls exposed to solar 

radiation, average radiation intensity of the internal surfaces, as well as thermal comfort 

indices. These data were analysed in order to evaluate the atrium indoor thermal 

environmental performance in relation to occupants' thermal comfort. 

The primary objective of the case study was to obtain measurement data which will be 

used as validation of the dynamic thermal building simulation results of the same atrium 
building using TAS software. The purpose of complementing the measured results with 

the simulation results is basically to assess the capability and accuracy of the TAS 

software to model and simulate thermal stratification that affects atrium's thermal 

performance dynamically. This is discussed in detail in chapter 6. The results from this 

study which confirm the reliability of the TAS software in perfon-ning dynamic then-nal 

atrium modelling will justify its use in modelling the thermal stratification within the 
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three-storey linear conceptual representative atrium models, which will be discussed in 

detail in chapter 7. 

3.4 Dynamic Thermal Building Simulation 

The atrium's indoor thermal environment is directly related to the complex interaction 

between the buildings' elements (and construction materials) and forms and the external 

weather conditions. For a building with atrium in tropical regions, which normally 

consists of large glazed roof or walls, internal heat gain due to solar causes indoor 

discomfort as well as increases the cooling load required if the building is to be air- 

conditioned. Heat gains (or losses) usually occur as a result of transmission and 

absorption through the transparent or opaque building envelopes, or result from 

infiltration or casual gains. In this research project, the dynamic thermal building 

simulation software TAS was employed primarily for the prediction of the thermal 

environmental performance within the atrium space in the hot and humid tropical climate 

of Malaysia. In particular, this dynamic thermal modelling software was utilised to model 
thermal stratification in the three-storey linear conceptual atrium based on two 

representative atrium forms namely top-lit atrium model and side-lit atrium model. 

Dynamic thermal atrium modelling of the conceptual atrium building under Malaysian 

climatic conditions, which is discussed in detail in chapter 7, was carried out in two 

stages. First, it simulated the representative atrium models and their variations (i. e. 

parametrical. studies) with fully naturally ventilated atrium space. The primary objective 

of this initial dynamic thermal modelling was to investigate the internal thermal 

performance of the top-lit and side-lit atrium forms. Particularly, it is to evaluate and 

quantify the effectiveness of utilising clerestory windows with opaque rooftop as 

compared to the fully transparent rooftop. Data on internal solar heat gain and 

environmental comfort parameters such as the indoor air temperature and resultant 

temperature were used to evaluate and compare the resulting thermal Performance. The 

other objective was to examine the impact of varying key design variables and passive 

solar control measures on the atrium indoor thermal environment. The parametrical 

studies include the followings: 

e Varying the height of the below roof areas for both top-lit and side-lit models (i. e. 

models with and without wall-to-roof void area), 

* Roof overhang as a passive solar gain control measure (side-lit forms with and 

without roof overhang above the clerestory areas), and 
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9 Extending internal roof blinds for top-lit model and clerestory window blinds for 

side-lit model as a passive solar control measure. 

The second stage was to simulate both the representative atrium models by ventilating the 

central atrium space using recycle return serviced air from the adjacent offices introduced 

into the atrium space. Two types of pressurised ventilation air were simulated, namely all 

occupied atrium floors pressurised and ground floor atrium only pressurised. The main 

objective of these modellings was to investigate and evaluate the internal thermal 

environmental performance of both top-lit and side-lit atrium models when cooler 

pressurised air is used to ventilate the atrium space. Data on total sensible cooling loads 

and latent heat loads required to condition the adjacent offices and environmental comfort 

parameters such as indoor air temperature and resultant temperature were used to evaluate 

and compare the resulting indoor thermal performance between the two representative 

atrium models. The other objectives of these modellings were as follows: 

9 To investigate the impact of pressurising ground floor only on the atrium thermal 

performance and the potential energy savings to condition the adjacent offices. 

To define boundary conditions for CFD modelling of detailed airflow and 

temperature distribution within the central atrium for both representative models. 

3.4.1 Overview of TAS Applications 

Primarily the function of the Energy Simulation Software (TAS) is to simulate the 

dynamic thermal and energy response of buildings to their internal and external 

environments. This dynamic thermal simulation considers the hourly response of a 

building to a variety of environmental parameters. This program can be effectively used 

to predict and analyse the thermal performance of buildings, which include the 

assessment of environmental performance, natural ventilation, energy consumption, plant 

sizing, and energy conservation options and energy targeting. 

However, in this thesis, TAS is employed primarily for the prediction of the thermal 

environmental performance within a central atrium in the hot and humid tropical climate 

of Malaysia. Therefore, it is important to careftilly consider how TAS simulates the heat 

transfer mechanisms within the atrium. The following discussion is an adaptation from 

the TAS Theory Reference Manual, outlining the main environmental parameters 

considered by the TAS software and the empirical and analytical principles which govern 

how TAS accounts for these parameters during the energy simulation process. 
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(i) Conduction Heat Transfer within Building Construction 

TAS uses the response factor technique, as defined by ASHRAE, to calculate the 

dynamical conductive heat flows at the surfaces of the walls and other building elements, 

depending on the hourly temperature changes of these surfaces. In TAS, the following 

equations are used to calculate the conduction heat fluxes between two surfaces (A-TAS 

Theory Manual). 

Internal surface conduction heat flux: 
N 

cond, int int int 0 ext int 
q X'T + X'T YT Y'T" + 2L vv (3.1) ts tnn 

n=l 

External surface conduction heat flux: 
N 

cond, ext ext + ZIText _0 int ylTint ,v ext v q ZOT 
ts 

YT 
ts + 2ý 

nn 
(3.2) 

n=l 

where: 
cond , 

int 
: the internal surface conduction heat flux (W/m 

2); 

cond , ext 
: the external surface conduction heat flux (W/m 

2 ); 

T int 
: the temperature on the internal surfaces ('C); 

T ext the temperature on the external surfaces (OC); 

ts the previous time-step; 

zo 9 ZI I yo 9 Y1 3 X0 9 X' : the response factors (W/M2 K) which characterise the 

wall's response to recent surface temperature history; 

V (n=1,2 ..... N) are a set of normal co-ordinate variables (with the n 

dimension of heat flux (W/m 
2)) 

which describe the 

thermal state of the wall at time-step by a set of functions. 

It is updated at each time step using the previous time- 

step's surface temperature; 

Vn int 

, V,, "' (n=1,2 ..... N): are dimensionless constants which characterise the 

relationship between the surface fluxes and the nonnal 

co-ordinate variables. 
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Finally, the conduction heat flows into the surface of the component, Qcondjnt and 
cond, ext (Watts), are calculated by multiplying the surfaces fluxes by the component area, 

A, which is the mean internal and external surface areas provided by the 3-D TAS. Thus, 
cond, int 

= Aq cond, int 
= AX'T int 

-A Y'T"t +Q hist 
_cond, 

int (3.3) 

and, 
cond, ext 

= Aq cond, ext 
= AXT ext 

-A Y'T int +Qh ist 
_cond, 

ext (3.4) 

where: 
hist_cond, int 

and 
Qhist _ 

cond, ext 
: are the sum of all the historical terms which are 

related to the results from previous time-steps. 

(ii) Convection Heat Transfer at Internal and External Surfaces 

(a) External Convection 

A-TAS considers both the empirical and theoretical methods when assessing the 

convective heat flow at the building surfaces. The factors to be considered are as follows: 

9 Temperature difference; 

9 Surface orientation; 

9 Wind speed (external walls). 

TAS adopts the following expression provided by CIBSE (CIBSE Guide, Part C3) to 

calculate the convection coefficient at external building surface, hw, based on hourly 

values of the wind speed: 

hext . 5.8 + 4. Ivm (3.5) 

where; 

h ext 
: the external convection coefficient (W/m 2 ); 

vm : the wind speed measured at the meteorological station at a height of I Orn. 

Therefore, the external convective heat flow is given by the following expression: 
conv, ext 

=Aq 
conv, ext 

(3.6) 
=Ah 

ext (T -T 
ext ) 

ao 

where; 

Qc0l", ext : the external convective heat flow (Watts); 

A: effective component surface area (the mean of the internal and external 

surface areas provided by 3D-TAS); 
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Conv, ext 
=h 

ext (T 
-T 

ext the external convective heat flux (W/m 2) from the ao 

outside air to an exposed building surface; 
T the outdoor air temperature 

T ext the external surface temperature 

(b) Internal Convection 

Convection at Internal Zone Surfaces: With the exception of zone divides, TAS follows 

the procedures given by Alamdari and Hammond [1983] to calculate the internal 

convection coefficients, h int 
, 

for the calculation of free convection heat transfer in rooms. 
The following formula is recommended for vertical surfaces, and for vertical surfaces 

when the heat flow is in the upward direction: 

int 
fa AT 

1/4 6 

L 
b (AT )1/3 16 

(3.7) 

where; 

h int 
: the convective heat transfer coefficient (W/m 2 K) applying between a surface 

and the room air; 

AT = T, - T" : the absolute temperature difference (K) between the room air 

temperature and the surface temperature; 

L: a characteristic length (m) of the heat transfer surface (height of wall or 

hydraulic diameter of floor or ceiling); and a and b are given as follows: 

Vertical surface (horizontal heat flow): a=1.50 and b = 1.23 

Horizontal surface (upward heat flow): a=1.40 and b = 1.63 

The above equation for h int is 
used in TAS for windows, with L set to the window height 

as defined in 3D-TAS. 

For walls, however, TAS uses the following simpler formulae: 

Vertical surface (horizontal heat flow): 

h int 
=h 

hor 
=hH+1.23 (AT) 1ý3 

(3.8) 

where the height-dependent term is calculated from the zone height, H, using: 
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H_618.7 
1/6 (3.9) 

(670.656H + 120.43H 

Horizontal surface (upward heat flow): 

h" = h"P = 1.63 (AT)1/3 
(3.10) 

Horizontal surface (downward heat flow): 

h int 

= hd"" = 0.6 AT 
115 

(3.11) E 

For sloping walls, TAS interpolates between the above expressions using an angular 

dependence derived from the work of Fujii and Imura [1972]: 

Sloping wall (upward heat flow): 

int 
= h', " + (h hor 

- hP ) (sin V 
)1/4 h (3.12) 

Sloping wall (downward heat flow): 

h int 
=h 

down + (h hor 

-h 
down ) (sin 7)1/4 (3.13) 

where v is the angle between the inward-facing surface normal and the vertical. 

The dependence of h nl on the temperature difference, AT, indicates that the internal 

convection varies from hour to hour. 

Therefore, the internal convective heat flow is given by the following expression: 
conv, int 

=Aq 
conv, int 

int (T T int 
= Ah ai 

where; 

Q conv, int 
: the internal convective heat flow (Watts); 

A effective component surface area; 

q 
, ",, int 

=h 
int (T 

-T 
int ): the internal convective heat flux (W/m 2) from zone air ai 

to a zone surface; 

T the zone air temperature; at 

T int 
: the interrial surface temperature. 
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(iii) Radiation Heat Exchanges at Internal and External Surfaces 

Radiation heat exchanges at the internal and external surfaces of a building involves 

direct high frequency solar radiation (short-wave) and diffused or reflected low frequency 

radiations (long-wave). For long-wave radiation, the Stefan-Boltzmann law and the 

surface emissivity (in the material database) are recommended to calculate radiation 

exchange. 

(a) Long-wave Radiation 

The long-wave radiant heat exchanges on the external building envelope and internal 

zones are calculated separately by TAS [A-TAS Theory Manual]. 

The long wave radiation balance at the external building surfaces takes into account both 

the long-wave radiation from the sky and long-wave radiation from the ground. Thus, the 

total long-wave flux incident on an external building surface from its environment is 

given by: 

qenv = qky (y) + qgnd (7) 

where; 

Sy2 qsky qhk COS 
2 

the irradiance on a surface with outward-facing em 

normal making an angle v with the zenith; 

qgnd 
(7)= 

ql_,.. dsin' -2ý : the ground long-wave irradiance on a surface. 
2 

(3.15) 

The expressions q 
sky 

and q, are the horizontal plane long-wave flux for a partially hem 
_ 

gnd 

cloudy sky and the ground long-wave emission respectively, and are given by the 

following: 

sky air ir4 +C(1_ aetr 4 
(3.16) q hem = -chemo7T. 

a Ch 
m 

)07Tcloud 

07Tair4 ql_ 
gnd 

= '6gnd 0+ 

(I 
- Cgnd )q, 

ky 
(0) 

where; 

(3.17) 

at .r -5 1500 
'6hem =0.7+5.95XIO P,,, eXP Tat' r the effective hemispheric emissivity of a 

0 

clear sky; 
Tat r 

0: the screen dry-bulb absolute temPerature (K); 
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P,, the screen water vapour pressure (mb); 

cI-S: the fractional cloud amount (and S is the sunshine duration (0- 1); 

a 5.6697 xI 0-'W/m 2K4: the Stefan-Boltzmann constant; 
Tdoud: the absolute temperature of the cloud base (K); 

Egnd: the emissivity of the ground (assumed to have the value 0.95); and 

q,, ky (0) : the long-wave sky irradiance at the ground surfaces. 

The net long-wave radiation gain on the external building surface, Qrad, ext, is calculated in 

TAS using the following equation: 

Q rad, ext =E ext Aqenv-Aq ext 

where; 

(3.18) 

env: the total long-wave flux incident on an external building surface from its 

envirorument; 

q 
ext 

=q 
(ref )+h rad "T ext :a long-wave radiant flux by the surface, 

q 
(ref 273.15h rad, ext 

- 3c'x'T ext 4 

(ref ) 

rad, ext 
= 4c'x'T ext 

3; 

C ext : the emissivity of the surface 

T ext . (ref ). the absolute temperature of the surface; 

A: the component area (the mean of the internal and external surface areas 

provided by 3-D TAS; and 

T ext : the external surface temperature. 

In TAS, the internal radiant exchange between room surfaces is modelled using Carroll's 

MRT method [Carroll, 1980]. The surfaces are first treated as black body radiators. The 

ith surface is assumed to be coupled to the MRT (mean radiant temperature) node with a 

coupling coefficient: 

Gi =h 
rad, in'AiF, 

where: 
A, : the component area of the surface i; 

F, : the view factor between surface i and the MRT node; 
3 

rad, int zone h 4aT .a 
linearised radiative heat transfer coefficient; (ref ) 

a=5.6697 x 10-' W/m 2K4: the Stefan-Boltzmann constant; 

(3.19) 
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T zone 
a reference absolute temperature which should be close to mean (ref) 

zone temperature of the surfaces. In TAS, it is assumed that T= 288.15 K (ref ) 

(or 15 T). 

Under this assumption, the temperature of the MRT node is given by the following: 

j: (Gk int 
MRT(C) 

Tk 

TG (3.20) 
k 

where: 

T MRT(C) 
: the mean radiant temperature in Carroll's method; 

T int 
: the temperature of internal surface k k 

Therefore, the radiant heat transfer (Watts) from surface i to the MRT node is given by 

the following equation: 

1] GxT 
Q, rad, int = G, (Tint 

-T 
MRT(C) G, Tj K (3.21) 

G K 

(b) Solar Radiation (short-wave radiation) 

The local solar data is introduced to measure solar radiation at various building elements 

with a consideration of sun position and sky radiation. All of the solar heat transfer 

characteristics; absorption, reflection and transmission, are assessed based on the 

thermophysical properties of the building elements. In addition, the external shading and 

tracking of sun patches are considered as alternative conditions by TAS. To measure the 

influence of solar radiation, TAS utilises the following series of equations based on 

various circumstances. 

Solar Radiation Incident on the Building Exterior : The direct solar radiation incident 

on the a building external surface, Qd""x'(Watts), is calculated as follows: 

Q 
dir, ext 

=p(q 
dir 

- 
beam 

xuxA i) 

where: 
x (x > 0) Xx) = 

10 
(X : 2ý 0) 

; 

(3.22) 

dir, ext 
dir beam qhor 

dir, ext q the direct normal (beam) solar intensity (and " is the Qhor 
U3 
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direct radiation on the horizontal plane); 
U= (Ul 

ý U2 
9 

UOU : the unit vector pointing towards the sun which express the sun's 

position; 

Aj : the mean of the internal and external surface areas provided by 3D-TAS. 

The diffuse component of sky radiation is assumed to be isotropically distributed over 

solid angle. Therefore, the diffuse solar radiant power incident on a surface from a sky, 
Qd'f -4 (Watts), is the function of the surface tilt, given as follows: 

Qdif _sky = Ajq dir, ext Cos 
2 

(3.23) hor 
2 

where: 

7: the tilt angle from the horizontal. 

The ground-reflected radiation is also assumed to be isotropic. Consequently, the incident 

ground reflected radiation on a surface is given by the following expression: 

Qref _gnd = Aip gnd 
q 

glob 
sin 

2 7) 

hor 
2 

where: 
A, : the product of the component area; 

p gnd 
: the ground reflectance 

glob 
qho, : the global radiation incident on the horizontal plane. 

(3.24) 

Solar Transmission and Absorption : The absorptance at the outside surface a ex' and the P 

absorptance at the inside surface a imare introduced to calculate the solar absorption and P 
transmission characteristics, given as follows: 

ext ar 
int 

ap _ ext 
pp 

int (3.25) 
rp + rp 

and, 

ar ext 
int pp 
p ext int (3.26) 

rp + rp 

where: 

ap : the absorptance at a point within a construction; 

int 
and r" thermal resistances to the inside and outside surfaces, respectively. rp P 
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During TAS simulation, solar radiation entering the building through windows and other 
transparent building components is distributed over the building surfaces. In the 
distribution process, the radiation absorbed by the surfaces of each zone is totalled and 

stored in the quantities Q, """ and qyol, ext , where: 

QSOI, 
int is the solar radiation (Watts) absorbed on internal surface i of the zone; 

Qsol, ext is the solar radiation (Watts) absorbed on external surface i of the zone. 

For transparent components, the internal and external labels on these quantities refer to 

the effective absorption on the two surfaces in the Thevenin equivalent circuit theory. 

As for the external surfaces of opaque building components which are exposed to the 

external enviromnent, Q, "', "t is given by the following expression: 
sol ext 

a 
ext dir, ext + Qdif _sky +Q ref 

- 
gnd (3.27) 

i, Ii 
(Qll 

i 
where: 

a, ext 
: the external absorptance of the component; 

Q, dir, ext 
5 
Qidrf -sky 9 

Qi ref _ gnd : the incident solar powers referring to direct solar 

radiation, diffuse component of sky radiation, and the 

ground-reflected radiation respectively. 

Whereas for an exposed transparent component, qsol, ext will have the same form, but it 

will also have a contribution from radiation returning from the zone through the 

component. 

Solar Distribution Inside the Building : As the solar radiation enters the building through 

transparent surfaces, it is distributed over the zone's internal surfaces. Some of this 

radiation may be transmitted back out of the building through windows, and some may be 

transmitted through further transparent constructions to other zones. The surface solar 

gain ( Q1 sol, int 
, 
Q1 so/, ext ) calculated by TAS for an internal and external zone surface is the 

total solar radiation (in kW) absorbed by the surface in the course of solar distributions. 

For a transparent construction, radiation is actually absorbed within the construction, 

rather than at its surface. In this case the surface solar gains are calculated on the basis of 

the equivalent surface absorptances. 
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Therefore, zone solar gain inside the building is the sum of the surface solar gains for all 

the surfaces facing into the zone, given as follows: 

Qsol, int Sol = 11 (3.28) 

(iv) Bulk Air Movement Heat Transfer 

In a building, the heat transfer not only occurs in building element surfaces, but the air 

movement between different zones can also cause the heat transfer and the change of 

moisture content, thus affecting the thermal balance of individual zone. 

In TAS, the air movement is calculated by mass flow rate (kg/s). The following equation 

is used to calculate the total sensible heat gain, QsH_,. (Watts), into zone z due to air 

movement: 
z 

QSH 
- am 

I 
lkz Cp 

( Tai, 
s - 

Tai, 
z 

S=o 

(3.29) 

where: 

thsz : the mass flow rate from source zone s (with 0 representing the outside air) to 

zone z; 

z: the number of zones in the model; 
Tat, 

s 
: the air temperature in source zone s (or the outside temperature in the case 

s= 0); and 
T,,, 

_ : 
the air temperature in zone z. 

The total moisture gain for the zone due to inter-zone air movement, w" (kg/s), is 

modelled by TAS using the following equation: 

-d sz (X s 1) 
Wam --": I rh -x 

S=o 

where: 

(3.30) 

xs: the humidit y ratio in source zone s (or the outside humidity ratio if s= 0); 

x: the humidity ratio in zone z. 

In addition, the heat balance characteristics of the building interior space can be evaluated 

by dividing the internal space into several zones in 3D-TAS. These zones may or may not 

be separated by physical walls where the element termed 'zone divide' is used. In TAS, 
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the zone air heat balance equates the rate at which heat is added to the air to the total heat 

gain from infiltration, ventilation, air movement, casual gains, plant and surface 

convection as shown by the following equation: 
QSH 

_ air = QSH 
_ inf + QSH, 

vent + QSH 
_ am + QSH 

_ gains, conv + QSH 
_ plant, conv - 

Y, Q, conv, int (3.31) 

The terms in the above equation are defined as follows: 
(Pairvcp)(T 

-(T ai ai)) (i) QSH_air 
A 

where: 

p, j, : the density of air (= 1.21 kg/m 3); 

the zone volume; 

(3.32) 

cp the specific heat capacity of air at constant pressure (= 10 12 J/kgK); 

A the time-step (I hour or 3600 s, in TAS); 

ýX) (where ;r is any variable) denotes the value of ;r at the previous 

time-step. 

QSH inf = thinf Cp 
(T 

_T (3.33) ao ai, z 

where: 

the infiltration air mass flow rate in kg/s, (_ PairNV 
3600 

N the air change rate (air changes per hour); 

T,, the outside air temperature; 

T, 
t, z : the zone air temperature. 

Gii) QSH 
vent = th 

vent Cp 
(Tao 

-Tai 
) 

where: 

th 
vent 

: the ventilation air mass flow rate in kg/s. 

tkzCp 
(T 

i, s i, z 
OV) QSH 

-am 'a Ta 
S=o 

(3.35) 

where: 

(3.34) 

ths- : the mass flow rate from source zone s (with 0 representing the 

outside air) to zone Z, - 
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the air temperature in source zone s (or the outside temperature in T. 

the case s 0). 

(V) QSH_p1anl, 
conv :-0 P) QPlanIS (3-36) 

where: 

the radiant proportion where ,p=P 

htg 
(Q planIS > 0) 

; 
P '19 (Q plantS < 0) 

P 
htg 

and p'19 : the radiant proportions for heating and cooling, 

respectively; 
pland denotes the sensible power input (Watts) to a zone from the plant. 

(vo Qconv, int = Ahint i _Tint 
(T (3.37) 

a 
where: 

A effective component surface area; 

hi 
int 

the convective heat transfer coefficient (W/M2 K) applying between a 

surface and the zone i; 

Ti int 
: the internal surface temperature of zone i. 

3.4.2 Justification of TAS 

TAS is a complete solution for the thermal simulation of a building, and a powerful 
design tool in the optimisation of a building's environmental, energy and comfort 

performance [Jones, AM]. It utilises proven and accurate empirical methods [Alamdari et 

al., 1984] for estimating convective heat transfer from internal surfaces. 

This multi-zone thermal dynamic building simulation software considers energy 

exchanges between the building and its environment through the mediums of air and the 

building structure itself It analyses these exchanges between the various surfaces and the 

air, and also between the different building components. TAS considers these exchanges 

on a 4zonal' level (i. e. zone-to-zone, or zone-to-external environment) and then assesses 

the cumulative effect of these 'zonal' energy exchanges for the entire building. In order to 

do this, TAS simultaneously solves a series of complex energy balance equations which 

result in surface temperatures (internal and external), resultant air temperatures, internal 

sensible and latent loads which satisfy all of the equations. By solving all of the energy 
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balance equations in this manner, TAS ensures that energy is conserved and that there is 

no thermal storage within the building structure. 

Therefore, the TAS simulation software is chosen because it provides an effective, 

realistic and comprehensive virtual environment in which the thermal and energy 

responses of any building may be accurately modelled. 

3.5 Computational Fluid Dynamic (CFD) Simulation 

Computational Fluid Dynamics (CFD), numerical analysis and simulation of fluid flow 

processes, are relevant to many mechanical, aeronautical, automotive, power, 

environmental, medical and process engineering application. CFD simulations are used to 

design, investigate the operation of the different engineering systems and to determine 

their performance under various conditions. In this thesis, the CFD approach, which 

solves Navier-Stokes equations, was utilised to compute the flow and temperature fields 

within the atrium space. Turbulence of the flow was represented by k-e standard model 

with wall function and the numerical method uses finite volume resolution. CFD models 

were used to complement the dynamic thermal modelling as they could provide detailed 

distribution of air velocity, temperature and other flow properties throughout the atrium 

space, with a high degree of resolution. 

A commercial CFD computer code, PHOENICS (version 3.6.1), was used to simulate 3- 

D steady-state CFD models of the representative atrium forms. CFD atrium simulations, 

which will be discussed in detail in Chapter 8, were carried out in two stages. First, it 

simulated the representative atrium models (i. e. side-lit and top-lit atrium models). 

Internal surface temperatures from TAS simulation results of ground floor atrium only 

pressurised at 1400 hours were imposed as boundary conditions for the 3-D steady state 

CFD simulations. Additionally, boundary conditions for the net heat input, which were 

assumed to be uniformly distributed within the atrium space, were calculated using 

theoretical formulas for ventilation by thermal buoyancy particularly the solution based 

on surplus heat as discussed in chapter 2, section 2.5.3. The objective of this initial 

modelling was to complement the TAS prediction results as well as to validate the 

robustness of the developed CFD atrium models in modelling thermal stratification within 

multi-level atrium. 

The second stage of parametrical studies was to investigate and evaluate the effect of 

varying the inlet to outlet opening area ratios, and the outlet's location and configuration 

114 



on the atrium's thermal environmental performance particularly within the occupied 
levels. The objectives of these parametrical modellings were as follows: 

9 To investigate and quantify the atrium thermal performance due to the change in 

inlet/outlet ratios which subsequently changed the Neutral Pressure Plane level. 

9 To investigate and quantify the effect of outlet configuration and locations on the 

atrium thermal performance. 

The prediction results of temperature distribution (temperature contours), air flow 
(velocity vectors) and PMV index were analysed and compared in order to evaluate and 
quantify the indoor thermal environmental performance within the atrium. 

3.5.1 Overview of CFD Applications 

CFD techniques combine the classical branches of theoretical and experimental science 

with the power of modem numerical computations. They are used to improve the 

understanding of fluid physics and chemistry. 

In principle CFD can deal with problems including compressible and incompressible 

flow, steady and unsteady flow,. turbulent and laminar flow with and without heat 

transfer, single-phase and multi-phase flows, flows with radiation, non-Newtonian flows, 

supersonic and hypersonic flows with strong shocks and many other more complex flows. 

CFD solutions are the numerical approximation of the governing equations of fluid flow 

in space and time. A CFD code works by dividing the region of interest into a large 

number of cells or control volumes (the mesh or grid). In each of these cells, the partial 
differential equations describing the fluid flow (the Navier-Stokes equations) are replaced 
by algebraic approximations that relate the pressure, velocity, temperature and other 

variables, to the values in the neighbouring cells. These equations are then solved 

numerically yielding a complete profile of the flow to the grid resolution. 

The three main components of a CFD code include a pre-processor, a solver, and a post- 

processor. 

At the first stage, a computational domain is created to represent the geometry of the 

object being modelled. Then the mesh divides the solution domain into finite number of 

cells or control volumes. This is followed by the definition of fluid properties and 

specification of appropriate boundary conditions. 
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The numerical solver solves the equations of state for each cell until an acceptable 

convergence is achieved. According to the way in which the flow variables are 

approximated with the discretisation process, five numerical solution techniques are 
defined: finite different method, finite element method, finite volume method, spectral 

method and gridless method [Versteeg and Malalasekera, 1995; Blazek, 2001]. In theory, 

each type of method yields the same solution if the grid is very fine. 

In the post-processing stage, the modelled results are analysed both numerically and 

graphically. This provides visualisation ranging from 2-D graphs to 3-D representations 

of vectors, particle tracks and gradients. 

3.5.2 Governing Equations 

The fundamental governing equations of fluid dynamics, i. e. the continuity, momentum 

and energy equations are the mathematical statements of three fundamental physical 

principles, which can be regarded as follows: 

e Conservation of mass (Continuity Equation) 

9 Newton's Second Law (Momentum Equation) 

* Conservation of energy (First law of thermodynamics). 

Utilising the finite volume method, the equation for the conservation of mass (also 

referred to as the continuity equation) is discretised by means of a mass balance for a 

finite (control) volume. Thus for a steady incompressible fluid with uniform temperature, 

the incoming mass flow is equal to the outgoing mass flow. 

By applying Newton's Second Law of Motion, the relationship between the forces on a 

control volume of fluid and the acceleration of the fluid gives an expression for the 

conservation of momentum (or Navier-Stokes equations). 

The First Law of Thermodynamics states that energy is conserved in a fluid. It ensures the 

rate of change of energy of the particle is equal to the sum of the net rate of work done on 

the fluid particle and the net rate of heat addition to the fluid and the rate of increase of 

energy due to sources [Versteeg and Malalasekera, 1995]. This would therefore allow the 

definitions of changes in fluid temperature within a control volume. 
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These fundamental principles can be expressed in terms of a set of partial differential 

equations (PDEs) and in solving these equations; the velocity, temperature and pressure 

are predicted throughout the flow field. 

In compressible fluids flow, the equations of state (Equation 3.41) provide linkage 

amongst the energy equation (Equation 3.40), mass conservation (Equation 3.38) and the 

momentum equations (Equation 3.39). 

ap 
+a(, ouj) =0 (3.38) 

at axi 

a (, ouj +a (Puiuj + pgu - T, 0 (3.39) 
at axi 

a (pe,,,, )+ a (pe,,,, +uip+q, -uir, 
)=O (3.40) 

at axi 

(p, p, T)=0 (3.41) 

where 
density 

P: pressure 

U: instantaneous velocity 

TY : viscous stresses 

450 : Kronecker delta function, (i = j, 45ij =I or i#j, o5ij = 0) 

x, xj : coordinate variable 

T thermodynamic temperature 

e, O, 
total energy (which is defined by e, O, =e+ uy, /2 

heat-flux 

The functional form of the equation of state (Equation 3.41) depends on the nature of the 

fluid. 

The flow of constant-property Newtonian fluids is governed by the Navier-Stokes (N-S) 

equations together with the mass conservation equation only. Liquids and gases flowing 

at low speeds behave as incompressible fluids. 
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The simplified N-S equations for an incompressible Newtonian fluid in the notation of 
Cartesian tensors can be written as: 

aui aui 
-I 

ap alu, 
. +au ----+V- (3.42) 

at axj ax aX 2 
ii 

where v=P is the kinematic viscosity. 
p 

Considering the hypothetical case of an ideal (inviscid) fluid, the isotropic stress tensor is 

'T li = -P, 54 (3.43) 

The physical interpretation of the eddy Reynolds stresses is the effect of turbulent 

transport of momentum across the main flow direction, which influences the flow in the 

same way as increased shear stress. The stress tensor is given by: 

1-Y = -P, 5ij +P aui + 
auj (3.44) 

axj &i 

where U, and U, are the mean velocity components defines as u, = U, + u, and 

u=U+W. Instantaneous velocity (u) is the sum of the mean velocity (0 and the jj 

fluctuating velocity component (u 

This plays an important role in the numerical treatment of turbulence which is discussed 

in Section 3.5.4. 

3.5.3 Numerical Grid 

Currently in most commercial CFD codes, finite volume method is the most commonly 

used numerical method to solve the partial differential equations. The computing domain 

needs to be discretised before this method can be applied to solve the differential 

equations and therefore the role of the numerical grid is essential at this stage. The 

numerical grid is to define the discrete locations at which the variables (pressure, 

velocities, etc) are to be calculated and stored. The grids are in fact a discrete 

representation of the geometric domain since it is composed of a finite number of control 

volumes. The numerical grids can be broadly categorised into 'structured' and 

'unstructured' grids. 
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(i) Structured grid 
Structured grids allow the grid lines to be numbered consecutively and the position of any 

grid point (or control volume) within the domain is uniquely identified by a set of two (in 

2-D) or three (in 3-D) indices, e. g. (i, j, k). The Cartesian grid is of this type and it is the 

simplest grid structure. Figure 3.1 shows an example of 2-D Cartesian grids with non- 

uniform grid spacing. 

J+ 

J- 

1 0 .8 , 4 1 .ý1 

0.8' In- 

1-1 1 

Figure 3.1 2-D Cartesian grids with non-uniform grid spacing. [Source: IEA-ECB 

Annex 26,1998] 

In Cartesian grids or structured grids, each point P has four nearest neighbours in two 

dimensions and six in three dimensions. The indices of neighbouring points of P differs 

by ±1 from the corresponding index of P. Normally the structured grids are body-fitted if 

the grids are not of Cartesian type. An example of structured and body-fitted 2-D grid for 

the simulation of airflow around a person is shown in Figure 3.2. 

One of the advantages of using structured grids is that the neighbour connectivity 

simplifies programming and the matrix of the algebraic equation system has a regular 

structure, which can best be exploited in some linear equation solvers. Some commercial 

CFD codes (e. g. PHOENICS) can only accept structured grids for this reason. The 

disadvantage of structured grids is that they are ideal only for geometrically simple 
domains because it becomes very difficult to create structured and body-fitted grids if the 

geometry is complicated, such as a building with irregular shapes. On the other hand, the 

unstructured grids are more flexible because they can fit any shape of geometry and 

solution domain. 
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Figure 3.2 Structured and body-fitted 2-D grid for the simulation of airflow around a 

person. [Source: IEA-ECB Annex 26,1998] 

(ii) Unstructured grid 
Unstructured grids are usually made of triangles or quadrilaterals in 2-D and tetrahedra or 
hexahedra in 3-D. These grids can be generated automatically by existing algorithm, such 

as some techniques summarised by Thompson et al. (1985). The unstructured grids are 

easy to be controlled and refined locally for some regions where higher resolutions are 
desired. The advantage of unstructured grids is, however, offset by the disadvantage of 

the irregularity of the data structure. Node locations and neighbour connections need to be 

specified explicitly and the matrix of the algebraic equation system is no longer in a forin 

of regular, diagonal structure. Therefore the solvers for those irregular matrix systems 

need more time and storage to calculate each variable. Unstructured grids are mostly used 
in finite element methods but they have been increasingly embraced by finite volume 

methods in commercial CFD codes. This is probably because most of the industrial 

practitioners often need to solve problems where a complex geometry is involved and the 

users prefer a quick method that can generate the numerical grids for easy computation. 

An example of unstructured grids of the inside surfaces of the 'Reichstag' building, 

Berlin is shown in figure 3.3. 
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Figure 3.3 Unstructured grid of the inside surfaces of the 'Reichstag' building, Berlin. 

[Source: IEA-ECB Annex 26,1998] 

3.5.4 Turbulence Modelling 

In practical engineering flows turbulence and turbulent mixing usually dominate the 

behaviour of the flow. Turbulence plays a crucial part in the determination of many 

relevant engineering parameters, such as frictional drag, heat transfer, flow separation, 

transition from laminar to turbulent flow, thickness of boundary layers, extent of 

secondary flows, and spreading of jets and wakes [Versteeg and Malalasekera, 1995]. 

Turbulent flows contain turbulent eddies with a wide range of length scales, from the 

energy-carrying large scales to the small dissipative scales. These spatial scales are 

typically 10-5 to 10-6 of the size of the computational domain in each co-ordinate direction 

[ERCOFTAC, 2000]. By solving the complete, time-dependent Navier-Stokes equations, 

the direct numerical simulation (DNS) captures the time and length scales of all the 

characteristic structure of the flows. However, the computational cost of DNS increases 

as the cube of the Reynolds number (Re 3), so that the high cost limits its application to 

high Reynolds number flows [Blazek, 2001]. 

In most engineering applications, emphasis is placed on the effects of the turbulence on 

the mean flow rather than solving the details of the turbulent fluctuations. Thus a 

turbulent flow can be described by the mean values of flow properties and the statistical 

properties of their fluctuations. By performing the time-averaging operation on the 

momentum equations, one can obtain the time-averaged momentum equations (Reynolds 
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equations) and six additional unknowns, the so-called Reynolds stresses, which represent 
the velocity fluctuating effects of the flow. In order to close the system of mean flow 

equations, assumptions are needed for the extra unknown terms generated by the 

averaging process. This procedure of solving closure problems is called turbulence 

modelling [Versteeg and Malalasekera, 1995]. 

(i) Overview of Turbulence Models 

Turbulence is one of the major unsolved physical problems of fluid dynamics. One flow 

is distinguished from another solely by the specification of material properties and of 
initial and boundary conditions. Intensive theoretical and experimental research states that 

turbulent flows are so complex and varied that no generally valid universal model of 
turbulence exists. 

Broad ranges of turbulence models that vary in complexity, accuracy and range of 

applicability are available. They are classified into four principal classes: 

Zero-equation models 

Two-equations models 

9 Second-order closures 

* Large-eddy simulation (LES). 

Among them, the zero -equation/mixing length model (see Section 3.5.4(ii)) and DNS are 

at the extremes of the range of approaches. Figure 3.4 shows the overview of the 

turbulence models displayed according to their decreasing level of complexity. 

The first two models belong to the so-called first-order closures, which are based mostly 

on the eddy viscosity hypothesis. The eddy viscosity concept (proposed by Boussinesq in 

1877) assumes that the turbulent stresses are linearly related to the mean rate of strain by 

scalar turbulent (eddy) viscosity. However, for certain applications the isotropic eddy 

viscosity assumption used in the majority of turbulence models is not valid. The non- 
linear eddy viscosity models proposed by Lumley [1978] offer a substantially improved 

prediction capabilities for complex turbulent flow with a slightly more expensive 

computational requirement than the linear approach. 
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Figure 3.4 Hierarchy of turbulence model. [After Blazek, 2001] 

(H) Reynolds Averaged Navier-Stokes (RANS) Models 

Reynolds Averaged Navier-Stokes equations (RANS) are developed from the time- 

dependent three-dimensional Navier-Stokes equations, which describe the unsteady 

eddies by their mean effects on the flow, through the Reynolds stresses. 

The mixing length model (zero-equation model) uses an algebraic equation to calculate 

the viscous contribution from turbulent eddies. The flow description is at the mean flow 

level, apart from the specified mixing length, 1,,, (x, y) , which is described as a function of 

position by means of a simple algebraic formula. The turbulent viscosity (v, ) is then: 

12 
"u 

M ýy 
(3.45) 

In simple two-dimensional turbulent flows, the only significant Reynolds (turbulent) 

stress is linearly related to the mean velocity gradients and described by: 

-pu v Cu "U 
Gy ýy 

(3.46) 
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This simple model is only capable of calculating the mean flow properties and turbulent 

shear stress. It is incapable of describing flows with separation and recirculation, which 

are the flow features found in airflow and wind engineering. 

The k-E type models calculate a mean, steady state velocity and pressure field and account 

for the velocity and pressure fluctuations through modelled variables, which are the 
kinetic energy (k) and its rate of dissipation (E). 

(a) Standard k-. c model 

The three-dimensional incompressible turbulent flow of a Newtonian fluid is governed by 

the mass conservation and the Navier-Stokes equations. By introducing the Reynolds 

averaging procedure, the set of equations expressed in Cartesian tensor notation is 

[Versteeg and Malalasekera, 1995]: 

au 
=o 

ax 

i 

aul i+ a(uu, ) 1 ap 
at ax ip 

axi 

(-Uiuj 

axi 

(3.47) 

(3.48) 

where P stands for mean pressure and p for fluid density. The Reynolds stress tensor 

-u, uj is modelled using the eddy viscosity concept: 

-u. u, : -- V, 
aU, 

+ 
aUj 

_2 öu k (3.49) 
ii ai axi 3 

The isotropic eddy viscosity v, is determined using the following expression 

Ck'lc (3.50) 

which requires the distribution of k and its rate of dissipation c. 

In the standard k-c model [Launder and Spalding, 1974], the distribution of k and E are 

determined from the following model transport equations: 

ak 
+ U, 

ak 
_av, 

3k 
+ vt 

au, (aui 
+ 

auj 
(3.51) 
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at axi &i Uk &i k axi &i a, k 
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For the standard model, the model coefficients are: 
C, = 0.09; Cj = 1.44; Cc2= 1.92; Ck= 1.0; and u. = 1.3. 

The standard k-E model is the most commonly used and validated turbulence model in 

engineering applications. The popularity is due to its robustness in a wide range of 
industrially relevant flows, relatively low computational costs and generally better 

numerical stability than more complex turbulence models [Versteeg and Malalasekera, 

1995]. However, the weaknesses of this model affect its overall performance in wind 

engineering field: 

9 The turbulent kinetic energy is over-predicted in regions of flow impingement and 

re-attachment leading to poor prediction of heat transfer and the development of 
boundary layer flow around a leading edges and bluff bodies. The RNG k-E model 

proposes a modification to the transport equation for E to improve predictions in 

this area [ERCOFTAC, 2000]. 

Highly swirling flows are often poorly predicted due to the complex strain fields 

and regions of recirculation in a swirling flow are often underestimated. A non- 
linear k-E model or an algebraic Reynolds stress model would improve the 

performance [ERCOFTAC, 2000]. 

Flow separation from surfaces under the action of adverse pressure gradients is 

often poorly predicted. The real flow is likely to be much closer to separation (or 

more separated) than the calculations suggest. 

There are several modifications from the standard k-c model which have been proposed to 

improve the performance for special applications. 

(b) Low Reynolds Number k-e model 

This model uses a different treatment in the near wall region from the standard k-Emodel. 

The high Reynolds number standard k-E model uses the universal law of the wall to give 

special treatment near the wall. This so-called "wall function" is introduced and depends 

on the unit distance normal to the wall (see section 3.5.5). The low Reynolds number 

model [Patel et al., 1985] does not apply this method and effectively integrates to the wall 

surface in the low Reynolds number region of the flow. It therefore requires additional 

grid cells in this region and significant additional computational effort. 
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(c) RNG k-. c model 
In the Re-Normalisation Group (RNG) k-E model, the transport equation for turbulence 

generation is the same as that for the standard k-c model, but the model constants are 

different, and the extra term in the E equation represented by extra coefficient C1 RNG 

makes this model perform differently from the standard k-E model. 

C, 
u = 0.085; Cj = 1.42; Ce2= 1.68; uý = u, = 0.72. 

Further details can be found in [Yakhot et al., 1992]. 

MMK k-c model 

The MMK (Murakami-Mochida-Kondo) model is also a revision to the standard k-c 

model to improve its performance. It was developed to tackle the specific problems of 
flow with separations and reattachments typically found in wind engineering fields 

[Tsuchiya et al., 1997]. The standard model constant C, becomes a function of the ratio 

of vorticity to shear. Therefore, when this ratio is less than one (e. g. flow stagnation 

point) the eddy viscosity is reduced. Although the MMK model was found to improve the 

results in some areas of the flow, it had the opposite effect in other areas [Wright and 
Easom, 1999]. Therefore this model is limited by the general accuracy in different cases. 

k-co model 

The k-(o model introduced by Wilcox [1993] performs very well close to the wall in 

boundary layer flows, particularly under strong adverse pressure gradients (i. e. in 

aerospace applications). However, it is very sensitive to the free stream value of (0 

(co =-, clk). 

The k-co model is superior near the wall, due to its simple Reynolds number formulation 

and its ability to compute flow with weak adverse pressure gradients accurately. The k-E 

model is a better model near the boundary layer edge and for flows away from walls, due 

to its sensitivity to the free stream values. A few models have been developed to blend the 

advantages of the k-c model and the k-(o model, i. e. Shear Stress Transport (SST) model 

of Menter [1994]. This model has performed well for flows with adverse pressure 

gradients, which can be found in many applications in the aeronautics industry, e. g. 

airfoils and heat exchangers. 
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W Reynolds stress model (RSM) 

When modelling the complex strain field arising from the action of swirl, body forces 

such as buoyancy or extreme geometrical complexity, the eddy viscosity models with the 

simple strain field assumption are found to be inadequate [ERCOFTAC, 2000]. A more 
subtle relationship between stress and strain is invoked in the RSM model, also called the 

second-order or second-moment closure model, in that six Reynolds stresses and the rate 
of dissipation of turbulent kinetic energy are determined by the solution of six additional 
coupled equations, together with an equation for c. This model gives better predictions for 

flows with distinct anisotropic quantities, but the computational cost and lack of 

numerical stability are practical drawbacks with RSM compared with other RANS 

models. 

(iii) Non-linear k-c model 
The non-linear k-E model [Speziale, 1987; Craft et al., 1996] solves only two transport 

equations, which is the same number solved by its standard (linear) counterpart. On the 

other hand, due to the non-linear constitutive relation between the stress and rate of strain 

tensors, this model is theoretically capable of simulating the anisotropy of Reynolds 

stresses without solving the whole Reynolds stresses transport equations. However, 

further development work is still required to improve the numerical stability in wind 

engineering applications [Wright and Easom, 1999]. 

(iv) Large Eddy Simulation (LES) 

In large eddy simulation (LES) the larger three-dimensional unsteady turbulent motions 

are directly represented, whereas the effects of the smaller scale motions are modelled. 

Compared with RANS models, LES has the advantage of describing the unsteady, large 

scale turbulent structures, and hence can be used to study phenomena such as unsteady 

aerodynamic loads on structures and the generation of sound. LES can be expected to be 

more accurate and reliable than Reynolds stress models (RSM), in the prediction of the 

flows over bluff bodies, which involve unsteady separation and vortex shedding 

[Murakami, 1997]. However, LES models require large computing resources and 

therefore they are still research tools rather than general purpose tools in engineering 

applications. 
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3.5.5 Wall Functions 

In a turbulent flow, the presence of a wall causes a number of different effects. Near the 

walls, the turbulence Reynolds number approaches zero, and the shear normal gradients 
in the boundary layer flow variables become large. 

At high Reynolds number the standard k-E turbulence model does not seek to directly 

reproduce logarithmic profiles of turbulent boundary layers, instead it applies the law of 
the wall in the ad acent layer (so-called log-layer). The law of wall is characterised in j 

terms of dimensionless variables with respect to boundary conditions at the wall. 

The wall friction velocity u, is defined as (r,, lp)'I' where i-,, is the wall shear stress. 

Assume U is the time-averaged velocity parallel to the wall and let y be the normal 
distance from the wall. Then the dimensionless velocity, U' and dimensionless wall 
distance, y+ are defined as 

u+=u (3.53) 
ur 

and Y, =Pul y (3.54) 
p 

When using this model, the value of y+ at the first mesh point must be within the limit of 

validity of the wall function, 30<y+<500 [Versteeg and Malalasekera, 1999]. The 

universal wall functions are valid for smooth walls. For rough walls, the wall functions 

can be modified by scaling with an equivalent roughness length. However, the wall 
function methods are not valid in the presence of separated regions and/or strong three- 

dimensional flows. When a low Reynolds number turbulence model is used, the first node 

points from the walls of the computational grids must be carefully allocated within the 

unity distance normal to the wall. 

3.5.6 Discretisation Scheme 

The accuracy of the numerical solution of a CFD model is dependent on the quality of 
discretisation applied to the governing equations. The general differential form of all the 

governing equations can be written as follows [Versteeg and Malalasekera, 1995]: 

L9 (P0) +a 
(pu, 0) 

-aF 
ao 

+so (3.55) at al a-, ai 
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where 

F: the diffusivity of a variable 
SO : the source tenn, 

Based upon a Finite Volume Method by application of Gauss' divergence theorem, the 
integration of Equation 3.27 over a three-dimensional control volume yields: 

Time-dependent Convection Diffusion Source 

apo ao ý fV+ f)oujnjodA fF 
- nj dA + fSOdV (3.56) 

V 
at 

AA axi V 
where 

nj the surface outward normal vector, 

the outer surface area of the control volume, and 
the volume of the control volume. 

The main consideration in deriving the discrete equations in this way is that it accounts 
for the convection and diffusion terms explicitly. The fundamental properties of a 
discretisation scheme are conservativeness, boundedness, and transportiveness, which are 

necessary to produce physically realistic results. 

Conservativeness: To ensure the conservation of a quantity 0 for the whole solution 

domain, the flux of 0 across a certain face of a control volume must be the same as that 

entering the adjacent volume through the same face. Inconsistent flux interpolation 

formulae could cause unsuitable schemes that do not satisfy the overall conservation. 

Boundedness: Within the solution domain, the iterative numerical techniques are used to 

solve the algebraic equations at each nodal Point. The calculated quantities should fit in 

the physical bounded maximum and minimum boundary values of the flow variables. 
Undershoot and overshoot results are typically associated with higher order schemes or 

too coarse grids. 

Transportiveness: The relative strength of convection and diffusion terms defines the 

directionality of influence in the discretisation scheme. In a highly diffusive situation, the 

diffusion term affects the distribution of a transported quantity along its gradients in all 
directions, i. e. the influence of the source at all neighbouring nodes would be equal. 
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However, in the case of pure convective conditions, only the adjacent node would be 

strongly influenced by the upstream/downstream source depending on the flow direction. 

The order of the discretisation scheme is named in terms of Taylor series truncation error. 
The following differencing schemes are discussed in terms of their suitability in dealing 

with the convective term. 

The first order schemes such as "upward" and "hybrid" produce bounded solutions within 
the physical limitations, but they involve significant false diffusion, smearing sharp 
gradients. The Quadratic Upstream Interpolation for Convective Kinetic (QUICK) 

scheme [Leonard, 1979] is a third order accurate approximation, which has many benefits 

as it satisfies the requirements of conservativeness and transportiveness, but introduces 

unphysical over- or under-shoot problems due to the lack of the boundedness property. It 
has been shown to sometimes lead to negative turbulence quantities [Wright, 2000]. A 

modified version of QUICK gives the Curvature Compensated Convective Transport 

scheme (CCCT) second order accuracy and provides boundedness and hence 

computational stability. The CCCT scheme [Gaskell and Lau, 1988] uses a blending 

factor to improve the QUICK scheme's interpolation performance near the boundaries. 

To choose a discretisation scheme, a compromise between simplicity, ease of 
implementation, accuracy and computational efficiency has to be made. 

3.6 Summary 

In this chapter different methods of studying thermal and ventilation performance within 

an atrium in the tropics have been presented. The combined research methods employed 
include developing a conceptual low-energy atrium form by incorporating selected 

vernacular form and design features with the suggested side-lit form, field measurement 

to gain an overall understanding of thermal problems within an existing atrium in the 

tropics as well as to obtain measurement data for validation of TAS program, and 

computer modellings to study thermal and ventilation performance using dynamic 

thermal simulation software (TAS) and computational fluid dynamics (CFD). The 

fundamental aspects of TAS program and CFD techniques have also been discussed. The 

following chapter will discuss the development of a conceptual low-energy atrium form 

for the hot humid tropical climate of Malaysia. 
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Chapter 4 Vernacular Architecture as the Basis for the Development 
of a Conceptual Low-Energy Atrium Form 

4.1 Introduction 

The movement towards "sustainable architecture" or climatically responsive design, 

which leads towards "modem regionalism" in Malaysia seems to be progressing slowly 
compared with developments in Europe [Ismail, 1996]. Until recently very little attempt 
has been made to promote passive techniques in countering the trend of solving all indoor 

comfort problems by simply adopting mechanical solutions especially in modem 
buildings in urban and suburban areas. Most of the present commercial buildings in 

Malaysia are designed to rely on technology in order to provide comfort, especially that 

of air-conditioning [Ahmad and Rasdi, 2000]. 

The consideration to design new buildings to cater for the hot and humid tropical climate 

of Malaysia is very essential. It will not only provide satisfactory indoor thermal 

environment and air quality through passive approaches but also most importantly 

promote sustainable development in Malaysia. In fact, Malaysia does have a long history 

of sustainable buildings: the vernacular architecture which was designed with a deep 

understanding and respect for nature. Therefore, architects, local authorities and 
developers should work together to revive the use of vernacular forms and design features 

in a new energy efficient building design including an atrium building. 

This chapter discusses the development of a low-energy conceptual atrium form for 

Malaysia. It is divided into four sections. The first section reviews three most well-known 

vernacular architecture of Malaysia, namely traditional Malay buildings, traditional 

Chinese shophouse and vernacular mosque. The discussion will reveal the main design 

characteristics of these buildings that respond to the local climatic conditions. The 

validity and limitations of applying vernacular forms and design principles in the design 

of modem buildings in Malaysia in general is discussed in the second section. Following 

that, the third section presents the concept of low-energy building and the main design 

principles for passive low-energy building in general. The final section discusses the 

development of a low-energy conceptual atrium form for Malaysia by integrating the 

selected vernacular design features with the suggested side-lit form (i. e. vertical 

toplighting or clerestory openings). 
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Hence, the objectives of developing a conceptual atrium building are twofold. First, it is 

to be used as the base model for computer simulation studies using TAS and CFD 

programs to investigate the thermal environmental performance in an atrium in the 

tropics. The other objective is to promote and revive the use of vernacular forms and 
design features in the design of new buildings. These architectural forms and features 

may be directly incorporated or adapted to modem buildings so as to achieve satisfactory 
indoor environment through passive approaches or reduce dependence on mechanical 

means to provide indoor comfort. 

4.2 Vernacular Architecture of Malaysia and Their Main Characteristics 

Although Malaysia consists predominantly of Malay people, and the Malay architectural 

style is recorded as the earliest in the evolution of Malaysian architecture, the 

contributions made by foreign immigrants (i. e. largely Indonesian Malays and Chinese 

from southern mainland China) are of equal importance. The Malays and Chinese 

constructed buildings to reflect their culture, religions and aesthetic requirements. Along 

with these, they developed distinctive design characteristics as a result of adjusting their 

buildings to the local climatic conditions. 

(i) Traditional Malay House 

There are many types and variations in the design of traditional Malay houses. However 

they still follow a basic pattern and share several common features, which can be listed as 

follows [Sudin, 1984]: 

" Raised above the ground. 

" Large pitched roofs and deep overhangs. 

" Open plan concepts. 

" Regulated by construction modules (rectangular plan). 

" Several levels for the interiors. 

Similar building materials. 

Large window openings. 

These features in the wooden traditional Malay house are geared towards providing 

effective ventilation and optimum levels of natural lighting (Figures 4.1). The elongated 

structure with minimal partitions in the interior, allows easy passage of air and cross- 

ventilation. The house is raised on stilts to catch winds of a higher velocity. As it is raised 

reasonably high above the ground, the air in the shaded area below the floor is relatively 
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cooler [Sudin, 1981] and the gaps between the plain edged floorboards allow this cool air 
to enter the building, thereby reducing the temperature inside (Figure 4.2). 

An open settlement pattern of traditional Malay houses in the rural context, where 
buildings are scattered with low population density, is the most appropriate response to 

the hot-humid climate of Malaysia (Figure 4.3). This provides sufficient air circulation to 

allow free flow of air, which provides ventilation for cooling and a hygienic environment. 
Additionally, the lightweight construction of the houses with minimum mass and many 

voids, using low thermal capacity and high insulation materials, is also appropriate for 

thermal comfort in such a climate. Locally available materials used such as wood, 
bamboo, and attap (nipah thatch) have good insulating properties and they retain or 

conduct little heat into the building. 

Figure 4.1 The traditional Malay house. [After Yuan, 2000] 

Gable end ....... ..... 

"Patah ............... 

Verandah .... ........ 

I stilts I 
Figure 4.2 Climatic response in traditional Malay house. [After Yuan, 2000] 

Windows are plentiful in the Malay house and since the body level is the vital area for 

ventilation, full-length fully openable doors and windows are used. The carved wooden 

panels and wooden grilles in the house are also effective ventilation devices. The sail-like 
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'tebar layar' (gable end) of the roof is used to trap and direct air to ventilate the roof 

space. Ventilation joints in the roof called 'patah' are another creative ventilation device 

used to ventilate the roof space. 

C 

Figure 4.3 An open settlement pattern of the traditional Malay houses in rural context. 
[After Gut and Ackerknecht, 1993] 

The large pitched roof with deep overhangs and wide verandah effectively control solar 

radiation. The walls of the house are low, thus effectively reducing the vertical areas of 

the house exposed to solar radiation. The low walls also make the task of shading easier. 
The deep overhangs, which provide good shading, also provide protection against driving 

rain. They also allow the windows to be left open most of the time for ventilation, even 
during rain. 

The house is also designed to control direct exposure to heat from direct sunlight. 

Traditionally, most of the Malay houses are generally orientated along East-West axis in 

order to reduce exposure to direct solar radiation. The compound of the house is often 

heavily shaded with trees and covered with vegetation. This sets the house in a cooler 

environment as the trees and vegetation do not only absorb and store little heat from solar 

radiation but also reradiate it into the environment. 

Glare, which can be a major source of stress in Malaysian climate, is effectively 

controlled in the traditional Malay house. This is done by excluding open skies and bright 

areas from the visual field. Windows are kept low and shaded by large roof overhangs to 

reduce glare from the open skies. Glare from the surrounding environment is lessened by 

the less reflective vegetation ground cover, trees and other neighbouring houses. Glare is 

also controlled by the use of grilles and carved wooden panels which break up large 

bright areas into tiny ones and yet allow the interiors to be lighted up. 
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The traditional Malay house with its large pitched roof that is sometimes combined with 
hipped roof (called 'Bumbung Limas') and low windows tend to be underlighted. This 

gives a psychological effect of coolness, as strong light is often mentally associated with 
heat. Indirect sources of light like internal and external reflected light are used in the 
house. They are the best forms of natural lighting for the local climate as they minimise 
heat gain and glare. Direct sunlight should not be used for daylighting as it is 

accompanied by thermal radiation. 

(ii) Traditional Chinese Shophouse 

Traditional Chinese shophouses in Malaysia have some distinguishing features which can 
be seen as typically Malaysian. Although many of the main building characteristics have 

largely been derived from southern mainland China architectural traditions, some features 

have developed locally and have been structurally adjusted to accommodate the new 

envirom-nent and climatic conditions [Kohl, 1984]. The main characteristics of traditional 

Chinese shophouses in Malaysia can be listed as follows: 

The five-foot walkway. 

Airwells (central open-air courtyards). 

High ceilings. 

Deep overhangs and overlapping roofs. 

Full height windows. 

The typical traditional Chinese shophouses (Figures 4.4) are built in rows with a common 

wall between each unit. Each shophouse is long and quite narrow, with a depth of two or 

three times the width (Figure 4.5). The traditional shophouse is a two- or three-storey 

building. It combines a store in the front at street level with the owner's living quarters 

above or at the rear. 

The top floor extends out at least five feet (1.5 m) over the ground floor to form a covered 

passage (Figure 4.4), which enables pedestrians to walk freely under cover, protected 
from the intense tropical sun and the occasional rainfall, and away from vehicular traffic. 

Besides acting as a transitional space between the outside and inside of the building, this 

covered five-foot walkway also reduces the exposure of large storefront opening at 

ground level to direct solar radiation. The deep shaded opening of the storefront also 

effectively provides natural ventilation to the building. 
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(a) (b) 

Figure 4.4 Typical traditional Chinese shophouse showing five-foot walkway and jack 

roof [After Yeang, 1984] 

The building backed onto a narrow open-air courtyard, which effectively enhances front 

to back circulation of air and cross ventilation. This central courtyard, or sometimes 

referred to as an air well, provides natural ventilation and light into the centre of 

otherwise narrow and often deep plan buildings. As the air well is a vertical opening, it 

appears to be independent of obstructions that may prevent natural draughts entering from 

above into the deep plan house [Ang and Hua, 1976]. The ceiling of the lower floors, 

which measures twelve feet or more, is comparatively higher than the average floor to 

ceiling heights of not more than ten feet in modem houses. This high ceiling is an 

effective way of improving natural ventilation to the interior. 

Traditionally, the first and second floors of the shophouse have a single large full height 

opening, which is covered with simple wooden shutters. Later, a brick and mortar wall 

with two or three windows replaces this. The windows then become more detailed and 

include fanlights. The elevation of these shops is quite low normally with steeply two tier 

sloping tiled roof structures with deep overhangs. A smaller roof known as the Jack roof 

(Figure 4.6) overlaps the main roof to give an opening between them for better 

ventilation. These openings are often alternated with a fixed panel. 
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Figure 4.5 The interior layout of a typical two-storey Chinese shophouse. [After 

Jackson, 1975] 

Figure 4.6 Jack roof and double-tiered roof designed to enhance natural ventilation. 
[After Kohl, 1984] 
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(iii) Vernacular Mosques 

Vernacular mosques in Malaysia can be classified into two types of architectural styles 

namely the traditional and regional influence [Ahmad, 1999]. The traditional mosques 

usually reflect the strong influences of the Malay houses, way of life and environment. In 

contrast, vernacular mosques with regional influence can be distinguished by their two or 
three-tiered roof structures with decorative roof ridges and clay tiles, octagonal minarets 

and buildings which are square in shape. The regional influence mosques in Malaysia are 

similar to that of the old mosques built in many parts of Indonesia. This is partly because 

some of the Malays in Malaysia are the descendants of various ethnic groups from 

Indonesia. Despite their distinctive architectural styles, some common features of the 

vernacular mosques can be listed as follows: 

Raised above the ground. 

Double-hipped roofs with clerestory openings. 

Open plan concepts. 

Similar building materials. 

Large window openings. 

(a) (b) 

Figure 4.7 Vernacular Mosque in Malaysia, using double-hipped roof and clerestories 

for natural lighting and ventilation. [After Nasir, 1984] 

In general the design of the vernacular mosques (Figure 4.7) reflects most of the 

characteristics of the traditional Malay house. Its lightweight construction with minimum 

mass and many voids, using low thermal capacity and high insulation materials, is highly 

suitable for thermal comfort in warm and humid Malaysian climate. Building materials 
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such as timber, bamboo, bricks, stone, clay tiles and attap (nipah thatch) are widely used, 
as they are easily available locally. 

Like the Malay house, the design of vernacular mosques is geared towards achieving 

adequate and effective ventilation. The large open plan interior spaces and many openings 
including louvered windows, fanlights and carving panels, allow easy passage of wind 
from the exterior to flow through the building. The other important building feature, 

which provides good illumination and natural ventilation, is the double-hipped roof with 

clerestory openings. These clerestory louvered openings are not only useful to permit 
diffused and reflected lights into the interior space but also capable to lift the hot air 

masses above the occupied zones and eventually vents the hot air out of the building as 
depicted in Figure 4.7(b). 

4.3 The Validity and Limitations of Using Vernacular Forms and Design Principles 

Each modem building has its own set of conditions and requirements which differ from 

the requirements of vernacular buildings. However, this does not mean that vernacular 
design principles cannot be adopted in the design of modern buildings. Vernacular design 

principles should be regarded as essential elements in creating building that are 

responsive to the climatic conditions of Malaysia. The principles are 'adaptive features' 

which can be utilised in modem designs. This research proposes that vernacular design 

principles and decorative elements can be applied together in order to develop a new 

building design including an atrium building in Malaysia. With current building 

technology, it is possible to improve some of the principles to suit the requirements of 

new buildings. 

The design and construction of new buildings should be aimed at producing highly 

effective buildings with high-efficiency in terms of energy saving, efficient use of space, 

appropriate use of building materials, economic viability, adaptation to the climatic 

conditions and suitability to the local context and surroundings. By adopting the 

appropriate principles, some of these objectives could be achieved. The following 

discussion of this section attempts to clarify the importance of traditional principles and 
looks at alternative solutions to the current problems in modem buildings in Malaysia. 
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(i) The concept of natural ventilation 
For a tropical country like Malaysia, natural ventilation can be a sensible form of 

ventilation for most buildings (particularly for low and medium-rise developments). The 

advantage is that it is easy to install and cheap to maintain compared with mechanical 

ventilation or air-conditioning which involves additional capital investment and increased 

running costs. Natural ventilation can easily be achieved by the provision of specific 

apertures in the building fabric, such as openable windows and vents which can be 

controlled by the building's occupants. 

In vernacular buildings, natural ventilation was achieved by the use of large openings, 

grills, perforated panels (woven and carved panels), high level windows, exposed roof 

structures, high ceilings, tiered roofs, jack roofs and raised floors. Some of these 

principles can similarly be applied to modem buildings to promote the process of natural 

ventilation. 

The choice of which type of ventilation system to adopt in a building is very important 

and should be decided at an early stage in the design process. The type of ventilation 

technique used often dictates the shape of the building which in turn affects many other 

architectural design principles. Architects should attempt to use natural ventilation at the 

beginning of a design process and the planning of a building should be arranged in such a 

way that natural ventilation can be maximised. 

Although natural ventilation may not be suitable, or best solution, for some building types 

(i. e. high-rise buildings, buildings with large glazed areas such as atria, buildings with 

complex interior layouts and buildings which require specific internal conditions), 

architects should always bear in mind the potential and possibilities of incorporating 

natural ventilation to at least some parts of the buildings. In residential buildings, 

however, natural ventilation is most applicable and should be used to the optimum. 

(ii) North-South orientation 

A north-south orientation is an important characteristic for buildings in tropical climates. 

In the tropics, the maximum sun altitude at 1200 hrs is at least 60 degrees [Wall, 1993]. 

For Malaysia, which is geographically located near to the Equator, the sun altitude during 

mid-day is almost 90 degrees. As the sun path runs in an east to west direction, building 

should logically be positioned to face north or south to avoid the direct penetration of 

sunlight into buildings (see Figure 2.14). 
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Most vernacular buildings have been designed to follow this principle by having major 
openings on the north or south elevations and, whenever the site did not permit for such 
orientation, buildings have been supplemented with additional devices, such as deep 

overhangs and wide verandahs (normally incorporated in traditional Malay houses and 
vernacular mosques) to avoid harsh sunlight from directly entering the buildings. 

The north-south orientation can reduce energy consumption in buildings by avoiding 
interiors from being exposed to direct sunlight. This in turn helps to create a cooler 

environment, reduces the cooling load for buildings which need to have air-conditioning 

and also reduces the probability of using mechanical devices such as paddle fan for 

naturally ventilated buildings. 

(iii) Building context and external space 
Open planning and wide, free spaces between buildings, as demonstrated by the 

settlement pattern of the traditional Malay houses in rural context, help to achieve good 

ventilation in hot-humid climate of Malaysia (see Figure 4.3). This design flexibility 

provided by the availability of land together with the generous and well-distributed areas 

of vegetation help to further improve the microclimate for buildings in the tropics. 

However, the constraints of land and spaces in the suburban and urban contexts have led 

to substantially high density of buildings. The main issues of modem town planning 

associated with this dense development together with the high level of activity are the 

provision of air flow for ventilation and the 'heat island' phenomena (i. e. the nocturnal 

elevation of urban temperature as compared to rural temperatures) [Hyde, 2000]. The 

higher density of building, the smaller block sizes and increased building height reduces 

wind speeds at ground level and access of building to wind flow. The spatial extent of the 

heat island extends both vertically and horizontally, related to the density of building and 

the effects of local regional climatic conditions. Days of high solar radiation and high air 

temperature will influence the extent of the differences. Furthennore, the waste heat and 
hard surfaces increase the local air temperatures by as much as 8-1 PC compared to the 

countryside [Koenigsberger et al., 1973]. This has great effect on discomfort particularly 
in the use of external spaces and heat stress in internal conditions. 

In hot-humid regions of the tropics, the objectives of the town planning should be 

directed towards optimum ventilation conditions and maximum protection from solar 

radiation. The main planning features, which influence these factors, are the dimensions 
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and particularly the height of the structures in sections of the city, the spacing of 
buildings, the homogeneity or variability of the sizes and heights in any one section, the 

orientation of the street network, and the distribution and extent of open gardens and 

spaces [Givoni, 1976]. 

The effect of building block dimensions is on the ventilation conditions of nearby 
buildings and their exposure to sunshine and shade. In general the height of the buildings 
in the tropics should not exceed three-storeys as higher buildings receive too much 
radiant heat and give wind obstruction to neighbouring buildings [Gut and Ackerknecht, 
1993]. Higher buildings rising above the nearby trees and lower buildings should be 

spaced at wider distances with the same total density in order to provide improved 

ventilation conditions for the occupants and also improve the ventilation conditions in the 

smaller buildings. In addition, it is also important as the adjacent building and trees can 

also block solar access. Reflection from adjacent buildings also redirects light and heat to 

the adjacent properties. 

(iii) Building materials and components 
Lightweight construction components of the traditional Malay houses and vernacular 

mosques with minimum mass and many voids, using low thermal capacity and high 

insulation materials, demonstrates a brilliant response to the climatic conditions in 

Malaysia. The use of locally available materials which have good insulating properties, 

such as wood and bamboo for walls and attap (nipah thatch) for the roof, helps to prevent 
daytime indoor temperature to rise above the outdoor level, and also minimisation of such 

elevations during the evening and night hours. 

Because of the permanent ventilation requirements and relatively narrow diurnal 

temperature range in hot-humid regions, it is not feasible to achieve much cooling by 

utilisation of the thermodynamic properties of the building components [Givoni, 1976]. 

The main criterion for choosing building materials and components is their ability to store 

as little heat as possible in the structure in order to obtain the maximum benefit of the 

cooler night temperatures. Therefore, construction materials with a large thermal mass 

(high thermal storage capacity) and a long time lag (i. e. a certain amount of time to 

conduct heat through a material/component from one surface to the other) are to be 

avoided. It would cause undesirable re-radiation of heat at night. Due to the high relative 

humidity, problems of condensation could also appear in the morning hours because the 

surfaces would be somewhat cooler than the air. 
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However, a certain storage capacity can be an advantage if the building is only occupied 
during the daytime (e. g. shopping complexes, office buildings, etc. ). Depending on the 
diurnal temperature differences, a reduction of the daytime indoor temperature by a few 
degrees may be possible. A relatively short time lag of some five hours may be adequate 
[Gut and Ackerknecht, 1993]. 

In general thermal insulation has very little effectiveness. Due to the free flow of air, the 

ambient air temperatures inside and outside the building are very much the same. 
However, thermal insulation is recommended in places such as roof and sun-exposed 

walls, where solar radiation is received. Particularly for the roof structure, an effective 

means of insulation is by placing aluminium foil beneath the roof in order to reduce the 

radiant heat flow from roof to ceiling [Givoni, 1976]. This may be supplemented by an 
insulating layer above or beneath the ceiling, and by ventilation of the attic space. The 

same effect can be achieved with properly ventilated double roof constructions. 

(iv) Courtyard design 

The use of courtyards in the planning of buildings is one of the most important 

characteristics for building in the tropics. Traditional Chinese shophouses have shown 

that courtyards can enhance the process of natural ventilation, provide natural lighting for 

the interiors as well as provide an internal private open space and a semi-enclosed 

circulation area. 

These traditional buildings have demonstrated how courtyards can be used as important 

devices to modify the micro-climate within the buildings. The importance of these 

courtyards was often emphasised by having important living spaces facing these internal 

courts. Their importance was further emphasised in larger buildings which had a few 

large courtyards that were beautifully landscaped. 

The concept of courtyard design is essential in the planning of new buildings where 

natural ventilation is intended and where a secure and undisturbed internal environment is 

required. 

(v) The use of water and vegetation 
Water and vegetation are two important aspects which are not really emphasised in the 

design of traditional buildings but form an essential element in the design of tropical 
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buildings. These elements can be used to reduce temperature and provide shade and fresh 

air to the immediate surroundings. In traditional Malay houses, trees were planted around 
houses to provide food as well as to modify the micro-climate by shading the houses and 
allowing fresh and cool air to pass below the 'umbrella' provided by the leaves. In 

traditional Chinese shophouses, plants were incorporated in the design of courtyards and 
gardens. 

In modem buildings design and town planning, the concept of courtyard gardens, 
landscaped areas and extensive use of water and vegetation will undoubtedly create a 

pleasing atmosphere and may solve the problems of over-heated spaces. This will also 

minimise the use of air-conditioning and subsequently minimise capital investment and 

maintenance cost. 

(vi) The five-foot walkway 
The five-foot walkway of traditional Chinese shophouses was a creative invention which 

enabled people to walk in a cool, dry, shaded and relatively safe space while browsing 

along the shop-fronts. The five-foot walkway is also termed as corridor development. The 

recessed ground floor limits the penetration of sunlight and prevents rain from entering 

the buildings. 

This concept may be used in the design of modem buildings which aim at controlling 

environmental conditions without the use of mechanical devices. For the development of 

a single building, the walkway may run or extend all around the building and should not 

necessarily be confined to the front. With recessed and shaded external walls, desirable 

internal conditions may be achieved. 

(vii) The design of wide Verandah 

The wide verandah of the traditional Malay houses and vernacular mosques has a similar 

function to the five-foot walkway. It provides a sheltered circulation area and at the same 

time shields the external walls from direct sunlight and rain. The wide verandah also has 

demonstrated that recessed walls at higher levels can also improve internal conditions and 

provide additional area for circulation. 

(viii) The rectangular plans and open plan concept 

Traditional Malay, Chinese and some vernacular mosque buildings followed a similar 

concept in terms of planning with the use of linear or elongated building plans to achieve 
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natural ventilation. The open plan concept and the minimal use of partitions in traditional 
Malay houses enhance cross ventilation of air from one side of the house to the other. The 
design of low internal wall and the provision of perforated carved panels (on the 

partitions) also allow air to circulate around within the building. 

The deep plan or long section of traditional Chinese shophouses was broken down by 

internal courtyards which divide the houses into several sections. This concept helps the 
interiors to receive natural light and ventilation. The rectangular building plans the 

minimal use of partitions, the low height walls and the provision of courtyards, can all be 

used in modem buildings to promote the process of natural ventilation. 

(ix) Large openings and clerestory windows 
The provision of large openings and careful positioning of windows allow as much air 

and light as necessary to enter a building. In the design of traditional Malay houses and 

vernacular mosques, large windows were provided to maximise the amount of air and 
light which can enter the buildings. These large openings also create spaciousness and 

visual contact between the natural environment and interiors. They were usually sheltered 
from direct sunlight by the provision of verandahs or terraces. With large windows and 

openings at roof levels, air and natural light (diffused and reflected) is provided to almost 

every part of the building, so that all rooms can be naturally ventilated and illuminated. 

The design of high level openings or clerestory windows can be used in both residential 

and public buildings. These openings allow the stratified hot air to escape and provide 

natural lighting to a large floor area. 

(x) High ceilings 

To take advantage of openings at high levels, for multi-storey buildings, floor-to-floor 

heights should be reasonably high so as to provide sufficient space for the circulation of 

air and allow for warmer air to rise above the head height. High ceilings with low internal 

partitions can help air to pass through the interiors and obstruction to air movement 

should be minimised. The provision of high ceilings together with clerestory openings 

can promote the process of natural ventilation in modem buildings and make office or 

living spaces more spacious, cool and comfortable. 

145 



(xi) Pitched roofs and deep roof overhangs 
The pitched and hipped roofs of traditional buildings were primarily designed to drain 

water out from rooftops and deep roof overhangs provided shade and avoid rainwater 
from reaching the external walls. An angle between 30 to 40 degrees is reasonably 

adequate for the removal of rainwater and preventing rubbish (blown away by wind) from 

sticking on roofs. Roof angles below 30 degrees are relatively low and inadequate (to 

remove litter by the force of water) and roof angles above 40 degrees may result in fast 

running water and overflows in gutters. 

Deep roof overhangs are an important characteristic of vernacular buildings. They reduce 

the amount of penetrated sunlight and heavy tropical rainstorm from entering the 

buildings. This feature is applicable in the design of modem buildings. An alternative to 

deep roof overhangs is to provide recessed walls or recessed openings. 

Flat roofs are generally inappropriate for buildings in Malaysia. In buildings with flat 

roofs, consideration has to be made to provide roof insulation (to minimise the 

transmissions of radiant heat from roof tops to spaces underneath) and means to dispose 

rainwater from roof surfaces. For large public buildings with flat roofs, the concept of 

landscaped gardens (roof garden) and viewing areas can be incorporated in the roof 

designs. Instead of using the roof to accommodate services equipment, the roof can be 

utilised as a public or private activity space or recreational area. 

(xii) Jack roofs and overlapping roofs 

The jack roof is a characteristic of traditional Chinese shophouses in Malaysia. It is a 

small roof with openings placed above the main roof to allow hot air, accumulated 

underneath the main roof, to escape. 

The tiered roof follows the same principle as a jack roof. Apart from the traditional 

concept of giving hierarchy and stressing the importance of buildings, these overlapping 

roofs help to ventilate the spaces underneath. These principles can be used in modem 

buildings as a means of enhancing the process of natural ventilation. 

4.4 Basic Principles of a Low-Energy Building Design 

The concept of sustainability has many definitions and meanings, depending on one's 

perspective. Economists understand sustainability as a tool to ensure the continued 

survival of modem man's luxurious living, whilst to some biologists sustainability would 
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be a holistic view of the earth as one eco-system with humans as only part of the system. 
Regardless of the different perspectives, at its most basic level, all advocates of 

sustainability have one common goal: the capability to ensure that future generations 

enjoy continued access to natural resources and maintain themselves over time. 

In architecture, the concept of sustainable design has been worded in many different 

ways: energy efficient or green architecture, environmentally sensitive design, ecological 
design, design with nature, etc. From a design perspective, sustainability involves the 

design of built environments which exist in a symbiotic relationship with both the 

environment around the design and the environment from which the design material 

originated. Apparently, it is a design methodology, which bases its principles on those of 

nature [Hsin, 1996]. Incorporating energy efficiency, renewable energy, and sustainable 

green features that reduce both resource depletion and the adverse environmental impacts 

of pollution generated by energy production are some of the main concerns of a 

sustainable design. 

Low-energy building design is not just the result of applying one or more isolated 

strategies and technologies. Rather, it is an integrated whole-building process that 

requires active involvement and action on the part of the design team throughout the 

entire project development process. The whole-building approach is easily worth the time 

and effort, as it can save at least 30% in energy costs over a conventional building design 

[United States Department of Energy (DOE/EE-0249)]. 

In designing low-energy buildings, it is important to appreciate the underlying purpose of 

the building, which is to serve the occupants and their activities. An understanding of 

building occupancy and activities can lead to design techniques that not only save energy 

and reduce costs, but also improve occupants' comfort and workplace performance [Cole 

and Larsson, 1999]. Therefore, low-energy building design is a vital component of 

sustainable, green design. 

There are many things to consider when designing a low-energy building. However, 

particularly for architects and building services engineers, their main concern is how they 

can reduce the energy consumed by the Mechanical Building Services Systems. The most 

practical approach is through passive low-energy design techniques, which include the 

effective management of solar radiation and natural heating/cooling sources impacting on 

a building envelope to minimise heating, cooling and lighting energy requirements for 

occupants, comfort. It is achieved through the use of strategies such as: appropriate form 
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and orientation; managing direct heat gain and lighting through windows; shading; 

managing indirect gains (thermal control in opaque systems); ventilation; thermal mass as 

a heat sink or source and other more novel techniques for manipulating these to provide 
indoor comfort [King et al., 1996]. 

As low-energy buildings seek to regulate heating and cooling by natural means, the 

design principles are simply concerned with admitting and storing the sun's energy when 
it is needed and excluding and removing heat from the building when it is not needed. 

Therefore, good passive low-energy designs for thermal comfort in the various climatic 

conditions described above are based on the following six principles [Anda, 2001 ]: 

9 Form/shape can affect the efficiency of the building (e. g. a narrow plan building 

lends itself to natural ventilation, while a deep plan building does not). 

9 Orientation of frequently used areas towards the equator (i. e. north in the southern 

hemisphere and south in the northern hemisphere) to allow maximum sunshine 

when it is needed for warmth in winter, and to more easily exclude the sun's heat 

when it is not needed in summer. 

* Glazing to trap the sun's warmth inside a space when it is needed, with adequate 

shading and protection of the building from unwanted heat gain or heat loss. 

* Thermal mass to store the heat from the sun when required, and provide heat sink 

when we need to be cooler. 

9 Thermal insulation to reduce unwanted heat loss or heat gain through the roof, 

walls and floors; and 

9 Ventilation to provide fresh air and capture cooling breezes. 

(i) Form/shape and orientation 

The functional as well as socio-cultural requirements and particularly the climatic 

conditions define the form of the building. Buildings should be planned in such a way that 

benefit is obtained from shaded indoor and outdoor living areas when the weather is hot 

and protected, sunny indoor and outdoor areas when the weather is cold. 

For example, well-designed buildings in the Southern Hemisphere should be oriented, 

and the spaces arranged in such a way that the majority of rooms face towards true north 

for natural heating purposes during winter (The opposite for the Northern Hemisphere). 

In this way the eastern and western sides are exposed to the low angle summer sun in the 

morning and afternoon. The high angle of the sun in the northern sky in summer makes it 

easy to shade windows using only a generous roof overhang. The longer northern side of 
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the building would also benefit from the low sun in winter. The roof overhang on the 
north should allow the sun to shine into the building when its warmth is required in winter 
and provide shade from high-angle sunlight in summer 

(ii) Landscape and orientation 
Plant types and planting locations also have effects on perceived comfort. In Southern 

Hemisphere, any trees to immediate north should allow the sun into the building in winter 

and provide shade in summer. Deciduous trees are useful for this purpose as they can 

provide shade to the eastern and western facades. Shading of the surrounding land is 

important to reduce glare caused by reflection from dry, exposed ground cover. 

(iii) Glazing 

Windows, glazed walls, glass doors and panels and skylights play a crucial role in 

admitting heat and light, and can have a significant impact on energy consumption. They 

are also the most difficult parts of the building envelope to adequately insulate. Care 

needs to be taken to ensure that windows are positioned, sized and protected so as to get 

the most benefit from winter sun while avoiding overheating in summer and heat loss in 

winter. 

(iv) Thermal mass 
Thermal mass is the ability of a material to store heat and may be incorporated in walls 

and floors. It affects the temperature within a building by: 

9 stabilising internal temperatures by providing heat source and sink surfaces for 

radiative, conductive and convective heat exchange processes; 

providing a time-lag in the equalisation of external and internal temperatures; and 

providing a temperature reduction across an external wall. 

Material selection to capitalise on thermal mass is an important design consideration. For 

instance, heavyweight internal construction (high thermal mass) such as brick, solid 

concrete, stone, or earth can store the sun's heat during winter days, releasing the warmth 

to the rooms in the night. Lightweight materials such as plasterboard are not 'high mass' 

materials and will act as insulators to the thermal mass, reducing its effectiveness. 
Lightweight construction responds to temperature changes more rapidly. It is therefore 

suitable for rooms that need to cool quickly in the evening. 

Thermal mass design considerations can be listed as follows: 
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Where mass is used for warmth, it should be exposed to incident solar radiation; 
Where mass is required for cooling, it may be better placed in a shaded zone; 

9 Buildings may be pre-heated using electric or hot water tubing embedded in the 

mass (mostly concrete floors); 

9 Buildings may be pre-cooled by using night time cool outside air (This method 

removes warm indoor air and replaces it with cool air from outside); and 

9 It is important to note that in buildings with extended hours of use, thermal mass 
heat during the day can cause discomfort during the night when the heat is 

released. 

(v) Thermal insulation 

Thermal insulation specifications are another important design feature. A building 

envelope provides a barrier between the indoor and outdoor environment allowing the 

thermal comfort levels indoors to be adjusted to suit the occupants. This might require 
heating or cooling depending on the season and location of the building. The energy 

required for heating or cooling will be greatly reduced if the building envelope is 

adequately insulated. 

Insulation reduces the rate that heat can flow through the building elements in which it is 

installed. It limits warmed air escaping from a building in winter, and unwanted heat 

coming into a building in summer. In temperature-controlled buildings, this will result in 

significant energy savings and thermal comfort. The amount of heat loss in winter and 
heat gain in summer should be reduced by installing the correct level of insulation. 

(vi) Ventilation 

Ventilation of a building is critical during summer as the building must provide for 

sufficient ventilation and breeze paths to assist with cooling. For warmer climates, at its 

simplest, openable doors and windows should be positioned to facilitate prevailing 

cooling breezes. 

Natural airflow through a building depends on the pressure difference between the inside 

and outside. This pressure difference could be due to the wind effect on the building or it 

could be due to a difference in temperature between inside and outside (i. e. generally 

referred to as stack effect). 
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4.5 The Proposed Low-Energy Atrium Form for Malaysia 

Particularly for atria, the important design factors that influence the amount of sunlight 
penetration associated with problems of excessive heat gain and high lighting levels are 
the roof forms and types of glazing used. In terms of physical and optical properties of the 

glazing systems, the glazing can be transparent or translucent, tinted, coloured or 

reflective, single- or double-glazed. The transparent glazing admits maximum light with 

clear view of the sky and also allows direct sunlight creating visual and thermal 
discomfort. Whilst, the translucent glazing diffuses and filters sunlight but it does not 

allow direct view of the sky. 

With regard to the atrium roof form, it has been mentioned earlier that the main design 

problems of the existing atrium buildings in Malaysia are the over-lighting and excessive 

solar heat gain which cause overheating within the atrium space. These problems are 
direct consequences of the top-lit atrium roof forms; a direct application of western 

approach without any adaptation to local context of high irradiance levels. Therefore, the 

running costs of the existing atrium buildings are generally high resulting from the high 

energy consumption for cooling to provide comfort for the occupants as well as for the 

maintenance of the exposed skylight. 

The high ratio of diffused and reflected daylight availability in the tropics provides the 

opportunity to introduce the side-lit systems to improve the thermal and energy 

performance of atria in Malaysia. This side-lit system in the form of vertical toplighting 

or clerestory openings is suitable for optimum daylight and minimal heat gains from 

direct sunlight. It has also been shown in the earlier sections that there is a huge potential 

to apply vernacular design principles in the design of climatically responsive modem 

buildings. Integrating the suggested side-lit systems with some suitable vernacular design 

principles can be the basis for the design of a new low-energy atrium building in the 

tropics particularly in Malaysia (Figure 4.8). The new atrium design should try to strike a 

balance between being aesthetically pleasing and climatically responsive by incorporating 

vernacular architectural design features. 
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Figure 4.8 Schematic drawings of the proposed conceptual atrium form for Malaysia. 

The main design feature of the proposed conceptual atrium form is an elongated structure 

along the East-West axis utilising side-lit systems. The proposed form is just a conceptual 

idea to explore the potential of adopting and incorporating vernacular strategies in 

designing a low-energy atrium building, as well as to be used as the base model for 

computer simulation studies which will be discussed in detail later in chapter 7 and 

chapter 8. This elongated linear atrium form takes into consideration the need to provide 

adequate and effective ventilation and daylighting particularly inside the atrium void and 

also possibly the whole building. It is also aimed at reducing the heat gain within the 

atrium from direct solar radiations and alternatively maximising the diffused and reflected 
daylights to penetrate through the vertical toplighting or clerestory openings. 
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Some of the selected traditional architectural features being incorporated in the proposed 
conceptual atrium form that can possibly contribute towards creating a thermally and 
visually comfortable atrium internal environment are outlined as follows: 

9 Elongated linear structure along East-West axis as the main building form: 

o To allow easy passage of air for cross ventilation; 

o To maximise linear clerestory opening areas to optimise reflected and 
diffused daylights as well as for ventilation (i. e. reflects the clerestory 
openings of the traditional Malay house and vernacular mosque used to 

optimise diffused and reflected daylight and to vent the hot air at high 

level). 

o To provide proximity of the atrium courtyard and large entrance openings 

to enhance cross ventilation (i. e. reflects semi-open courtyard in traditional 

Chinese shophouse). 

9 North-South orientation to reduce exposure of atrium void to direct solar radiation 
(i. e. reflects the traditional design principle having major openings on the north 

and south elevations). 

9 Large hipped roof and deep overhangs (the large overhang roof structure reflects 

the 'Bumbung Limas' of the traditional Malay house which can effectively shade 

the building from direct sunlight). 

9 High ceilings above the top occupied floor (i. e. reflects the high ceiling in the 

ground floor of the traditional Chinese shophouse used for the circulation of air 

and to provide large warm air storage for warmer air to rise above the head 

height). 

* Recessed large main entrances on either side to reduce direct sunlight (i. e. reflects 

the concepts of five-foot walkway of the traditional Chinese shophouse and the 

verandahs of the traditional Malay house and vernacular mosque). 

9 Recessed and shaded fully operable windows on East and West facades to shield 

the atrium walls from direct sunlight (i. e. also reflects the concepts of verandah of 

the traditional Malay house used to shield the external wall from direct sunlight). 

9 Water feature and vegetation can also be incorporated inside the atrium or around 

the building to modify the micro-climate. 

Other passive systems such as shading devices may be installed. 

Based on the conceptual atrium form, the effect of some key design parameters on the 

atrium's thermal and energy performance in relation to users' thermal comfort will be 
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investigated quantitatively using computer modelling techniques. The design parameters 
to be investigated include the followings: 

The provision of high ceilings above the top occupied level by incorporating 

wall-to-roof void area. 

" The incorporation of deep roof overhangs above the clerestory level. 

" The provision of high-level internal solar blinds to cut both direct and indirect 

solar radiations from penetrating deeply to lower occupied levels. 

" The change in inlet to outlet area ratios relating to varying the ratio of total area 
of low-level inlets to the area of high-level outlet. 

" The outlet's arrangement associating with the outlet's location and configuration. 

4.5.1 Justification of Utilising the Side-lit Linear Atrium Form 

Basically the geometry of the atrium can be expressed through the Sectional Aspect Ratio 

(SAR), the Plan Aspect Ratio (PAR) and the Well Index Ratio (WI) [Saxon, 1986; 

Bednar, 1986]. The SAR determines the sectional proportion of the atrium. It is defined 

as the height-to-width ratio. Lower value of SAR indicates shallower atria. The atria with 
SAR lower than 1.0 is categorised as shallow atria and SAR more than 2.0 as tall and 

narrow atria [Atif, 1992]. The PAR determines the plan proportion of the atria and defines 

as width-to-length ratio. The PAR below 0.4 can be defined as linear atria [Bednar, 1986; 

Atif, 1992]. The geometrical relationships of atria can be summarised as follows: 

Sectional Aspect Ratio (SAR) = H/W 

Plan Aspect Ratio (PAR) = W/L 

Well Index (WI) = H(L + W) / 2LW 

where: H= Atrium Height; W= Atrium Width; L= Atrium Length. 

The computer modelling study on daylighting in an atrium building in Malaysia carried 

out by Ahmad and Rasdi [2000] comparing the top-lit and side-lit models with equal 

glazed areas during overcast days of December 22 have indicated that the clerestory 
forms can be used for daylighting without resulting in inadequately lit spaces, which 

otherwise would defeat the purpose of having an atrium. Although the illuminance levels 

for clerestory solutions are generally lower than top-lit models, the illuminance levels 

starting from 0800 hrs to 1700 hrs are still above 1000 lux. This value is well above 350 

lux, the recommended minimum lighting level for general purposes in commercial 

buildings in Malaysia as stated in the Guidelines for Energy Efficiency in Buildings 
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[1989]. It is also well above the CIBSE code for interior lighting [1994] suggested 
standard maintained illuminance of 50 to 200 lux for general movement within atria. 
Furthermore, their study revealed that the hourly daylight distributions for side-lit models 
are more uniform compared with top-lit models and this can greatly reduce glare 
problems. Their study also showed that a linear side-lit atrium form with PAR of at least 
1: 3 has performed better daylighting than a square atrium form due to an increased in the 
area of daylit opening. 

Therefore, the proposed conceptual three-storey high linear atrium elongated along East- 
West axis would have an atrium geometry with Plan Aspect Ratio (PAR) of 0.3 (or 1: 3) 
to reflect the smallest linear atrium form, and Sectional Aspect Ratio (SAR) of about 1.7 
(or 1: 0.6) which takes into account the height of the atrium well from the ground floor 
level to the second floor ceiling level. 

4.6 Summary 

The development of the proposed conceptual low-energy atrium form for Malaysia has 

been presented. The discussions have revealed the main characteristics of three well- 
known vernacular architecture of Malaysia, namely traditional Malay houses, traditional 

Chinese shophouses and vernacular mosques. The climatically responsive design 

characteristics of these traditional buildings, which were mainly used to achieve 

maximum comfort by encouraging the process of natural ventilation, avoiding direct 

sunlight to reduce heat gain, and keeping rainwater clear of external walls, can be used as 

the basis for the design of modem building in Malaysia including an atrium building. In 

general most of the design characteristics of vernacular architecture of Malaysia are in 

line with the basic principles of the low-energy building design. Therefore, the conceptual 
low-energy atrium form for Malaysia, which is aimed at creating a thermally and visually 

comfortable atrium internal environment, has been developed by integrating some of the 

selected vernacular design features with the suggested side-lit approach in the form of 

vertical toplighting or clerestory openings. The conceptual atrium form is to be used as 

the base model for computer modelling studies which will be discussed in detail in 

chapter 7 and chapter 8. 

The next chapter will present the field study on indoor thermal environment in an atrium 
in the tropics. 
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Chapter 5A Field Study on Indoor Thermal Environment in an 
Atrium in the Tropics 

5.1 Introduction 

Solar penetration through the large areas of glazed envelope can severely deteriorate 
indoor thermal environment inside an atrium building. Due to the high transmittance and 
absorptive characteristics of glass materials for both solar and heat, the atrium indoor 

thermal environment is greatly influenced by the outdoor conditions. Hence, the atrium in 

tropical and equatorial climates, in particular, will be in the heat surplus condition for the 

most part of the year. Not only the internal air temperature can be above the external air 
temperature but also the relatively high proportion of solar radiation heat absorbed by the 

atrium envelope will increase the mean radiant temperature of the internal surfaces, which 
lead to the rise in resultant temperature inside the atrium. These inflict a great risk of 
thermal discomfort and even overheating problems. Moreover, as the glazed walls and 

roof are large, the buoyancy generated by the solar heat becomes important, and this can 
lead to significant unwanted thermal stratification, which is difficult to control. In 

partially conditioned atrium, although the overheating problems may be overcome on low 

levels, yet on the upper levels especially the area under the roof could be very hot all year 

round. All these thermal problems would create unfavourable conditions and cause great 

discomfort to the occupants particularly on high level floor adjacent to the atrium. 

This chapter presents the field study by conducting field experiment and monitoring in an 

existing atrium building in Guangzhou, China in order to gain an overall understanding of 

the resultant thermal environment within the atrium space under tropical climatic 

conditions. The site test was carried out for ten consecutive summer days from 22 nd to 31" 

of July 2004, during which the weather was hot and humid summer, where the outdoor air 

temperature averaged around 30±4'C and relative humidity in the afternoon was generally 

above 80%. To minimise the possible overheating problems within the three-storey high 

atrium, two low cost measures namely high-level solar blinds and water spray system 

have been employed. The blinds are to screen direct and diffused solar radiations from the 

top, whilst the evaporative spray system is to cool down the surfaces of the glazed atrium 

envelope. Measurement was conducted on three levels in the atrium and the parameters 

recorded included thermal comfort indices, indoor and outdoor air temperature, internal 

surface temperatures of the atrium roof glazing and the internal walls exposed to solar 

156 



radiation, and the average radiation intensity of the internal surfaces exposed to solar 
radiation. The recorded data represent the internal conditions: with and without internal 
blinds protection from solar, and with and without water spray. 

5.2 General Characteristics of Guangzhou Weather 

China is a very large country. In geographical aspect, it is divided into different regions. 
The latitude difference between South of China and North of China is more than 30' and 
the longitude difference of China from east to west is more than 60'. Some regions of 
China have to face the coldest monsoon from Mongolia in winter; some regions of China 

have to encounter the wet and warm monsoon from the subtropical anticyclone. 

The city of Guangzhou is situated in Southern China at a latitude of 23. P North and 
longitude of 113.3' East. Climatically, Guangzhou is located within the sub-tropical 

climate regions, which is generally characterised by the hot summer and warm winter. 
Average maximum air temperature is 28.4'C, whilst the average maximum relative 
humidity is 83%. In the summer months between May and September, the monsoon 
blows from the south and southeast directions. The weather is generally hot and humid 

with occasional showers or thunderstorms [Hui and Cheung, 1997]. Therefore, 

Guangzhou's weather condition demands most buildings to be equipped with air- 

conditioning system due to the nearly half year of hot and humid summer season. 

In general, the weather conditions of the sub-tropical climate of Guangzhou during 

summer months from May to September are very much similar to those of the hot and 

humid equatorial climate of Malaysia. The average maximum air temperature ranges from 

3 PC to 34'C with the relative humidity generally above 80%. Therefore, the field study 

was carried out in July 2004 so that the measured conditions would represent the expected 

thermal behaviour within the atrium if it were situated in Kuala Lumpur, Malaysia. 

5.3 Description of Building and Solar Control Strategy 

The four-storey building popularly known as Xihu Yuan Guesthouse, located at the South 

China University of Technology (SCUT), Guangzhou, was completed in 2001. It has a 

slanting single glazed west-facing atrium with three-storey high attached to the main 

building and two-storey high at its facade (Figures 5.1 and 5.2). The single glazed roof 

and wall panels of the atrium are of 10 mm width clear float glass with steel frame 

construction. Thermal properties of the glass material are 0.87 (visible) and 0.75 (solar) 
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for transmittance, and 0.1 (visible) and 0.08 (solar) for reflectance, respectively. As a 

central part of the building, the atrium not only functions as a transitional space but also 

serves as a common meeting place for the guests while enjoying food at the hotel's 

restaurants. According to design guidelines, the internal condition has to be maintained 
between 25-27T dry resultant temperatures in the atrium lobby and corridors [ASHRAE 

Standard, 1999]. 
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Figure 5.1 Ground floor plan and cross section of Xihu Yuan Guesthouse. 
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Figure 5.2 The west facing atrium of Xlhu Yuan Guesthouse. 

The ground floor of the atrium is air-conditioned daily from 0700 hrs to midnight whilst 
the corridors outside the guest rooms on upper floors facing the atrium are naturally 

ventilated. Based on the air conditioning design data provided by the designer, the total 

cooling volume for the ground floor (including the entrance hall, restaurant and dining) 

was 295 kW with two air-handling units supplying 147.5 kW each. The total air volume 

rate supplied by both air-handling units was 36,000 m3 /h. Therefore, the thermal 

condition on the ground floor of the atrium is reasonably comfortable throughout the year. 

The conditioned air supply inlets consisted of two different throat diameter sizes. Twenty 

inlets sized 350 mm by 350 mm with each supplying an average air volume rate of 957.5 

m3 /h were located around the restaurant and dining areas whereas twelve inlets sized 800 

mm by 200 mm with each supplying an average air volume rate of 1,245 m3 /h were 

located at the sides of the first floor balcony facing the atrium. Since the average air 

volume is based on the size of the throat diameter of the inlets, the actual air velocity may 

be higher, around 1.25 times higher. According to the air conditioning design standards in 

China, the inlet air velocity should not exceed 2.5 m/s, which in this case around 2.2 m/s 

at the throat. With the availability of such automatically controlled mechanical air 

conditioning, the thermal condition on the ground floor of the atrium is very much 

controlled at comfort levels all year round. 

The atrium building is equipped with two low cost solar heat gain control measures 

namely the high level solar blinds and water spray on the external surface of the single 

glazed west facing atrium's roof and wall. Basically the provision of such measures were 

to minimise the possible overheat problems on upper floors around the atrium space. The 
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internal roller solar blinds were installed at each bay along the west facing atrium's wall 
and roof (Figure 5.3). These blinds were manually operated and controlled by the 
management staff. Apart from reducing glare, their primary function was to screen the 
unnecessary sunlight and diffused and direct solar radiations along the west-facing wall 
and from the top of the atrium to avoid overheating within the atrium. 

Solar blinds 

Roof glass 
panels 

Atrium's top 
floor balcony . .......... 

Figure 5.3 Internal roof blinds in the atrium of Xihu Yuan Guesthouse. 

The evaporative water spray cooling system was to cool down the surfaces of the single 

glazed atrium envelope by utilising the principle of latent heat dissipation associated with 

phase changes from liquid water to vapour. Theoretically, when an unsaturated air flow 

laps against a wet surface, some water evaporates. The same airflow or the ambient on the 

wet roof glazing supply the heat necessary for evaporation, obtaining the so-called 

evaporative cooling [Manzan and Saro, 2002]. The air will transfer the heat by convection 

or radiation in which a lot of gasification heat will be carried away during the mass 

transfer of the evaporative liquid. 

A certain amount of water was sprayed on the sloping roof and glass wall to form a thin 

layer of fluid covering the external surface of the atrium's roof glass (Figure 5.4). The 

heat exchanges not only occurred between the glass surface and the flowing water but 

also between the water and the hot ambient air. This immediate airflow on the wet surface 

provided the necessary heat for evaporating some of the water. The continuously flowing 

water would also assist the ambient air to carry away more heat and further enhance the 

evaporation process, thereby preventing the glazed roof surface and the interior of the 

building from overheating. This cooling system was also manually controlled and the 3 

kW electrically powered water pump was used to recirculate the water along the main 

pipe to the spray nozzles. There were forty spray nozzles arraying along the main pipe 
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located on the top of the roof with each nozzle spraying water at 0.3 M3 /h. Therefore, 
3 during its full operation, the total volume of water spray was 12 M /h covering about 180 

in 2 surface area of the atrium's glazed roof and wall. 

Spray 
nozzles 

spaced at 
1000 mm 

between each 
nozzle 

Figure 5.4 Water spray on the atrium's glazed roof of Xihu Yuan Guesthouse. 

5.4 The Objectives of the Field Study 

This field study investigated the relationship between building services and indoor 

physical environment of the sloping three-storey west-facing atrium, particularly to study 

the thermal behaviour within the atrium in relation to thermal comfort. As a central part 

of the building, the atrium not only functions as a transitional space but also as a common 

meeting place for the guests. However, according to the building management staff there 

have been a lot of complaints from the guests with regard to thermal discomfort inside the 

atrium particularly during the summer time. Although the outer surface of the single 

glazed atrium's roof is sprayed with water for evaporative cooling and the internal high 

level solar blinds are installed to cut direct solar radiation from the top, their effectiveness 

is still subject to many other factors. 

The objectives of the field study were twofold. The initial primary objective was to gain a 

better understanding on the thermal conditions within an existing atrium building in the 

tropics. Particularly it was to evaluate and quantify the effectiveness of the two mitigation 

measures employed, namely high level internal solar blinds and water spray, and seek 

response of the indoor thermal environment to the changes of physical behaviours of the 

atrium envelope. Measured and recorded data of indoor thermal environmental 

parameters and thermal comfort indices were analysed in order to evaluate the atrium 

indoor thermal performance in relation to occupants' thermal comfort. 
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The secondary objective was to obtain measured data of indoor thermal environmental 
parameters that will be used as verification and validation of the predicted results from 

computer modelling of the same atrium building using TAS program. Measured indoor 

air temperature data, in particular, will be compared with the predicted data from 

computer simulation so as to verify and validate the capability and accuracy of the TAS 

software to model and simulate thermal environmental performance within the atrium, 
which will be discussed in the next chapter. 

5.5 The Variables Measured and Equipment Used 

The measured variables in the field experiment included thermal comfort parameters such 

as PPD (Predicted Percentage Dissatisfied), PMV (Predicted Mean Vote), etc, indoor and 

outdoor air temperatures, internal surface temperatures of the atrium roof and the internal 

walls exposed to solar radiation, and the average radiation intensity of the internal 

surfaces exposed to solar radiation. However, the air movement and relative humidity 

were not measured since the air movement inside the atrium space was generally too low 

(<O. I m. /s), as shown by the anemometer readings ranging from 0.03 to 0.15 m/s taken at 

selected points on the three levels on the first day. 

Details of measurements of each of the variables and the equipment and sensors used 

including their settings, position of the equipment and sensors during measurement along 

with their calibrations, will be described below. 

5.5.1 Measurement of Thermal Comfort 

Thermal Comfort Meter (TCM) is a portable instrument for measuring the effect of 

indoor thermal environment on human comfort by simulating the thermal balance of the 

human body. It is a very suitable measuring instrument to predict the level of human 

comfort within the three-storey atrium where the ground floor is air-conditioned and 

upper floors are naturally ventilated. 

In this field experiment, the instrument used to carry out the thermal comfort 

measurements is the Thermal Comfort Meter Type 1212 (Figure 5.5), a product of a 

Danish company Brijel & Kjwr (B & K). 

A transducer makes the measurements of the temperature that is subsequently processed 

by the TCM. The transducer incorporates a heat source which is set by the clothing 
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indices depending on the clothing pattern of the people in that environment where the 

measurement is made. 

Before any measurement can be done, the values of clo, met and vapour pressure must be 

set on the front-panel controls of the instrument, and then the required function is chosen 

in order to display its value. Clo is the value of the thermal resistance of clothing of a 

person which lies between 0.0 and 2.0 with a decrement of 0.2. Met is the metabolic rate 

value, representing the activity of a person. Met values lie between 0.8 and 4.0 with a 
decrement of 0.2 for met values below 2.2 and of 0.5 for met values above 2.2. Vapour 

pressure is a value that depends on the relative humidity and air temperature of the 

immediate surroundings. 

In this measurement, thermal comfort parameters such as PMV, PPD and other quantities 

were computed electronically by the Thermal Comfort Meter based on the following 

settings: 

0 Clo values were set at 0.3 (typical tropical outfit including shorts, open-neck shirt 

with short sleeves, light socks and sandals) and 0.5 (light summer clothing such as 

short underpants, long light-weight trousers, short-sleeve shirt, knee-length skirt, 

pantyhose, thongs/sandals) for each measurement respectively. These two 

different Clo values were to represent the typical summer and tropical clothing 

ensembles [Awbi, 199 1] worn by most of the guests in the atrium building. 
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Figure 5.5 B&K Thermal Comfort Meter Type 1212. 



Met value was set at 2.0 for all atrium floor levels to represent the common 
medium activity level [Awbi, 1991] (i. e. bodily movement including standing. 
walking slowly and lifting or carrying) of the guests in the hotel. 
Vapour pressures were set at 2.4 kPa for both the ground floor and first floor, and 
2.7 kPa for the top floor. The different vapour pressures setting were to reflect the 
different values of relative humidity and air temperature between the floors. 

The above settings, which were set on the front-panel controls, are data required by the 
TCM to process and then display the selected function's value. The functions that their 

values can be displayed include the following [B &K Thermal Comfort Meter Type 
1212: Instruction Manual, 1982]: 

9 Operative Temperature ('C) - The value of air temperature which would result 
in the same heat loss from a person by convection and radiation as in the actual 

environment if the air temperature and mean radiant temperature were equal. It 

integrates the influence of the air and mean radiant temperatures. 

9 Equivalent Temperature ('C) - The temperature of the air and all interior 

surfaces in a reference envirom-nent in which the air is still and the temperature 

has been adjusted to obtain the same heat loss from a person by convection and 

radiation as that person experiences in the actual environment. When this 

condition is satisfied, then the Equivalent Temperature of the actual environment 

is the same as the air temperature in the reference envirom-nent. 

9 Comfort Temperature ('C) - The value of Equivalent Temperature required to 

achieve thermal comfort when the clothing, activity level and humidity are given. 

9 Difference Temperature (K) -A measure of the amount by which the 

temperature of the measured environment should be altered so that a person with 

the metabolic activity and clothing insulation set on the front-panel controls will 

feel thermally comfortable. It is equal to the Comfort Temperature minus the 

Equivalent Temperature. 

o PMV (Predicted Mean Vote) - Its value is given by a scale ranging from -3 
(Cold) to +3 (Hot). The Thermal Comfort Meter can calculate the PMV value in 

the range -2.2 to +2.2 from the measured and preselected parameters; using 

methods based on Fanger's comfort equation (refer to Equation 2.2). 

9 PPD (Predicted Percentage of Dissatisfied) - It is derived from PMV using 

Equation 2.3 and their correlations are illustrated in Figure 2.16. 
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The values for all the thermal comfort quantities described above were measured and 
recorded hourly from about 0800-1800 hours every day over the ten-day measuring 
period. During each measurement, the instrument was located respectively in the middle 
of the atrium on the ground floor and in the middle of the upper floors' balcony facing the 
atrium. These locations were purposely chosen, as they are common circulation points 
where the hotel's guests are most likely to pass through. 

5.5.2 Measurement of Internal Surface Temperatures 

Thermopoint Infrared System is a portable and suitable instrument for measuring the 
internal surface temperature of the surrounding surfaces within the atrium. In this field 

measurement, the instrument used to carry out the internal surface temperature 

measurement is the ThermoPoint 80 Series (TPT 80), a product of a Swedish company 
FUR Systems. 

The handheld ThermoPoint 80 series (TPT 80) not only displays real-time temperature 

but also calculates Maximum, Minimum, Difference and Average temperatures. Its Recall 

feature allows us to access the last temperature reading. The TPT 80 also compensates for 

energy reflected by the background around the targeted surface so it does not affect the 

accuracy of the reading. The accuracy of the TPT 80 is ±1% of reading or ±PC 

whichever is greater at 23'C ± 5'C ambient operating temperature. A detailed 

specification of the instrument is shown in Appendix A. 

Before making any measurement the appropriate values for emissivity and the ambient 

temperature must be set on the instrument. In this field experiment, the emissivity was 

adjusted to 0.9 to represent the average emissivity of the internal surfaces, whereas the 

ambient temperature was set to 30'C to reflect the average ambient temperature within the 

atrium. The average internal surface temperatures of the floors, walls, ceilings and roof 

glazing at some selected points on each floor of the three-storey atrium were measured 

hourly from about 0800-1800 hours every day over the ten-day measuring period. 

Basically the internal surface temperature measurements were done from the centre of 

each floor by pointing the instrument towards the selected surfaces. On the ground floor, 

the average internal surface temperatures were measured at four points: one point on the 

lobby floor, two points on the walls (one each for East and West walls), and one point at 

the ceiling beneath the first floor balcony). There were three selected points at the internal 

surfaces on the first floor which include the East wall (the guests' rooms wall), the 
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balcony floor, and the ceiling beneath the second floor balcony. The average internal 
surface temperatures on the second floor were taken at four selected points: the East wall 
(the guests' rooms wall), the balcony floor, the ceiling above the balcony, and the glazed 
roof 

5.5.3 Measurement of Radiation Intensity of Internal Surfaces 

The surface temperatures of the internal surfaces within the atrium particularly on upper 
floors are considerably high due to the high intensity of direct and indirect solar radiations 
incident on them. As a result these surfaces emit certain amount of long-wave radiations 
which would have a great impact on occupants' thermal discomfort. 

A Thermal Radiometer is a device used to measure the radiant flux or power in 

electromagnetic radiation. The radiation detector within a radiometer absorbs the 

radiation falling on it and as a result causes a rise in temperature which can be measured 
by a thermometer of some type. This temperature rise can be related to the power in the 
incident radiation. Hence, it is very suitable to be used for measuring the intensity of the 

radiant energy of the internal surfaces within the atrium. 

Radiometer performance parameters are important to consider when specifying 

radiometers. These parameters include wavelength range, sensor diameter, power range, 

accuracy, resolution, operating temperature range, and humidity range. In this field 

experiment, the selected instrument used to carry out the measurement of average 

radiation intensity of internal surfaces exposed to solar radiation is a portable handheld 

Thermal Radiometer UM-400, a product of Konica Minolta. The accuracy of the Thermal 

Radiometer UM-400 is 5%. A detailed specification of the instrument is shown in 

Appendix A. 

The average radiation intensity of the internal surfaces were only taken on the first and 

second floors of the atrium considering the fact that the surrounding internal surfaces on 

upper floors receive the highest radiation effects as a result of their direct exposure to 

solar radiation which penetrates through the large glazed roof and walls. In order to 

consider the radiation effects from both the horizontal planes (the glazed roof) and 

vertical planes (the glazed wall), the measurement of the average horizontal and vertical 

radiation intensities were taken hourly from about 0800-1800 hours every day over the 

ten-day measuring period. There were eleven measuring points altogether for each floor, 

located along the first floor balcony and the second floor balcony. The measurements 
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were done specifically in the middle of each bay over the ten bays within the atrium space 
along the first and second floor balconies, and the eleventh measurement was done at the 

end of the corridor near the south wall surfaces. This consideration was due to the fact 

that the net solar heat gain inside the atrium space was made up of the direct radiation 
from the sun through the roof and wall glazing as well as the indirect radiation from the 

glazing and other internal surfaces of the floors, walls and ceilings. 

5.5.4 Measurement of Air Temperatures 

Measurement of indoor air temperatures over a longer period is important to study the 

thermal behaviours particularly associated with unwanted thermal stratification and 

overheating problems within the atrium during hot days. It is evident that a data logging 

system is of vital importance in a long-term field experiment, as its accuracy and 

reliability would decide whether the experiment is a success or failure. The air 

temperature probes used for this experiment were required to connect to a data logger so 

that the measured air temperature data can be recorded and transferred to a PC. 

Figure 5.6 Yokogawa Data Logging System DA 100. 

In this field experiment, the data logger used to record the measured air temperature data 

is Data Acquisition Unit DA 100, a product of a Japanese company, Yokogawa Electric 

Corporation (Figure 5.6). This data logger is capable of measuring a wide variety of 

inputs including voltage, temperature (thermocouple, RTD), contact, strain, pulse, power 

monitor and direct current (mA) signals. It is supplied with DAQ32 software package 

which allows each channel to be programmed. Each channel can be set up with an 

individual sensor type and range, a data conversion characteristic, reading frequency from 

0.5 second to 24 hours, and limits above or below which a flag is set or an output relay 
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switched. The measured variables are transferred using a new level of small-sized, field 

changeable input modules, via a general purpose communications interface (RS-232-C, 
RS-422A/RS-485, or GP-lB, Ethernet), in realtime to a PC. The logger has a 12-bit 

resolution system and the smallest voltage range of approximately 1.46 mV. 

Measurements of air temperature were carried out continuously over the ten-day 

measuring periods. Indoor and outdoor air temperatures were measured by wet-bulb and 
dry-bulb thermocouples, which were connected to the data logger. Each pair of wet-bulb 

and dry-bulb thermocouples was placed at nine locations inside the building and one 
location outside the building. 

The entire dry-bulb thermocouples were carefully shielded with aluminium foils to reduce 

radiation effects throughout the measurement. On the other hand, the wet-bulb 

thermocouples were encased in cotton wicks wetted with water in small plastic bottles. 

The measurement started about 24 hours after the bottles were filled with water in order 

to ensure that the water and the surrounding air had reached the heat balance state. 

On each floor, the indoor air temperature thermocouples were located at three points 

along the same horizontal and vertical lines respectively in order to detect both the 

distribution of the air temperature horizontally and its stratification vertically. The 

thermocouples on the ground floor were placed at about 1.5 m height above the floor 

level whilst for the upper floors, they were placed at about 1.0 m height above the floor 

levels along the balconies (Figure 5.7). The outside air temperature thermocouples were 

placed at the balcony about one meter height above the floor level outside the guest's 

room on the first floor. 

guest room ............... 
I Roof glass 

Outdoor Indoor 
Thermocouple Thermocouple ......... .................. guest rVom ............... Wet-bulb Wet-bulb and 

Dry-bul Dry-bulb 

guest no m ...................... ................. Glass wall 

atrium lobb 
corlile II 

Figure 5.7 Schematic cross-section showing vertical measuring points (thermocouples 
position). 
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The measurement of air temperatures was carried out consecutively throughout the ten- 
day measuring period. All air temperature signals were sampled at intervals of I min and 
then average values calculated every twenty minutes. Every night, data recorded during 
the day were downloaded from the logging system and then transmitted to a laptop 
computer so that the data could be processed immediately. Hence, any possible problem 
that might arise could be detected and rectified. 

5.6 Calibration of Experimental Equipment 

The Thermal Comfort Meter Type 1212 has been calibrated during manufacture, and no 
provision is made for the user to make any adjustment. However, before being used in 

this field experiment, the instrument had been checked to ensure that it would perform 

correctly by following the procedure prescribed by the manufacturer. The carrying-case 

supplied for the Thermal Comfort Transducer was used as an isothermal chamber to 

check the calibration of the measuring chain (Transducer plus Meter). As the carrying- 

case is small, it is suitable only for checking Operative Temperature. Calibration for 

Equivalent Temperature and the other measurable parameters require a larger chamber. 
Nevertheless, Operative Temperature calibration does validate the temperature- sensor, 

conditioning amplifier and DISPLAY. The calibration procedures followed are outlined 
below [B &K Thermal Comfort Meter Type 1212: Instruction Manual, 1982]: 

e The Thermal Comfort Transducer was placed in its carrying-case with the cable 

passing through to the outside, and then the case was shut. 

9A reliable mercury-in-glass thermometer was inserted into the carrying-case far 

enough to ensure that the bulb was completely inside but not too far that the 

thermometer could not be read. 

9 The transducer cable was then connected to the TRANSDUCER INPUT socket on 

the rear panel of the Thermal Comfort Meter. 

9 Power source for the Thermal Comfort Meter was supplied using six alkaline 

(non-rechargeable) cells which were inserted into the Battery Box and 

subsequently installed in the Thermal Comfort Meter. 

9 The FUNCTION panel was set to "Operative Temperature" and then set to wait 

until the displayed reading stabilise. 

* The reading on the DISPLAY should agree with the reading of the mercury 

thermometer. 
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The calibrations of other equipment used for measurements of internal surface 
temperatures and radiation intensity of internal surfaces had been made before the 
experiment started. They all have been in the valid using time since the last calibration. 
Therefore, they did not need to be recalibrated for the experiment. 

5.7 Experimental Procedures 

The field experiment was done through site measurement and monitoring work. They 

were carried out for approximately ten consecutive days from 22 nd to 31" of July 2004 to 

cover both overcast and clear days. This field experiment required a number of committed 

participants due to the substantial amount of tasks to be done as well as the measurement 

of variables needed to be carried out simultaneously at different locations over the three- 

storey atrium throughout the day. 

There were ten regular persons involved in this field experiment throughout the ten-day 

measuring period. We were divided into four groups: two groups participated in the 

morning session starting from 0800 hrs to 1200 hrs and the other two groups for the 

afternoon session starting from 1200 hrs to 1800 hrs. In either session daily, a group 

consisted of two persons was allocated for the measurement of thermal comfort; whilst 
for the measurements of internal surface temperatures and radiation intensity of internal 

surfaces, another group comprising three persons was allocated. 

Before running the measurements in the day, a routine procedure was carried out every 

night to minimise the possibility of error occurring. Initially, an inspection of all the 

instruments was conducted to ensure that every item was secure, followed by a check of 

the output signals to ensure fault-free operation of the instruments and no failure or 

insufficient power supply had occurred during or from the previous run. Secondly, an 

inspection of all measured variables data recorded during the day was done to see if there 

was indication that would highlight any problems occurring with the instruments used or 

possible human errors in handling the equipment so that necessary adjustment and 

correction could be made. Finally, the air temperature data recorded during the day were 

downloaded and transferred to Excel format for processing. This was done every night to 

analyse the results in graph format, to see if there was a trend that would highlight any 

problems occurring with the thermocouples. This would also allow any problems to be 

spotted early and necessary amendments made. 
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5.8 Results and Discussion 

Out of the ten-day measuring period, only the monitored results from 24 th to 27 th July 
2004 showed clearly rather similar cycles and were useful to be analysed. The weather 
over the four days was generally hot and relatively sunny whilst the rest of the days were 
either too cloudy or wet. In particular, the weather on Day I (24'h July) and Day 3 (26 th 

July) was hot and overcast, and on Day 2 (25'h July) and Day 4 (27'h July) was hot and 
clear. 

Figure 5.8 presents the average indoor air temperatures on the three-level atrium 
including outdoor air temperatures. The indoor air temperature at a particular time is the 

average dry-bulb temperature of the three measuring points along the same horizontal 

plane on each floor. On the other hand, Figure 5.9 shows the average vertical and 
horizontal radiation intensity of the internal surfaces and average internal roof surface 
temperature whilst Figure 5.10 shows the average internal surface temperatures and the 

0.3 Clo PMV comfort index on the first floor and the second floor recorded hourly from 

about 0800-1800 hours over the four days. All the graphs represent the following 

conditions respectively: 

e Day 1 (24 th July) and Day 2 (25 th July) show the internal thennal condition when 

the water was sprayed and the solar blinds were fully retracted, 

9 Day 3 (26 th July) and Day 4 (27 th July) show the internal thermal condition when 

the water was not sprayed and the solar blinds were fully extended. 
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Figure 5.8 Indoor / Outdoor average air temperature. 
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Figure 5.9 Average vertical radiation intensity and roof surface temperature. 

Generally, Figure 5.8 shows that the internal thermal environment on the ground floor 

was not affected by both the outdoor weather conditions and the application of the solar 

heat gain control strategies. This was particularly due to the fact that the ground floor is 

air-conditioned using the automatic control variable air volume (VAV) air conditioning 

system. The internal air temperature on the ground floor over the four days agreed well 

with the indoor design standard proposed by ASHRAE as it remained stable and 

marginally swung between 24-27'C. Slightly high indoor air temperature normally 

occurred between midnight to about 0700 hrs during which the air conditioning system 

was automatically turned off. These stable internal air temperatures were within the 

comfort range and correlated well with the recorded PMV index of less than 1.0 

(associated with PPD of less than 30%). Therefore, most of the guests around the atrium 

lobby and cortile area would certainly feel reasonably comfortable with the internal 

thermal condition on the ground floor. 
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Figure 5.10 Average horizontal radiation intensity and roof surface temperature. 

Likewise, the internal thermal environment on the first floor was not significantly 

affected by the outside conditions and the employed solar control measures. The air 

temperatures on the first floor were slightly warmer than the ground floor air 

temperatures but still in an acceptable comfortable range as illustrated by PMV index of 

well under 1.5 (associated with PPD of less than 48%). Nevertheless more and more 

guests started to complain about feeling discomfort. Undoubtedly, the effect of the ground 

floor air-conditioning had helped to cool down the first floor air temperature particularly 

from late morning to early afternoon. However, the air temperatures gradually started to 

rise during late afternoon from around 1430-1700 hours. The highest air temperature 

recorded was 30.8'C which occurred on Day 2 at 1440 hrs. As Day 2 weather was hot and 

clear, with the blinds fully retracted, the direct and diffused solar radiations from the top 

penetrated deeply to lower levels resulting in both the air temperature and mean radiant 

temperature to rise. 

In general, during both hot/clear days and hot/overcast days particularly in the afternoon 

from around 1300-1700 hours, the graph also clearly shows that the temperature 

stratification would occur at high level inside the atrium regardless of the solar heat gain 

control measures applied, as the internal air temperatures considerably exceeded the 

external air temperatures causing the thermal condition on the top floor to be extremely 

hot. PMV index of more than 2.0 (associated with PPD of more than 80%), as denoted in 

Figure 5.11, shows that the thermal condition on the second floor was beyond the comfort 

levels especially from early afternoon to late afternoon. The main reason for this is that 
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the hot glazed roof was slanting at an angle just opposite the top atrium floor balcony at 
about the same height as can be seen in Figure 5.2 and Figure 5.3. Hence, the great 
feeling of discomfort for guests standing on the second floor balcony was not only due to 
the hot ambient air temperature but also the effect of high mean radiant temperature of the 

surrounding hot surfaces as the view factor between the guests and the hot surfaces was 

rather large. 
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Figure 5.11 Average internal surface temperatures and Predicted Mean Vote (0.3 clo). 

The absence of internal blinds and the use of water spray helped to slightly improve the 

internal conditions on the second floor. The water spray cooled down the surface 

temperature of the glazed roof, thus reducing the radiant heat from the roof and the 

surrounding internal surfaces on the second floor as shown in Figure 5.9, Figure 5.10 and 

Figure 5.11. However, with no blinds solar radiations could penetrate deeper to lower 

levels, which resulted in the increase of air temperature and the surrounding surface 

temperature on the first floor. This is clearly shown on Day I and Day 2 where the 

average horizontal and vertical radiation intensities on the first floor were significantly 

higher particularly during hot and clear days. 

On the other hand, when the water spray was turned off and the solar blinds were fully 

extended, the second floor air temperature and average radiation intensity were 

considerably higher than the first floor as shown on Day 3 and Day 4. No cooling on the 

glazed roof led to substantially higher mean radiant temperature at high level due to the 

high surface temperatures of both the glazed roof and the internal blinds. This indicates 

that as the blinds absorbed solar energy from the top, its radiant temperature would rise 
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due to the increase in surface temperature. With the contribution of radiant energy from 

other internal surfaces, the mean radiant temperature and the air temperature at high level 

would also increase and further enhance the stratification in the atrium. As a result, the 
comfort levels at high level would be greatly reduced. The presence of blinds, however, 

cut direct solar radiations from deeply penetrating to lower levels resulting in slightly 
lower air temperature and average radiation intensities on the first floor even on hot and 
clear days as shown on Day 4. 

5.9 Conclusion 

The field study on indoor thermal environment in an atrium in tropical climate has been 

delineated in this chapter. Results of the study indicated that in hot-humid tropical 

climate, partially air-conditioned three-level top-glazed atrium would suffer high 

temperature stratification on the top floor causing great discomfort to the occupants. It is 

evident from this study that the two solar gain control measures did help to improve the 

thermal condition inside the atrium. However, due to the short monitoring periods and 

relatively unstable outdoor conditions throughout the four useful days, it was difficult to 

approximately quantify the degree of contribution made by the two measures. Generally 

on hot and clear days (Day 2 and Day 4), with water spray and without blinds the average 

air temperature difference from 1200 hrs to 1800 hrs between both first floor and second 
floor, and second floor and external were 5.7 K and 1.7 K respectively; whilst with blinds 

and without water spray the average air temperature difference were 8.7 K and 4.8 K 

respectively. These results clearly show that water spray helped to significantly reduce 

the second floor air temperature but the presence of blinds, on the other hand, had caused 

the second floor to become warmer resulting in greater air temperature difference 

between second floor and outdoor. This was due to the fact that the blinds absorbed solar 

radiation and gradually increased its surface temperature, thus increasing the mean radiant 

temperature of internal surfaces at high level. However, the blinds that cut the solar 

radiations from the top, helped to minimise the first floor air temperature resulting in 

greater temperature difference between second floor and first floor. 

The study also revealed that there is a possibility of incorporating natural ventilation 

strategies in the atrium as the night time external air temperature was almost within the 

range of indoor air temperature particularly after midnight to about 0700 hrs in the 

morning during which the ground floor air-conditioning system was automatically turned 

off. 
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Even though considerable discrepancies were observed among the daily measured 
thermal parameters over the ten-day monitoring period, particularly due to the unstable 

weather conditions, this study was expected to provide a clearer picture of the indoor 

thermal environmental performance of the atrium in the hot and humid tropical climate. 
As the measuring period was rather short, it is therefore recommended that the 

measurement and monitoring should be carried out for the whole summer months in order 

to provide stronger justification of the results. 

The next chapter will discuss the TAS computer model of the same atrium building 

created not only to investigate the phenomenon inside the atrium but also to complement 

the results from field measurement; and the measured data would be used as validation of 

the TAS capability and accuracy in modelling thermal stratification within multi-level 

atrium. 
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Chapter 6 Verification and Validation of the Dynamic Thermal 
Modelling Software TAS 

6.1 Introduction 

In general, computer simulation modelling of a building's thermal performance is a well- 
known theoretical procedure widely used in practice and many programs have been 
developed for this purpose. Dynamic then-nal simulation models are mathematical 
representations of the thermal processes occurring in a building and are commonly used 
for building dynamic thermal performance and energy analysis. Such models can account 
for the "transient" response of various load contributors including hourly weather data as 
part of their input so that thermal and energy performance of the building can be 

estimated hourly, daily or monthly. As mentioned in section 3.4 of chapter 3, it was felt 

that the computational simulation method is a cost-effective and reliable way to assess 
thermal performance within an atrium of a building. 

Dynamic thermal building simulation software TAS, a product from EDSL 

(Environmental Design Solution Limited), was initially developed in 1989. Its function 

includes illustrating the integrated natural and forced airflow inside a building by 

dynamic simulation. It is a program that simulates thermal performance of a real building 

under real conditions of weather and occupancy pattern, through hourly calculations of all 

the heat exchanges between the three elements: the weather, the building and the 

occupants, with and without heating, ventilation and air-conditioning (HVAQ facilities. 

TAS model can therefore behave like a virtual building which allows various physical 

processes and thermal phenomena to be examined closely. 

This chapter discusses the TAS computer simulation of the same three-storey atrium of 

the Xihu Yuan Guesthouse in Guangzhou, China which has been described in the 

previous chapter. As previously mentioned, there have been a number of thermal 

discomfort complaints reported amongst the guests and the analysis of the measured data 

from the field experiment discussed in chapter 5 has proved that the main reason for 

discomfort was due to the strong stratifications of internal air and surface temperatures 

particularly at higher levels. Hence, the objective of this dynamic thermal modelling, 
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using TAS software (version 1.8-5), was to correctly model thermal stratification within 
the three-level atrium. 

TAS program has been routinely used to model smaller spaces regarded as ýrooms' in a 
conventional building. However, for buildings with a large and complex multi-level space 
such as atria, assigning a large single zone or only dividing each level into one zone may 
not be sufficient to correctly model the space. In this case, therefore, a large space within 
the atrium was modelled as a group of zones, each of which had an air temperature, mean 
radiant temperature and six flows with the neighbouring zones. It was an attempt to 
correctly model thermal stratification of a large multi-level space within the atrium using 
TAS program as currently there has been no published literature reported on this method. 
The prediction results of modelling with blinds and without water spray, particularly 
indoor air and mean radiant temperatures, and roof blind surface temperature, were 

compared and validated with the results from the site measurement to evaluate the 

capability and accuracy of the developed TAS model in simulating atrium's indoor 

thermal environmental performance. 

6.2 Description of the 3-D TAS Atrium Model and Simulation 

The first stage of developing the TAS atrium model was to set a weather data file as the 

building simulation in TAS is driven by weather conditions. In TAS database, the weather 
files of more than 2500 cities worldwide have already been recorded. The climate data 

contains recorded hourly variations in air temperature, humidity, solar energy, and wind 

speed and direction for a whole year. Before constructing the 3-1) model of the atrium 
building, weather data file for the year 1989 for the city of Guangzhou was retrieved in 

order to generate the thermal response of the created building. These recorded weather 
data have already been more than fifteen years old. Therefore, such data may not 

represent the current typical weather conditions for the city of Guangzhou and may affect 

the accuracy of the predicted results as compared to the measured data. 

Since the site measurement of the indoor conditions with blinds and without water spray 

were carried out on the 26 th and 27 th of July 2004, the existing Guangzhou's weather data 

in TAS for day 207 (26 th of July) and day 208 (27 th of July) should be amended in order 
to correctly model the measured conditions. This is due to the fact that the accuracy of 
the simulation results was largely associated with the similarity of the weather data in the 

weather file and the real local weather conditions for a particular day in question. The 24- 
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hour weather data for both days include the hourly global and diffuse solar radiations, 
cloud cover, dry-bulb temperature, relative humidity, and wind speed and direction. Out 

of these seven climatic data required by TAS, only the outdoor air (dry-bulb) 

temperatures were measured during the field measurement, and thus could directly 

replace the existing dry-bulb temperature data for both days. The other weather data were 
changed accordingly to suit the general real weather conditions of the two days. 

Therefore, data on solar radiations, cloud cover and wind speed in the weather data file 

were slightly modified to reflect the real weather conditions of the two days: the local 

weather on the 26 th July was generally hot and overcast whilst on the 27 Ih July the 

weather was very hot and clear (see Appendix B (i-iv)). 

Apart from having similar weather conditions, it was also very important that the 

geometry of the 3-D TAS model constructed (including construction details of all the 

building elements and internal conditions) be maintained as close as possible to the real 

measured conditions of the real building and its surrounding (nearby buildings and trees). 

In order to obtain better prediction results that have good agreement with the field 

measurement results, it is essential for TAS to generate similar simulation conditions. 

6.2.1 3-D TAS Model 

Figure 6.1 The 3-D geometric TAS model of Xihu Yuan Guesthouse. 
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The 3-D geometric model of the atrium building was created based on architectural 
drawings (Figure 6.1). The four-storey main building has a three-storey sloping single 
glazed west-facing atrium with two-storey height at its facade. The nearby buildings were 
also included in the 3-D geometric model so that TAS would calculate the possible 
shadow casts on the atrium during the course of the simulation day. However, to simplify 
the model the effect of the surrounding trees was not considered in this simulation. 

Initially, using the available architectural drawings of the real building, the floor plans 

were drawn in the 3D-TAS (Figure 6.2 and Appendix B(v)). The floor-to-floor height 

between each floor of the building was also specified. The north angle was set to reflect 
the orientation of the real building. The floor plan data includes specifying the building 

elements (ground floor and upper floor, internal and external walls, ceiling and roof, and 

no floor for the void areas between each floor) and apertures (windows, doors, vents, and 

zone divides to divide large internal spaces on each floor into separate zones). The details 

of building elements and apertures were set up using the construction details programmer 
in building data editor. 

I FT. - ýý """d fý- I 

Figure 6.2 The ground floor plan of Xihu Yuan Guesthouse in 3D-TAS. 

Having completed the geometry and allocated all the building elements and apertures, the 

next stage in the model development was to define zones within each floor (Figure 6.3) 

for thermal simulation purposes. This zone definition was very crucial as it influence the 

way the model would be analysed. There were altogether 34 zones allocated for this 
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model (Appendix B(v & vi)). The indoor thermal performance of the atrium, particularly 
related to higher level thermal stratification, was basically measured and analysed by 

comparing the hourly average indoor air temperature and mean radiant temperature of 
zones 15 to 17 for the first floor level and zones 23 to 25 for the second floor atrium level 
as shown in Figure 6.4. 

-- ----------------- -- 
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Figure 6.3 First floor atrium zones allocation of Xihu Yuan Guesthouse in 3D-TAS. 

Figure 6.4 Schematic cross-section of the Xihu Yuan Guesthouse showing atrium 

zones vertically. 

The vertical 'imaginary' partitions shown by the dashed lines separating amongst the 

zones within the large atrium space were modelled as 'zone divide' denoted by a slash (0 

as a C-Code JAS construction code) in the building elements table (see Appendix 

B(vii)). It is used as partition between zones when there is no physical barrier. In TAS 

simulations, zone divides transmit solar and long-wave radiation but not convection. In 
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order for TAS to consider airflow and also account for heat transfer by convection from 
'opaque' and 'transparent' surfaces to these zones, the zone divides were defined as 
apertures with 100% open (see Appendix B(viii)). Whilst the horizontal ýimaginary' 
partitions were modelled as 'ceiling/no floor' and defined as apertures with 100% open so 
that mass and heat transfer could occur vertically between the top and bottom zones. 

6.2.2 Building Data 

The Building Data Editor menu in A-TAS provides facilities for defining and editing 
building data. The building elements and aperture types of the model were defined and 
edited in the Construction Details submenu, whilst the internal conditions were defined 

and edited in the Internal Conditions submenu. In this modelling study, the construction 
details and internal conditions were defined and specified to match as close as possible to 
the real conditions. In general the construction details of the real building are listed 
below: 

The ground floor and intermediate floors are of reinforced concrete; 
The external walls are mainly of plastered 180 mm width clay bricks. The other 

external wall materials include 152 mm x 152 mm x 114 mrn clear glass block, 

and 10 mm, width clear float glass with steel frame constructions; 

The internal walls are of plastered 120 mm width clay bricks; 

The atrium roof is of 10 mm. width clear float glass with steel frame constructions; 

and 

External doors and windows are of 10 mm width clear float glass with aluminum 
framing. 

The floor, wall, roof and glazing constructions for the 3-D model were all simplified 

using common elemental construction materials and specified from the TAS Construction 

Database (see Appendix B(ix)). The ground floor was simulated as being constructed on 

grade without a false floor. The thermal transmittance for this element was calculated to 

be 0.29 W/M2 K. Intermediate floors/ceilings were of concrete and acoustic ceiling panels 

with a U-value of 0.95 W/m 2 K. The 10 mm. clear float glazed atrium roof construction 

with and without blinds had a U-value of 3.94 W/m 2K and total solar transmittance of 

0.49, and 6.23 W/m 2K and total solar transmittance of 0.76, respectively. The thermal 

transmittance of the main external walls of 180 mm width common brick plastered on 

either side was calculated to be 1.93 W/m 2 K. The external wall made of glass block was 
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simulated as glazed windows of 6 mm width glass on either side with 12 mm air cavity. 
The thermal and total solar transmittance for this element was 1.78 W/M2 K and 0.62 
respectively. The internal walls of 120 mm width common brick plastered on either side 
had a U-value of 2.12 W/m 2 K. As mentioned earlier, 'imaginary' partitions to separate 
zones with no actual physical barrier within the large atrium volume were specified as 
zone divides (denoted by a slash (ý for TAS C-Code) and ceiling/no floor, and also 
defined as apertures with 100% open in order to allow for airflow and therinal radiation 
and convection to occur vertically and horizontally between neighbouring zones. The 

windows were specified as being 10 mm clear float single glazed with thermal and total 

solar transmittance value of 5.33 W/m 2K and 0.76, respectively. Whereas for single glaze 
windows with blinds, the U-value and total solar transmittance was 3.78 W/m 2K and 0.49 

respectively. Overall, the TAS model as illustrated in Figure 6.1 has a total of thirty-six 
(36) building elements which includes apertures (windows and zone divides). Details of 
the materials included in each of the main actual elemental constructions are provided in 

Appendix B(ix). 

In order to simulate the atrium thermal conditions when the blinds were extended from 

0800 hrs to 1800 hrs, the new substitute building elements were created to represent both 

the atrium roof glass with blinds and clear glass windows/walls with blinds at the atrium 
facade. These new building elements were specifically put into the substitute building 

element and substitution schedule columns of the original building elements for both 

atrium roof glass and clear glass window (Appendix B(vi)). 

For the internal conditions, the air temperature for all the ground floor zones were set to 

be between 20-24'C and the plant operating period was set from 0700 hrs to 2400 hrs. 

This was to represent in the model that the air conditioning system was only confined in 

the ground floor of the real building. For simulation purposes, the occupancy period for 

most of the zones was assumed to be 10 hours starting from 0800-1800 hours. The 

infiltration air rate for all zones was assumed and set to 0.5 ach, whilst the ventilation air 

rate was set to 0 ach (which assumes no ventilation air is introduced into the building 

from outside). The sensible and latent heat gains from occupants, lighting and equipments 

for each zone were set accordingly. Since the usage of the space was very irregular, it was 

assumed that on the average at any particular hour over the ten-hour period (0800-1800 

hours) there were ten (10) persons around the reception / entrance hall and twenty (20) 
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persons in the cortile areas. In general the following assumptions and settings had been 

considered for internal condition specifications: 

9 Reception / entrance hall zones (floor area =- 180.68 m2)- Zones 2 and 8: 

Infiltration rate 0.5 ach (24 hours) 

Lighting gains 13 W/m 2 

Occupant sensible gain = (10 x 80 W) / 180.68 m2=5 W/m 2 

Occupant latent gain = (10 x 60 W) / 180.68 m2=3 W/m 2 

Equipment sensible gain = (3PC at 160 W each) =2 W/m 2 

e Cortile zone (floor area = 336.21 m 
2) 

- Zones 1,3 and 9: 

Infiltration rate 0.5 ach (24 hours) 
Lighting gains 13 W/M2 

Occupant sensible gain = (20 x 80 W) / 336.21 m2=5 W/m 2 

Occupant latent gain = (20 x 60 W) / 336.21 m2=4 W/m 2. 

9 Ground floor atrium zones - Zones 4,5 10 and 11: 

Infiltration rate 0.5 ach (24 hours) 
Lighting gains 5 W/m 2 

Occupant sensible gain =2 W/M2 

2 
Occupant latent gain =1 W/m 

9 First and second floor balcony - Zones 15 and 23: 

Infiltration rate 0.5 ach (24 hours) 

Lighting gains 5 W/m 2 

Occupant sensible gain =2 W/M2 

Occupant latent gain =1 W/M2. 

9 First and second floor atrium void zones - Zones 16,17 and 24,25: 

Infiltration rate 0.5 ach (24 hours) 

Lighting gains 10 W/M2 

occupant sensible gain =0 W/M2 

Occupant latent gain =0 W/M2. 

In the real building, the 24'C conditioned air was supplied to the entrance hall/reception, 

restaurant and cortile areas by twenty inlets sized 350 mm by 350 mm with each 

supplying an average air volume rate of 957.5 m3 /h. The total air volume rate supplied to 

these areas was 19,150 m3 /h or 5.32 m 3/S 
. As TAS requires the airflow rate to be specified 

in mass flow rate (kg/s), the volume flow rate (m 3 /s) has to be multiplied by the density of 

air at standard atmospheric pressure and a temperature of 200C, which is p,, i,. = 1.210 

kg/m 3. Therefore the total mass flow rate to be specified for these zones ýN, as 6.44 kg/s. 
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Since the restaurant area was not included in this modelling, it was assumed that the mass 
flow rate supplied to the reception/entrance hall and cortile areas was 4.02 kg/s calculated 
based on the zone volumes. Hence, reception/entrance hall zones (zones 2 and 8) and 
dining zones (zones 1,3 and 9) were specified 1.60 kg/s and 2.42 kg/s, respectively. The 
amount specified in the inter-zone (zonal) air movement table in TAS for each of the 
zones was also calculated based on its volume (see Appendix B(x)). 

The conditioned air for the ground floor atrium, on the other hand, was supplied by 
twelve inlets sized 800 mm by 200 mm located at the sides of the first floor balcony 
facing the atrium with each supplying an average air volume rate of 1,245 m 3/h, yielding 
the total supplied air volume rate of 14,940 m3 /h. Similarly the volume flow rate was 
converted to mass flow rate, which in this case was 5.02 kg/s. In order to correctly model 
thermal stratification within the atrium, the total airflow rate was specified to the ground 
floor atrium zones (zones 4,5,6,10,11 and 12) accordingly based on the volume of each 
zone. For other zones, TAS would calculate the inter-zone mass flow rate automatically. 
The 0.6 in x 1.0 in vent, which was defined as aperture and specified with 30% open, was 
located on the third floor to exhaust the air out of the building in order to keep the air 

quantity balanced (see Appendix B(viii)). 

The model was simulated for both measured conditions: day 207 (26 th July) during which 
the weather was generally hot and overcast; and day 208 (27 th July) when the weather was 

very hot and clear. For each simulation run, the model was 'pre-conditioned' for 10 days. 

This is a feature of the TAS program that allows the building to be simulated under the 

weather condition occurring for a number of days prior to the day when the simulation 

results are actually recorded. This is done in order to ensure that the reported results are 

reflective of any thermal storage effects of the structure. The resulting data from the two 

simulation days is analysed and discussed in section 6.4. 

6.3 Sensitivity Testing of the 3-D TAS Model 

Using the same 3-D TAS model and internal condition settings but modelling without 

internal solar blinds, a sensitivity test simulation was conducted. The purpose of the 

sensitivity test was to verify the capability of the TAS program in general to reflect the 

thermophysical response of the model to the changes in the main external weather 

parameter with regard to buildings with large glazed areas. In particular it was to verify 

the created TAS model in modelling thermal stratification within the multi-level atrium. 
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This test is essential as it would provide a general picture of the expected thermal 
behaviour inside the atrium, and thus help to develop confidence in the model before 
being used to model the measured conditions. In this test, the air and mean radiant 
temperatures of all the zones within the three-storey atrium were the main outputs being 
measured from the model. These outputs were measured in response to changing global 
solar irradiance. In addition the inter-zone bulk air movement of all the atrium zones were 
also measured to ensure balanced air quantity within each zone 

In order to simulate the model's indoor thermal response due to different global solar 
irradiances, the weather file for Guangzhou for day 206 was retrieved and modified as 
follows. The hourly diffuse solar radiation was fixed at 0 W/M2 and the original values for 

other weather parameters remained unchanged. The model's response was simulated for 
three different hourly global solar radiation intensities: 200 W/M2 ý 400 W/m 2 and 800 
W/M2 . As such, for each simulation the hourly global solar radiation from 0900 hrs to 
1800 hrs was fixed accordingly based on the three global radiation intensities stated 
above. The model was 'pre-conditioned' for 10 days for all the simulation runs. 

6.3.1 Sensitivity Test Analysis 

As outlined earlier, the purpose of the sensitivity test is to establish whether or not the 

TAS simulation software is able to reflect the thermophysical response of the created 3-D 

model due to changes in solar radiation intensities. The approach for establishing this 

capability entailed the measurement of air and mean radiant temperatures within the 

three-storey atrium, and also the air movement between zones within the atrium and also 

the neighbouring zones. 

There were two main contributors to the resulting thermal condition inside the atrium. 
First, it is due to the heat transfer in internal building element surfaces as a result of 

conduction heat flow into the internal building surfaces, heat gain from convection and 
long-wave radiation exchange, casual gain from occupants, lightings and equipment, and 

solar heat gain from solar radiation entering from the transparent building components. 
Secondly, the air movement between different zones also causes the heat transfer and the 

change of moisture contents, thus affecting the thermal balance of each zone within the 

atrium. 
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The average air temperatures and mean radiant temperatures for zones within each level 
of the three-storey atrium at 1600 hrs, the hottest hour of the day at which the external 
dry-bulb temperature is 33.9'C, are shown in Figure 6.5. Generally the graph indicates 
that as the intensity of solar radiation increases, stronger thermal stratification occurs at 
upper levels. As expected, with the internal condition settings remained unchanged it can 
be clearly seen that the air temperatures and mean radiant temperatures, particularly on 
upper floors increase dramatically with increasing intensity of global solar irradiance. 
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Figure 6.5 Average air and mean radiant temperatures at 1600 hrs due to the 

difference solar irradiances (Solar radiation = 200; 400 & 800 W/m 2 ). 

Since the ground floor of the atrium was air-conditioned, the air temperature of the 

ground floor atrium zones had been marginally affected by solar radiation. However, 

solar radiation had greatly influenced the air and mean radiant temperatures of atrium 

zones on the upper levels. For the first and second floor levels, as illustrated in Figure 6.5 

the average air temperature increased by about 0.6 K and 1.4 K, respectively for every 

200 W/m 2 incremental values of solar irradiance. Similarly the same incremental values 

of solar irradiance resulted in the increase of average mean radiant temperature 

approximately 2.2 K for the first floor level and 4.4 K for the second floor level, 

respectively. This can best be explained by the fact that the solar gain for each of the 

zones due to solar radiation directly influenced the zone's air and mean radiant 

temperatures. 
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During TAS simulation, solar radiation entering the atrium through the glazed roof and 
walls is distributed over the zone's internal surfaces. Some of this radiation may be 
transmitted back out of the building through the glazed envelopes, and some may be 
transmitted through further transparent constructions to other zones. In the distribution 

process, the radiation absorbed by the surfaces of each atrium's zone is totalled and stored 
in the quantities qsol, int, which is the solar radiation (in kW) absorbed on internal surface i 

of the zone. For a transparent construction, radiation is actually absorbed within the 

construction, rather than at its surface. In this case the surface solar gains are calculated 
on the basis of the equivalent surface absorptances. Therefore, zone solar gain inside the 

atrium was the sum of the surface solar gains for all the surfaces facing into the zone, as 
o/jnt given by the expression in Equation 3.28 of chapter 3, Q'O' Qs 

TAS defines the glazed portions of the internal and external structure as 'transparent' 

elements, whilst the non-glazed portions are defined as 'opaque' elements. For atrium 

zones partitioned and modelled as 'zone divides' and 'ceiling/no floor', and defined as 

apertures with 100% open, the mean radiant temperature was relatively less compared to 

the zones modelled with 'transparent' and 'opaque' elemental surfaces. In general the 

solar gains on the ground floor of the atrium was mainly contributed by the opaque floor 

of zone 4 and 5, and opaque and transparent wall components of zone 5 and II (see 

Figures 6.5 and 6.6). As zones 5 and 11 also received the most direct solar radiation from 

the top, thus they contributed the most solar gains to the ground floor atrium. On the first 

floor, zone 17 contributed the most solar gain due to direct solar radiation on its 

transparent glazed walls. Although the air temperature of zone 15 is higher compared to 

zone 16 and 17, its mean radiant temperature is comparatively less resulting from the 

lower solar gains on its internal opaque surfaces. However, the high air and mean radiant 

temperatures on the second floor atrium zones were greatly caused by the highest solar 

gains from direct solar radiations on their opaque and transparent building components. 

Additionally the heat transfer due to convection and the long-wave radiation at the 

opaque and transparent zone surfaces also affected the air and mean radiant temperature 

of the neighbouring zones. 

As mentioned earlier the air movement between different zones within the atrium can also 

cause the heat transfer and the change of moisture contents, thereby affecting the thermal 

balance of each zone. The air movement in TAS are calculated by mass flow rate (kg/s) 
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and the air movement within and between the atrium zones at 1600 hrs for global solar 
irradiance 800 W/m' is given in Table 6.1; whilst the net inter-zone bulk air movement 
inside the atrium is shown in Figure 6.6. 

Atrium Air Flow in 
Zones from: (kg/s) 

Air Flow out 
to: (kg/s) 

Outside: 0.400 Outside: 0.020 
Zone 2: 1.174 Zone 5: 5.993 

4 Zone 3: 7.503 Zone 10: 4.183 
Zone 6: 1.119 

Total: 10,196 Total: 10.196 

Atrium Air Flow in Air Flow out 
Zones from: (kg/s) to: (kg/s) 

Outside: 0.082 Outside: 0.082 
Zone 15: 2.538 Zone 10: 2.556 

16 Zone 17: 8.509 Zone 15: 4.236 
Zone 17: 4.255 

Total: 11.129 Total: 11.129 

Outside: 0.493 Outside: 0.023 Outside: 0.096 Outside: 0.096 
Zone 4: 5.993 Zone 11: 8.800 Zone 11: 8.882 Zone 15: 0.485 
Zone 6: 2.337 Zone 15: 0.139 Zone 16: 8.509 

5 17 Zone 16: 4.255 Zone 19: 1.123 
Zone 19: 0.305 Zone 24: 2.269 

Zone 25: 1.195 

Total: 8.823 Total: 8.823 Total: 13.677 Total: 13.677 

Outside: 1.367 Outside: 0.087 Outside: 0.030 Outside: 0.030 

Zone 4: 4.183 Zone 8: 1.896 Zone 24: 7.711 Zone 24: 4.247 

Zone 8: 0.911 Zone 9: 12.401 Zone 26: 2.360 

Zone 9: 5.981 Zone 11: 7.044 Zone 27: 1.104 
10 Zone 11: 7.714 Zone 12: 2.098 23 

Zone 12: 0.813 

Zone 16: 2.556 

Total: 23.525 Total: 23.526 Total: 7.741 Total: 7.741 

Outside: 2.144 Outside: 0.104 Outside: 0.026 Outside: 0.026 

Zone 5: 8.800 Zone 10: 7.714 Zone 17: 2.269 Zone 23: 7.711 

Zone 10: 7.044 Zone 12: 3.194 24 Zone 23: 4.247 Zone 25: 0.555 

Zone 12: 1.906 Zone 17: 8.882 Zone 25: 1.750 

Total: 19.894 Total: 19.894 Total: 8.292 Total: 8.292 

Outside: 0.033 Outside: 0.033 
Zone 16: 4.236 Zone 16: 2.538 

Zone 17: 0.485 Zone 17: 0.139 
15 

Zone 19: 0.096 Zone 18: 1.749 

Zone 19: 0.391 

Total: 4.850 Total: 4.850 

Outside: 0.036 Outside: 0.036 

Zone 17: 1.195 Zone 24: 1.750 

25 Zone 24: 0.555 

Total: 1.786 Total: 1.786 

Table 6.1 Net air movement within atrium zones at 1600 hours (in kg/s). 

As discussed earlier in chapter 3, the total sensible heat gain, QsH_,,,, (Watts), into zone z 

due to air movement is determined by Equation 3.29, QsH am 
Cp 

(T 

-T g__d ai, s ai, --): 
S=O 

Where; 
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th, z : the mass flow rate from source zone s (with 0 representing the outside air) to 

zone z; 

z: the number of zones in the model; 
T,,, 

s : the air temperature in source zone s (or the outside temperature in the case 

s= 0); and 

: the air temperature in zone z. T 
t, z 

q 

3.1 m 

1 \ 

3" 1 CI 
23 24 

-ý 
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ý16 17 
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i 10 
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Figure 6.6 Zones air temperature and net inter-zone bulk air movement between the 

atrium zones at 1600 hours / 33.9'C external dry-bulb temperature (Global 

Solar Radiation = 800 W/m 2). 

It can be clearly seen from Table 6.1 that the quantity of inflow air and the outflow air 

calculated by TAS for each zone are perfectly balanced. As the ground floor atrium zones 

were pressurised, the air generally tends to flow upwards to the naturally ventilated upper 
levels atrium's zones as illustrated in Figure 6.6. In general the air moves laterally and 

vertically from zone of lower temperature to zone of higher air temperature except zone 
10 where the air from higher temperature zones 16 and II moves towards it. This was due 

to the fact that zone 10 had been depressurised as most of its air flow out to neighbouring 

zones 8,9 and 12. Figure 6.6 also indicates the hotter upper level zones had enhanced the 

upward flow of air from cooler ground floor zone as demonstrated by the large mass flow 

rate from zone 5 to 11 (8.8 kg/s), from zone II to 17 (8.88kg/s) and from zone 17 to 23- 

25 (8.13 kg/s). 

TAS assumes that the air in any particular zone within the building is well mixed and 

therefore represented by a single zone temperature, which is calculated by balancing heat 
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gains and losses at the air point. The zone air heat balance equates the rate at m, -hich heat 
is added to the air to the total heat gain from infiltration (QsH inf 

)ý 
ventilation (QsH 

- 
vent 

)I 

air movement (QsH_,, 
n 
), casual gains( QSH_gains, 

conv ), plant convection (Qsu_Pjan,, 
cOn, 

) and 

surface convection (I Qconv, int ) as expressed by the Equation 3.31 of chapter 3 and 
rewritten below: 

QSH 
_ air = QSH 

_ inf + QSH, 
vent + QSH 

_ am + QSH 
_ gains, conv + QSH 

_ plant, conv -IQ, conv, int 

It also can be seen from Figure 6.6 that zones 17 and 25, which were partly enclosed by 
large glazed elements, recorded slightly lower air temperatures compared to that of other 
zones enclosed largely by opaque elements, on the same levels respectively, despite 

receiving the highest solar radiation. The reason for this was that the presence of air 
movement within the zones had caused higher rate of heat loss due to convection at the 

glazed surface as well as through the glazing, thereby reducing the zones' air heat balance 

which led to relatively lower air temperatures. 

The surfaces of opaque elements generally tend to be rough as compared to that of the 

glazed elements. Therefore it is expected that boundary layer airflow over opaque 

surfaces will be more turbulent than that for the glazing. This will result in comparatively 
higher convection heat transfer coefficients for the opaque elements. Nevertheless, this is 

expected to minimally affect the overall thermal resistance of the opaque element due to 

its high thermal inertia. On the contrary, glazing typically has a lower thermal inertia as 

compared to the opaque building elements. Therefore it is anticipated that the rate of heat 

loss through the glazing is going to be higher than that for the opaque element. 

Furthermore, it is expected that the total thermal transmittance for the glazing be more 

affected by the air movement as compared to that for the opaque elements. 

This study illustrates that solar radiation intensity greatly influences the thermal condition 

and airflow distribution within the atrium. Air and mean radiant temperature data of all 

atrium zones confirm that the amount of thermal stratification inside the three-storey 

atrium varies as a function of global solar irradiance, and that TAS accounts for these 

changes. In addition, this sensitivity test also confirms that the created 3-D TAS model is 

capable to accurately model thermal stratification within the multi-level atrium, and thus 

can be used to model the measured conditions. 
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6.4 Results and Discussion 

As mentioned earlier, the accuracy of the simulation results is very much dependent on 
the similarity of the weather data in the weather file and the real local weather conditions 
for a particular day in question. Therefore the difference between the real weather 
conditions during measurement and the simulated weather data from TAS weather file 
has caused moderate discrepancies between the predicted and measured air temperature 

as shown in Figure 6.7 and Figure 6.8. 

40 

38 

0 36 ý 
(D 
L- 

34 

32 
CL 
E 
(D 30 

28 1 

26 
1 

-)K- - -)r 

... ... ..... 

-II- --- -1 ---, I--- 1 -1 -T I-, --- -1 --I-, I 

23456789 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

Hours of the day 

... lstfl,. Measured 1 st fi- Predicted --- a--- 2nd fl. Measured 

2nd fl: Predicted -)K- - Outdoor 

Figure 6.7 Average measured/predicted air temperatures for hot and overcast day 

(simulation day 207). 
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Figure 6.8 Average measured/predicted air temperatures for hot and clear day 

(simulation day 208). 

It can be clearly seen from both Figures 6.7 and 6.8 that TAS simulation results tend to be 

overestimated for both first and second floors. In addition to the dissimilarity in weather 
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conditions, the discrepancies between the measured and predicted results might also be 
due to the following: 

9 As a result of uncertainties about the thermal properties of the existing 
construction materials, the thermal properties of building elements including the 

glazed openings of the TAS model were estimated and specified using the 

construction details programmer in building data editor. Inaccurate specifications 

of thermal property data, particularly for the glazed roof and walls, had led to 
higher prediction of solar penetration in the model, whereas in the real building 

solar penetration could be much smaller than that of the TAS model; thus, 

resulting in higher prediction of the indoor net heat gain in the model. 
In the real building, there were numerous infiltration airflow paths which allowed 

the indoor heat to be dissipated. However, in the TAS model the infiltration rates 

were fixed and the values could be much lower than that of the real building. 

Hence, less heat dissipation in the TAS model led to higher prediction of the 

indoor heat gain. 

In the TAS model, the fixed internal conditions were specified based on general 

assumptions and estimations. There is a tendency for the heat gains from 

occupants, lighting and equipment to be overestimated in the model since the 

occupancy pattern and the use of lighting and equipment in the real conditions 

were somewhat irregular. Moreover, there is also a great possibility that the 

infiltration rates and conditioned air supply rates were underestimated due to the 

uncertainties of the actual flow rates and uncontrolled actions of the users in the 

real building. All these would result in higher prediction of the indoor heat gain in 

the TAS model. 

However, both graphs above show similar trend which indicates that the temperature 

stratification would occur at high level inside the atrium where the indoor air temperature 

on the second floor is well above the outdoor air temperature. For overcast day (day 207) 

the difference in air temperature between the first and second floors at 1500 hrs (the 

hottest hour of the day) was 9.3 K for measured and 8K for TAS prediction results 

respectively. For clear day (day 208), on the other hand, the air temperature difference at 

1400 hrs (the hottest hour of the day) was IIK and 9.9 K for measured and predicted 

results respectively. These results revealed that during the hottest hour of the day the 

measured conditions recorded slightly higher air temperature difference between the first 

and second floors compared to that predicted by TAS. In general for both overcast and 
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clear days the predicted air temperatures on the first floor in the afternoon was 
comparatively higher than the measured conditions. The difference in air temperature on 
the first floor in the afternoon between measured condition and TAS prediction was in the 
range of 0.7 K to 1.5 K for overcast day and 0.2 K to 1.3 K for clear day respectively. 
Basically the higher air temperature on the second floor was due to the fact that there was 
no provision of rooftop vent to exhaust the hot air at higher level out of the building 

It was found that for hot and overcast day, it was not easy to estimate and modify the 
amount of solar radiation and cloudiness compared to that of the hot and clear day. Figure 
6.7 shows considerable discrepancies between predicted and measured air temperature on 
the second floor particularly from early morning to 1200 hrs where the differences ranged 
from 1.5K to 4.3K. On the other hand, the predicted results on the first floor agree 
reasonably well with the measured air temperatures even though TAS calculations tend to 
be overestimated. 

However, during hot and clear day when the water spray was turned off and the solar 
blinds were extended, the TAS prediction results show a reasonably good agreement with 
the measured data as revealed by Figure 6.8. Similar to the results for hot and overcast 
day, the discrepancies between the measured and predicted results generally occur from 

early morning to about noon. An explanation for this could be due to the large thermal 

storage effect calculated by TAS, which was carried on to the simulation day, as 10-day 

pre-conditioning period was considered for these modellings. Therefore the high air 

temperature due to thermal storage effect of the structure calculated by TAS a few days 

prior to the simulation day affected the air temperature of the simulation particularly from 

early morning to about noon. However, as the sun's altitude gets higher, and since solar 

radiation is the dominant factor affecting thermal condition within a building with large 

glazed enclosures, a correct solar prediction could cover all small errors which 

subsequently led to more reasonable overall results particularly on the second floor. 

In general for both simulation days, the predicted and measured air temperatures on the 

second floor agree considerably well particularly from noon to midnight. However, from 

late night to around noon the predicted results were generally overestimated, and 

particularly between 0800 hrs and I 100 hrs the predicted and measured air temperature 

show considerably large differences. On the contrary, predicted air temperatures on the 

first floor are slightly underestimated from 1900 hrs to about midnight. 
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The reason for the large discrepancies between measured and predicted air temperatures 

on the second floor is apparently due to the large overestimation of internal surfaces 
temperatures by TAS (as depicted by higher prediction of both resultant temperature and 
blind surface temperature in Figure 6.9). Therefore, at night when the external air 
temperature drops, TAS took into account the heat released by the hot internal surfaces, 

which led to the rise in air temperature within the atrium particularly on higher level. The 

same situation applies to the first floor level where the predicted air temperature is 

generally greater than the measured air temperature. However, when the solar blinds were 
fully retracted at 1800 hrs, the predicted air temperatures fell below the measured air 

temperatures starting from about 1900 hrs to midnight as the effect of blind's surface 

temperature was not considered. 
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Figure 6.9 Average measured/predicted resultant temperature and roof blinds surface 

temperature for hot and clear day (simulation day 208). 

Furthermore, the large discrepancies between measured and predicted air temperatures on 

the second floor between 0800 hrs and I 100 hrs was particularly due to the effects of 

blinds which were scheduled to be extended starting from 0800 hrs. The contribution of 

higher surface temperature of the blinds, especially during the first few hours after being 

extended, led to higher air temperature predicted by TAS. On the first floor when the 

blinds were first extended at 0800 hrs, there was a sudden drop in the predicted air 

temperature between 0800-0900 hours before it started to rise back later. The presence of 

blinds helped to cut direct solar radiation from penetrating deeply to lower level which 
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subsequently reduced the air temperature. However, the eventual increase in blinds 
surface temperature at later hours as it absorbed more and more heat from solar radiation 
had resulted in the rise of air temperature for both the first and second floors. In real 
conditions during summer, however, the blinds were usually extended between 0900 hrs 
to I 100 hrs depending on the external weather condition. In general, the predicted and 
measured air temperatures on the first floor showed slight differences but were reasonably 
acceptable. 
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Figure 6.10 Average measured/predicted air and mean radiant temperatures at 1400 hrs 

(simulation day 208). 

It can be clearly seen from Figures 6.9 and 6.10 that even though the measured and 

predicted air temperatures on the second floor differ slightly, the TAS prediction of 

resultant/mean radiant temperatures was relatively higher than the measurement. The 

reason was that in the TAS model, the blinds were assumed to cover the whole glazed 

roof area. Whereas in the real building, the roller solar blinds were installed in pieces and 

each glass panel provides gaps between each blind from which the air in between the 

glass roof and blinds could move freely. The higher air temperature in between the blinds 

and the glass roof predicted by TAS led to the increase in the blinds' surface temperature 

significantly as depicted in Figure 6.9. Consequently, the resultant temperature on the 

second floor would also increase as a result of higher mean radiant temperature as 

illustrated in Figure 6.10. However, the predicted resultant temperature on the first floor 

showed a considerably good agreement with the measured data due to slightly lower 

mean radiant temperature. 

196 



Comparison of results of the prediction made by TAS and the results from site 
measurement has shown that the created TAS model is capable to model thermal 
stratification within multi-level atrium with reasonably accurate results. Quantitatively, 
on hot and clear day, considering the average air temperature difference between the 
second floor and first floor from 0800 hrs to 1800 hrs, measured data yielded 6.6 K whilst 
the predicted result gave 6.7 K. On the other hand, for hot and overcast day., the 
difference in air temperature between the second and first floor yielded 4.0 K for 
measured data and 5.0 K for predicted result respectively. This small error in the range of 
0.1 to 1.0 K made by TAS is considered in the acceptable range. 

6.5 Conclusion 

The TAS computer simulation of the same three-storey atrium of the Xihu Yuan 
Guesthouse in Guangzhou, China has been delineated in this chapter. In general, it was 
found that TAS program tends to overestimate its prediction results. For hot and overcast 
day simulation, the difference in air temperature over the 24 hours between measured and 

predicted is in the range of 0.1 K to 1.8 K on the first floor and 0.2 K to 4.3 K on the 

second floor respectively. Whereas for hot and clear day simulation, the difference is in 

the range of 0.1 K to 1.5 K on the first floor and 0.1 K to 2.7 K on the second floor 

respectively. The main reason for these differences is due to the dissimilarity between the 

real weather conditions and the weather data in TAS for the two days in question. 
Therefore, it is suggested that for better simulation results, the external weather data on 

solar radiations, relative humidity, wind speed and direction should also be measured and 

recorded so that the weather data in TAS for the two simulation days can be correctly 

amended. 

The other possible reason for a slightly large predicted air temperature on the second floor 

is due to the effect of radiant heat from the large predicted surface temperature of the roof 

blinds. In TAS model solar blinds were assumed to cover completely the whole glazed 

roof from one end to the other resulting in large prediction of blind's surface temperature, 

whilst in the real condition, the roof blinds were actually installed in pieces along each 

glass panel providing gaps in between each of the blinds for the air to circulate freely 

which helped to slightly reduce the blinds' surface temperature. 
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In general it was anticipated that there would be discrepancies between the measured data 
and TAS prediction results as the measured conditions and the assumed simulation 
conditions made for the TAS model was not exactly similar. The fixed internal conditions 
settings made for the TAS model were merely based on general assumptions and 
estimations. Whereas in the real conditions there were a lot of uncertainties and 
irregularities in the occupancy patterns, infiltration rates, conditioned air supply rates, 
etc, as well as uncontrolled actions of the users, which directly influenced the measured 
parameters recorded. Although there were discrepancies between measured and 
prediction data, the general trend proves that large unwanted thermal stratification occurs 
at upper floor causing great thermal discomfort to the occupants. 

However, the results from both the field and modelling studies confirm that with no 
provision of high level or rooftop exhaust vent the air temperature on the second floor 
(normally above 7m height) of the three-storey atrium was generally more than 37T. 
Particularly the area below the roof the air temperature could reach 40'C or more with the 

presence of internal roof blinds. 

It was also found from this modelling study that in order to model measured conditions 

correctly using TAS program, the following steps should be carefully observed: 

9 Correct representation of the 3-D TAS model: The building geometry of the 3-D 

TAS should closely match the real building. Based on the existing architectural 
drawings the model is developed by drawing each floor plan and allocating 
heights and sloping surfaces. 

9 Zoning the building: The zones within each floor should be carefully defined as it 

influence the way the model would be analysed. Particularly an atrium which 

normally consists of large multi-level void space, it is essential to allocate a group 

of zones for each level within the atrium in order to correctly model thermal 

stratification. As most of the zones within the atrium void have no physical 
barriers, the 'imaginary' partitions separating amongst them were defined and 

modelled as 'zone divide' as well as specified with 100% open to allow for inter- 

zone air movement. 
Specifications of construction materials: Wherever possible the construction types 

and materials for all the building elements (walls, windows, floors and ceilings) 

should be specified and match as closely as possible to the actual building 

components and materials. In this modelling, however, it was not possible to 
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model glazed roof with blinds exactly similar to the real conditions. Instead , it was 
assumed in the model that the internal blind covered the whole glazed roof area 
separated by 100 mm air cavity between them. In the actual conditions, the blinds 
were installed in pieces for each glazed roof panel allows air to circulate between 
the blind and glazed roof and also between each of the blinds enhancing heat loss 
due to convection. As a result, the predicted surface temperature of the glass roof 
with internal blinds was generally much higher as compared to that of measured 
conditions. 
Specifications of internal conditions: Although there were uncertainties in the 
conditioned air supply and infiltration rates, and irregularities in the usage of 
space, it was important to make realistic assumptions in specifying the occupancy, 

gains, air movement, control settings and plant capacity so that the discrepancies 

between the measured and predicted results could be minimised. 
Correct specification of climate (weather parameters): The similarity of the 

weather data in the TAS weather file and the real external weather for the 

measured conditions was the most important factor affecting the discrepancies 

between the predicted and measured results. It was apparent in this modelling 

study that incorrect estimations of solar radiation intensities and cloudiness, 

particularly for overcast day simulation, resulted in large discrepancies between 

measured data and TAS predictions. 

Despite the moderate discrepancies between the measured and predicted results, it is 

evident from this study that the developed 3-D TAS model is capable to model thermal 

stratification within multi-level atrium, with reasonably accurate results. The large atrium 

void can be divided into a group of zones so that the thermal condition for each individual 

zone and the bulk air movement between zones can be examined closely. As such, this is 

the most obvious advantage that computer modelling method can offer. Its application is 

particularly useful in the design stage where a few design options can be examined before 

the final design is established. 

The next chapter will discuss the application of TAS program in performing dynamic 

thermal computer modelling on the conceptual atrium building under Malaysian weather 

conditions. Based on the model, parametrical studies were conducted to examine some 

key design parameters related to two representative atrium forms: the side-lit form and 

top-lit form. 

199 



Chapter 7 Dynamic Thermal Modelling to Study the Thermal 
Environmental Performance in Malaysian Atria 

7.1 Introduction 

Thermal envirorunental performance within an atrium is directly related to the complex 
interaction between the buildings' elements (and construction materials) and forms and 
the outdoor weather conditions. In hot and humid tropical climates, particularly in 
Malaysia, solar radiation penetrating through the large glazed envelope of an atrium 
building can severely deteriorate its indoor thermal environment. The exposure of the 

glazed enclosures to radiations from the high altitude of the afternoon sun will contribute 
to the severity of this thermal problem particularly during occupied hours which can 

cause great discomfort to occupants. 

In chapter 4, it has been suggested that the suitable atrium form for the hot and humid 

climate of Malaysia is the side-lit system in the form of vertical toplighting or clerestory 

openings. This approach provides opportunity to improve the thermal and energy 

performance of atria in Malaysia by optimising daylight penetration and minimising heat 

gains from direct sunlight into the atrium space. Hence, the conceptual low-energy atrium 
form for Malaysia, which would possibly create a thermally and visually comfortable 

atrium internal envirom-nent, has been developed by integrating some selected vernacular 
design features with the suggested side-lit form. The proposed three-storey elongated 
linear atrium form (see Figure 4.8 in chapter 4) considers the need to provide adequate 

and effective ventilation and daylighting within the atrium. Moreover, it could maximise 
diffused and reflected daylights penetration through the vertical toplighting or clerestory 

openings, thereby reducing the excessive heat gain within the atrium from direct sunlight. 

The effectiveness of the proposed three-storey linear side-lit atrium form in terms of 

providing a better indoor thermal performance was tested by computer modelling using 
dynamic thermal simulation software TAS. Based on the conceptual three-storey linear 

atrium form, two representative atrium models were developed namely the side-lit model 

and top-lit model. The side-lit model, which utilises clerestory windows with opaque 

rooftop, represents the proposed conceptual atrium form; whilst the top-lit model, which 

consists of fully glazed rooftop, is used for comparison purposes. 
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This chapter will discuss the dynamic thermal modelling using TAS software to model 
thermal stratification within the three-storey linear atrium based on the two representative 

atrium models: side-lit model and top-lit model. This dynamic thermal modelling under 
Malaysian climatic conditions was carried out in two parts. First, the representative 

atrium models and their variations were simulated with fully naturally ventilated atrium 

space. The second part was to simulate the representative forms by ventilating the atrium 

space using recycle return serviced air from the adjacent offices introduced into the 

atrium space. Two types of pressurised ventilation air were simulated, namely all 

occupied floors pressurised and ground floor only pressurised. 

7.2 General Characteristics of the Tested TAS Atrium Models 

The general characteristics of the representative models and their variations (i. e. for 

parametrical. studies) which were tested using dynamic thermal simulation software TAS 

are outlined below: 

9 The representative models and their variations were three-storey high and 

elongated along East-West axis (North/South-facing) with 21.0 mx 30.0 m base 

dimensions from which the atrium's ground floor area was 189 m2 (9 Mx 21 m); 

* All models had central linear atrium form with Plan Aspect Ratio (PAR) of 0.3 (or 

1: 3) to reflect the smallest linear form; 

9 The Sectional Aspect Ratio (SAR) for all the tested models taking into account the 

height of the atrium well from the ground floor level to the second floor ceiling 

level was about 1.7 (or 1: 0.6); 

e The total volume of the below roof space beyond the second floor ceiling level 
3 

was also kept constant for both representative models, which was about 432 m 

for models with wall-to-roof void and 270 m3 for model without wall-to-roof void, 

respectively; 

9 The floor-to-floor height of the three-storey atrium was 3.4 m; 

The depth of the roof overhangs above the clerestory areas for the side-lit model 

was 1.5 in, which was considered to be sufficient enough to block direct sunlight 

from entering through clerestory windows (less than 2.75 in height) due to the 

lowest solar altitude of 63 degrees in equatorial regions in January; and 

9 The width of the upper floor balconies outside the adjacent rooms on both sides 

along the linear atrium was 1.5 m. 
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7.2.1 The Representative Models 

The schematic cross-section of the side-lit and top-lit representative models are shown in 
Figure 7.1 (a) and (b), respectively. These two models were initially used to investigate 
the effect of low- and high- level openings' sizes and wind speed due to cross ventilation 
from easterly wind (90' wind direction) on the atrium's thermal performance. From this 
initial study the chosen opening sizes and wind speed would be used for further 

parametrical studies. In addition, these models were also used to examine the resultant 
thermal environmental performance of the atrium due to two types of pressurised 
ventilations: all occupied floors pressurised and ground floor only pressurised. 
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Figure 7.1 The representative atrium models. 

7.2.2 Variations of the Representative Models for Parametrical Studies 

The variations of the representative models for further parametrical studies, basically to 

examine the impact of some key design variables and solar control measures on the 

atrium indoor thermal environment, are as follows: 

(i) Models without wall-to-roof void area 

The effect of varying the height of the below roof areas on the atrium thermal 

performance was examined by comparing the simulation results of the representative 

models (with wall-to-roof void area: 1.5 m high for side-lit model and 2.5 m high for top- 

lit model) with that of the models without wall-to-roof void area. The schematic cross- 

section of the side-lit and top-lit models without wall-to-roof void area is illustrated in 

Figure 7.2(a) and (b), respectively. 
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(C) Side-lit model without roof overhangs. 
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(d) Side-lit model with clerestory windows blinds. (e) Top-lit model with roof blinds. 

Figure 7.2 Variations of the representative models for parametrical studies. 

(ii) Side-lit model without roof overhangs 

The effect of the roof overhangs as a solar control measure on the atrium thermal 

performance was investigated by comparing the simulation results of the representative 

side-lit model (with 1.5 m wide roof overhangs) with that of the side-lit model without 

roof overhangs (Figure 7.2(c)). 

(iii) Models with internal solar blinds 

The effect of installing and extending internal blinds on the atrium internal thermal 

performance was examined by comparing the simulation results of representative models 

(i. e. without internal solar blinds) with that of the models with internal solar blinds. The 
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schematic cross-section of the side-lit and top-lit models with internal solar blinds is 
illustrated in Figure 7.2(d) and (e), respectively. 

7.3 The Objectives of the Dynamic Thermal Modelling 

Firstly, the representative models and their variations were simulated with fully naturall), 
ventilated atrium space. The primary objective of this initial dynamic thermal modelling 
was to carry out parametrical studies to investigate the impact of some key design 

variables and passive solar control measures on the atrium indoor thermal environmental 
performance. Particularly, it was to evaluate and quantify the effectiveness of utilising 
clerestory windows with opaque rooftop as compared to the fully transparent glazed 

rooftop. Data on internal solar heat gain and environmental comfort parameters such as 
the indoor air temperature, and mean radiant temperature were used to evaluate and 

compare their indoor thermal performance. 

The second part was to simulate the two representative models by ventilating the atrium 

space using recycle return serviced air from the adjacent offices introduced into the 

atrium space. Two types of pressurised ventilation air were considered, namely all 

occupied floors pressurised and ground floor only pressurised. The main objective of 

these modellings was to investigate and evaluate the internal thermal environment of both 

representative models when cooler pressurised air was used to ventilate the atrium space. 

Data on total sensible cooling loads and latent heat loads required to condition the 

adjacent offices and environmental comfort parameters such as indoor air temperature, 

mean radiant temperature and resultant temperature were also used to compare indoor 

thermal performance. The other objectives of these modellings were as follows: 

9 To investigate the impact of pressurising ground floor only on the atrium thermal 

performance and the potential energy savings to ventilate the atrium space; and 

* To define boundary conditions for CFD modelling of detailed airflow and thermal 

stratification within the atrium space that will be discussed in the next chapter. 

7.4 Description of the 3-D TAS Atrium Model and Simulations 

Using the TAS building designer, the representative atrium models and their variations 

with the general characteristics outlined in section 7.2 were drawn (Appendix C (i)). The 

21 m width x 30 m length three-storey building with central linear atrium space was 

assumed to function as an office building; which would be occupied daily from 0800 

hours to 1800 hours. Both representative models had wall-to-roof void areas just above 
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the second floor ceiling (refer to Figure 7.1 (a) and (b)). For a side-lit atrium model, 
daylight penetrated into the atrium space via 10 mm width single glazed clerestory 

windows of 2.5 rn height (Figure 7.3(a) and (c)), while for a top-lit atrium model the 
daylight entered the atrium space through a 10 mm width single glazed double-pitched 

roof (Figure 7.3(b) and (d)). All the three occupied floors (i. e. Ground floor, First Floor, 

and Second Floor) were typical for both representative models and their variations. The 

first and second floors had 1.5 m. width balconies around the central linear atrium. The 

height of the wall-to-roof void for either representative models was purposely made 

different in order to keep the volume of the below roof areas for both models to be equal, 

which was about 432 in 3, so as to maintain the similarity of the atrium geometry. 
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(a) Side-lit representative model. 
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(c) Side-lit model without wall-to-roof void. (d) Top-lit model without wall-to-roof void. 

Figure 7.3 The 3-D TAS atrium models. 

The floor, roof, wall and glazing constructions were all specified from the TAS 

Construction Database. The ground floor was simulated as being constructed on grade 

without a false floor. The therinal transmittance for this element was calculated to be 0.29 

W/m 2 K. Intermediate floors, on the other hand, had U-value of 0.95 W/M2 K. The hipped 

roofs surrounding the wall-to-roof void areas and above the clerestory space were of 

sloping tile roof construction having a U-value of 0.45 W/m 2 K. The opaque parts of the 

010 tool# 

0 

(b) Top-lit representative model. 
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facade were of plastered brickwork construction with U-value of 1.93 W/M2 K, while the 
internal walls had the U-value of 2.12 W/M2 K. Glazing materials for external walls, main 
entrance doors, windows, clerestory windows and transparent rooftop was of 10 mm 
width single clear float glass with U-values of 5.33 W/M2 K for windows (including 

clearstory windows) and 6.23 W/m 2K for glazed roof, respectively. For side-lit and top-lit 
models without wall-to-roof void area as shown in Figure 7.3(c) and (d) respectively, the 
concrete 'flat roof construction surrounding the clerestory and transparent rooftop areas 
has a U-value of 0.27 W/m 2 K. Overall, the TAS models for representative forms and their 

variations had a total of twenty-four (24) building elements which includes apertures 
(windows and zone divides). Details of the materials included in each of the main actual 

elemental constructions are provided in Appendix Qvi). 
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(c) Top-lit model (no wall-to-roof void). (d) Side-lit model (no wall-to-roof void). 

Figure 7.4 Schematic cross-section showing atrium zones for representative models. 

Once the 3-D geometrical models of the building had been drawn and all the building 

elements and apertures allocated, the next stage in the model development was to define 

zones within each floor (refer to Appendix C (iii)) for the purposes of thermal simulation. 

The zones particularly within the atrium void were properly planned and defined as they 

influenced the way the thermal stratification would be analysed. There were 38 zones 

allocated for the representative models. The thermal environmental performance of the 

atrium, particularly thermal stratification, was measured by comparing the average air and 

mean radiant temperatures of zones 4-7 for the ground floor, zones 15 - 18 for the first 

floor, zones 26 - 29 for the second floor, zone 34 (wall-to-roof void), and zone 35 (below 

root) respectively as shown in Figure 7.4(a) and (b). In addition, the solar gain within the 

atrium zones on each level was also measured. Models without wall-to-roof void, 
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however, had 37 zones altogether as illustrated Figure 7.4(c) and (d). The vertical and 
horizontal 'imaginary' partitions shown by the dashed lines separating amongst the zones 
within the atrium well were also modelled as 'zone divide' and 'ceiling/no floor' 
respectively, in order to correctly model therinal stratification. These elements were also 
defined as apertures with 100% open so that mass and heat transfer could occur laterally 
and vertically between the neighbouring zones (Appendix C(iii) and (iv)). 

Since the dynamic thermal building simulation in TAS is driven by weather conditions, 
the 1978 weather data file for Subang, Kuala Lumpur was retrieved in order to generate 
the thermal response of the created 3-D building models. The file contains recorded 
hourly variations of climatic data including air temperature, humidity, solar energy, and 
wind speed and direction for a whole year. For simulating the worst case scenario, 21" 
March was chosen as the design day for Kuala Lumpur as defined in the discussion in 

section 2.2.4 of chapter 2. Therefore, day 80 (21st March) of this 1978-weather file for 
Subang, Kuala Lumpur was used in this TAS simulation to represent the hottest design 

day of the year (Appendix Qv)). In order to ensure that the reported results for the chosen 

simulation day are reflective of any thermal storage effects of the structure, all models 

were 6pre-conditioned' for 10 days. As mentioned in the previous chapter, pre- 

conditioning day is a feature of TAS program which allows the model to be simulated 

under weather condition occurring for a number of days prior to the chosen simulation 
day (day 80). 

This weather file for Kuala Lumpur has already been about 28 years old. It could not be 

updated because The Malaysian Department of Meteorological Service was not able to 

provide the current hourly weather data. Therefore, the prediction results based on its 

climatic data might not provide accurate picture of the thermal performance within the 

atrium compared to that if it is exposed to current weather conditions. However, this 

modelling study was expected to provide general pictures of the indoor thermal 

performance of an atrium in hot humid tropical regions particularly in Malaysia during 

the hottest day of the year. 

In order to compare the atrium thermal performance between the two representative 

forms, side-lit and top-lit atrium models were simulated both with fully naturally 

ventilated and pressurised cooler ventilation air introduced into the atrium space from the 

recycling return serviced air of the air-conditioned adjacent offices. This pressurised 

ventilation air as a low-energy atrium ventilation system was considered due to the fact 
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that Malaysia has a tropical humid climate where the hot and humid outdoor weather 
conditions are almost constant all year round; thus, it is less possible to use full natural 
ventilation especially for buildings with large glazed enclosures such as atria. 

7.4.1 Fully Naturally Ventilated Simulation 

For fully naturally ventilated 3-D model simulations, the following general assumptions 
and settings was considered for both representative models and their variations: 

The internal conditions were specified as follows: 

Office zones: 
Infiltration rate = 0.5 ach (24 hours); Occupants sensible gains = 10.0 W/m 2 
Lighting gains = 15.0 W/M2; Occupants latent gains = 5.0 W/m 2 

2 Equipment sensible gains = 20.0 W/m 

Ground Floor atrium zones: 
Infiltration rate 0.5 ach (24 hours); Occupants sensible gains = 2.0 W/m 2 

Lighting gains 5.0 W/m 2; 
Occupants latent gains = 1.0 W/M2. 

First and Second Floor atrium zones: 
Infiltration rate 0.5 ach (24 hours); Occupants sensible gains = 2.0 W/m 2 

Lighting gains 10.0 W/m 2; Occupants latent gains = 1.0 W/M2. 

Wall-to-roof void and below roof area zones: 
Infiltration rate 0.5 ach (24 hours); Occupants sensible gains = 0.0 W/m 2 

Lighting gains 10.0 W/m 2; Occupants latent gains = 0.0 W/M2. 

Main entrances on either side (east and west sides) of the linear building were 

considered as the main low-level openings for cross ventilation due to easterly 

wind (90' wind direction). It was assumed that during office hours from 0800- 

1800 hours, the opening area of both external door I (west main entrance) and 

external door 2 (east main entrance) were maintained equal. The total area of each 

of the external doors was 5.0 M2 . The openable proportion for each of the low- 

level openings specified in Aperture Types Table (Appendix C(iv)) was the ratio 

of the opening area to the total area of the external door. 

9 The high-level opening for both top-lit and side-lit models was considered a half 

(50%) of the total area of low-level openings so that all openings would have the 

same size. The openable proportion specified in the Aperture Types Table 

(Appendix C(iv)) for the high-level opening was the ratio of the opening area to 

the total area of either the clerestory windows (side-lit models) or the glazed roof 
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(top-lit models). Respectively, the total area was 85.0 m2 for clerestory windows 
and 113.64 rn 2 for the glazed roof These outlets (clerestory window vent for side- 
lit model and rooftop vent for top-lit model) were set to always open. 

9 The vents for all windows, internal doors and external doors were set to 100% 

open starting from 1800 hrs to 0700 hrs the next morning for night cooling 

purposes. 

Basically using the TAS weather data for Kuala Lumpur for simulation day 80, 

parametrical studies to examine the impact of some key design variables on the atrium 
indoor thermal performance due to natural ventilation were carried out as follows: 

(i) To study the effect of varying low- and high- level opening sizes 
The representative models were simulated to investigate the effect of varying low- and 

high- level opening sizes on atrium indoor thermal performance. Four opening sizes (i. e. 

0.5 m290.8 m251.0 m2 and 2.0 M2) were considered. The hourly wind speed and direction 

was fixed at 3.0 m/s and 90' respectively, whilst the other weather parameters remained 

unchanged. These values were to reflect the wind conditions for Kuala Lumpur in March 

as analysed from the climatic data for the year 1993 to 2002 presented in section 2.2.4 of 

chapter 2. The analysis indicates that the wind velocity throughout the year is generally 

low and the North-easterly wind in March is less than 3.3 m/s. 

(ii) To study the effect of varying wind speeds 

The representative models were also simulated to investigate the effect of varying wind 

speeds on atrium indoor thermal performance due to cross ventilation of the easterly wind 

(90' wind direction). Three different wind speeds were considered: 3.0 M/s, 5.0 M/s and 

7.0 m/s. For these simulations, the area for each of the low-level openings was maintained 

at 0.8 m2, whilst the high-level opening was kept totally shut. Hence, the hourly wind 

speed was changed accordingly and the wind direction was fixed at 900 (easterly wind), 

whilst the other weather parameters remained unchanged. 

(iii) To study the effect of wall-to-roof void area 

The representative models (with wall-to-roof void) and models without wall-to-roof void 

were simulated and their results were compared to examine the effectiveness of the wall- 

to-roof void area in improving thermal conditions particularly on occupied levels. For 

these simulations, the condition and size of openings were similar to number (ii) above. 

209 



The hourly wind speed and direction were fixed at 3-0 m/s and 90' respectively, whil st the 

other weather parameters remained unchanged. 

(iv) To study the effect of roof overhangs above the clerestory area 
Side-lit models with and without roof overhangs were simulated and their predicted 

results were compared to examine the contribution of roof overhangs in minimising the 

effect of solar radiation on the thermal performance within the side-lit atrium. For these 

simulations, the weather conditions and the size of openings were similar to that of 

number (iii) above. Apart from simulation for day 80 (2l't March), the models were also 

simulated for day 172 (21st June), day 265 (2l't September), and day 355 (21't 

December). These simulation days were particularly considered to examine the effect of 

sun's altitude and solar radiation intensity due to seasonal changes on the atrium thermal 

performance. 

(v) To study the effect of extending internal solar blinds 

The representative models (without internal solar blinds) and models with internal solar 

blinds were simulated and their results were compared to examine the effectiveness of the 

solar blinds in improving the atrium's thermal conditions particularly on occupied levels. 

The same weather conditions and size of openings as that of number (iii) and (iv) were 

used for these simulations. 

In order to simulate the atrium thermal conditions when the blinds were extended from 

0900 hrs to 1800 hrs, the new substitute building elements were created to represent both 

the atrium roof glass with blinds and clear glass windows/walls with blinds at the 

clerestory facade. These new building elements were specifically put into the substitute 

building element and substitution schedule columns of the original building elements for 

both atrium roof glass and clear glass window (Appendix C(iii)). 

7.4.2 Pressurised Air Ventilation Simulation 

For this simulation, it was assumed that the recycle return serviced air from the adjacent 

offices was pressurised and introduced into the atrium space. The two representative 

models were simulated with two types of pressurised ventilation: all occupied floors 

pressurised and the ground floor only pressurised. These pressurised ventilation systems 

were considered as the proposed low-energy ventilation scheme to ventilate the atrium 

space, particularly in Malaysia where the outdoor weather is generally warm and humid 

with low wind velocity for most parts of the year. 
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The internal conditions for atrium zones were maintained to be the same as that of the 
fully naturally ventilated simulations as outlined in section 7.4.1 above. Based on the 
typical floor plan of the model buildings (Appendix C (i)), the office zones were divided 
into three categories according to the floor area namely Office Type A (for office zones 
of 59.23 M2 floor area), Office Type B (for office zones of 49.66 M2 floor area), and 
Office Type C (for office zones of 42.97 m2 floor area). The following general 
assumptions had been made to determine the internal conditions for the office zones: 

" Recommended fresh air supply per person = 10.4 I/s (= 37.44 m 3/hr). 

Calculated ventilation rate required per office type: 
Offices: Type A=2.21 ach; Type B=2.15 ach; and Type C=2.21 ach 

" Infiltration rate = 0.5 ach 
Occupancy: 

2 Floor space per person = 4.5 m. It was assumed that only 84% of the total floor 

area was occupied while the remaining 16% was used for internal circulation. 
Thus, occupancy per office zone = (floor area x 0.84) / 4.5. 

Sensible and latent heat dissipation per person was 80 W and 60 W, respectively. 

It was assumed that the percentage presence for occupants for each office zone 

was constant at 84%. 

Thus, sensible heat gains per office zone (W/m 2) = (no. of person x 80 x 0.84) 

floor area. 

Latent heat gains per office zone (W/m 2) = (no. of person x 60 x 0.84) / floor area. 

The produced heat was transferred to the room partly by convection (50%) and 

partly by thermal radiation (50%); the thermal radiation was (homogeneously) 

distributed over all surfaces facing the room. 

Lighting: 

The power, including the power of the ballast/starter was 13 W/M2. It was 

assumed that the lights switched-on percentage was constant at 84%. 
2 

Thus, lighting heat gains per office zone = 13 x 0.84 = 10.92 W/m . 
The produced heat was 100% sensible heat and 0% latent heat. The heat was 

transferred to the room partly by convection (72%) and partly by thermal radiation 

(28%); the thermal radiation was (homogeneously) distributed over all surfaces 

facing the room. 
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9 Equipment: 

Heat production from one PC was 160 W. It was assumed that there would be 
I PC/person per office zone and switched-on percentage was constant at 67%. 
Thus, equipment heat gains per office zone (W/m 2) = (no. of PC x 160 x 0.67) 
floor area. 
The produced heat was 100% sensible heat and 0% latent heat. The heat was 
transferred to the room purely by convection (100%) and not by thermal radiation 

(0%). 
9 Hence, the internal conditions for all office categories were specified as follows: 

Office zones for Office Type A (floor area = 59.23 m2-, no. of occupants = 11): 
Infiltration rate 0.5 ach (24 hours); 
Lighting gains 10.92 W/m 2; 

Equipment sensible gains = 19.909 W/M2. 

Occupants sensible gains = 12.480 W/m 2 

Occupants latent gains = 9.360 W/m 2; 

Office zones for Office Type B (floor area = 49.66 m2; no. of occupants = 9): 

Infiltration rate 0.5 ach (24 hours); 
Lighting gains 10.92 W/m 2 

2 Equipment sensible gains = 19.428 W/m 
. 

Occupants sensible gains = 12.179 W/M2; 

Occupants latent gains = 9.134 W/m 2; 

Office zones for Office Ty-pe B (floor area = 42.97 m2; no. of occupants = 8): 

Infiltration rate 0.5 ach (24 hours); 
Lighting gains 10.92 W/m 2 

2 
Equipment sensible gains = 19.958 W/m 

. 

Occupants sensible gains = 12.511 W/m 2 

Occupants latent gains = 9.383 W/m 2; 

The additional settings and general assumptions for these pressurised ventilation 

simulations for the two representative 3-D TAS atrium models were as follows: 

Main entrances on either sides of the building were assumed to be completely 

closed during office hours (0800-1800 hours). 

The high-level opening area for side-lit model (clerestory window vent) and top- 

lit model (glass roof vent) was 10.0 m2, respectively. Thus, the openable 

proportion specified in the Aperture Types Table for side-lit and top-lit models 

was 0.118 and 0.088, respectively. These outlets were set to be always open. 

The vents for all windows, internal doors and main entrance doors were set to be 

100% open starting from 1800 hrs to 0700 hrs the next morning for night cooling 

purposes. 

The pressurised air at 23'C was introduced from the office zones into the atrium 

zones only during office hours (0800-1800 hours). 
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9 The air conditioning system for the office zones which was scheduled to operate 
daily from 0700 hrs to 1800 hrs were set as follows: 

Supply air temperature (T, ) = 18'C; 

- Retum air temperature (T, ) = 23'C. 

Categories Zones Sensible Cooling Sensible Heat Volume Airflow 
3 

Mass flow 
load (kW/h) load (kW) /S) rate (M rat e ((kg/s) 

1 43.98 4.06 0.65 i 0.78 
Office 3 39.64 3.60 0.59 0.70 

Type A 9 43.92 3.99 0.65 0.78 
11 39.58 3.60 0.59 0.70 
12 40.30 3.66 0.60 0.71 
14 35.63 3.24 0.53 0.63 
20 40.24 3.66 0.60 0.71 

Office 22 35.56 3.23 0.53 0.63 
Type B 23 41.33 3.76 0.61 0.73 

25 36.86 3.35 0.55 0.65 
31 41.30 3.75 0.61 0.73 
33 36.80 3.35 0.55 0.65 
2 27.89 2.54 0.41 0.49 
10 27.80 2.53 0.41 0.49 

Office 13 29.79 2.71 0.44 0.53 
Type C 21 29.68 2.70 0.44 0.52 

24 31.13 2.83 0.46 0.55 
32 31.03 2.82 0.46 0.55 

Table 7.1 Cooling load and supply air flow rate for office zones (Side-lit model). 

Sensible cooling Sensible Heat Volume Airflow Mass flow 
Categories Zones load (kW/h) load (kW) rate (M3/S) rate ((kg/s) 

1 44.63 4.06 0.66 0.79 
Office 3 40.39 3.67 0.60 0.71 

Type A 9 44.54 4.05 0.66 0.79 
11 40.29 3.66 0.60 0.71 
12 40.90 3.72 0.61 0.72 
14 36.29 3.3 0.54 0.64 
20 40.81 3.71 0.60 0.72 

Office 22 36.18 3.29 0.54 0.64 
Type B 23 41.76 3.80 0.62 0.74 

25 37.77 3.43 0.56 0.67 
31 41.79 3.80 0.62 0.74 
33 37.67 3.42 0.56 0.67 
2 28.52 2.59 0.42 0.50 
10 28.4 2.58 0.42 0.50 

Office 13 30.52 2.77 0.45 0.54 
Type C 21 30.39 2.76 0.45 0.54 

24 32.10 2.92 0.48 0.57 
32 31.99 2.91 0.47 0.57 

Table 7.2 Cooling load and supply air flow rate for office zones (Top-lit model). 

In order to determine the sensible cooling loads for each of the office zones and the 

amount of pressurised air flow rate required to be introduced from the office zones into 

the atrium zones, the two representative models were initially simulated without having 

specified the inter-zone air movement. Basically, TAS program would automatically 

calculate the zonal air movement. Table 7.1 and Table 7.2 show the sensible cooling 

loads required to condition each of the office zones resulting from these initial 
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simulations. The total daily sensible load (in kW) for each of the office zones was 
assumed to be the average of II hours air conditioning periods (0700-1800 hours). Both 
tables above also summarise the supply volume flow rate and the associated mass flow 
rate required for each of the office zones. The supply volume flow rate was calculated 
using the following equation: 

Vs = 
QSH 

X 
(273 + ts 

(tr - ts ) 357 

Where; 

V,: Supply volume flow rate (m'/s) 

QsH : Sensible heat load in kW 

t,: Supply air temperature (= 18T) 

tr: Retum air temperature (= 23T). 

The supply mass flow rate (in kg/s) was found by multiplying the volume flow rate, V, 

(m 3/S) 
, 

by the density of air at the air-conditioned spaces. In this case, the density of 

air, p, at 23 'C dry-bulb temperature is 1.193 kg/m 3. The fact that the volume flow does 

(7.1) 

change with temperature, the mass flow rate (in kg/s) is used in TAS program, as it does 

not change with temperature. 

Airflow from office zones to 
atrium zones 

From To Mass flow 
zone zone rate (kg/s) 

1 4 0.780 

2 5 0.490 

3 8 0.700 

9 4 0.780 

10 7 0.490 

11 8 0.700 

12 15 0.710 

13 16 0.530 

14 19 0.630 

20 15 0.710 

21 18 0.520 

22 19 0.630 

23 26 0.730 

24 27 0.550 

25 30 0.650 

31 26 0.730 

32 29 0.550 

33 30 0.650 

Airflow within atrium zones 
From 
zone 

To zone 
Mass flow 
rate (kg/s) 

4 6 1.482 

5 6 0.490 

7 6 0.490 

8 6 1.330 

6 17 3.792 

15 17 1.207 

16 17 0.530 

18 17 0.520 

19 17 1.071 

17 28 7.120 
26 28 1.241 

27 28 0.550 
29 28 0.550 
30 28 1.105 
28 34 10.566 
34 35 10.566 
35 Outside 10,566 

Remarks 

i). Total airflow to zone 4=1.56 kg/s; 
Assumed 5% (0.078 kg/s) infiltration 
loss due to flow to outside. 

ii). Total airflow to zone 8=1.40 kg/s; 
Assumed 5% (0.070 kg/s) infiltration 
loss due to flow to outside. 

iii). Total airflow to zone 15 = 1.42 kg/s; 
Assumed 15% (0.213 kg/s) infiltration 
loss due to flow to outside and toilets. 

iv). Total airflow to zone 19 = 1.26 kg/s; 
Assumed 15% (0.189 kg/s) infiltration 
loss due to flow to outside and toilets. 

v). Total airflow to zone 26 = 1.46 kg/s; 
Assumed 15% (0.219 kg/s) infiltration 
loss due to flow to outside and toilets. 

vi). Total airflow to zone 30 = 1.30 kg/s; 
Assumed 15% (0.195 kg/s) infiltration 
loss due to flow to outside and toilets. 

Table 7.3 Inter-zone air movement: All floors pressurised (Side-lit model). 
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Airtlow from office zones to 
atrium zones 

Airflow within atrium zones 

From To Mass flow From To zone 
Mass flow 

zone zone rate (kg/s) zone rate (kg/s) 

1 4 0.790 4 6 1.501 

2 5 0.500 5 6 0.500 

3 8 0.710 7 6 0.500 

9 4 0.790 8 6 1.349 

10 7 0.500 6 17 3.850 

11 8 0.710 15 17 1.224 

12 15 0.720 16 17 0.540 

13 16 0.540 18 17 0.540 

14 19 0.640 19 17 1.088 

20 15 0.720 17 28 7.242 

21 18 0.540 26 28 1.258 

22 19 0.640 27 28 0.570 

23 26 0.740 29 28 0.570 

24 27 0.570 30 28 1.139 

25 30 0.670 28 34 10.779 

31 26 0.740 34 35 10.779 

32 29 0.570 35 Outside 10.779 

33 30 0.670 

Remarks 

i). Total airflow to zone 4=1.58 kg/s; 
Assumed 5% (0.079 kg/s) infiltration 
loss due to flow to outside. 

ii). Total airflow to zone 8=1.42 kg/s; 
Assumed 5% (0.071 kg/s) infiltration 
loss due to flow to outside. 

iii). Total airflow to zone 15 = 1.44 kg/s; 
Assumed 15% (0.216 kg/s) infiltration 
loss due to flow to outside and toilets. 

iv). Total airflow to zone 19 = 1.28 kg/s; 
Assumed 15% (0.192 kg/s) infiltration 
loss due to flow to outside and toilets. 

v). Total airflow to zone 26 = 1.48 kg/s; 
Assumed 15% (0.222 kg/s) infiltration 
loss due to flow to outside and toilets. 

vi). Total airflow to zone 30 = 1.34 kg/s; 
Assumed 15% (0.201 kg/s) infiltration 
loss due to flow to outside and toilets. 

Table 7.4 Inter-zone air movement: All floors pressurised (Top-lit model). 

Using the principle of mass balance where the mass flow into the zone is equal to the 

mass flow out of the zone, the return mass flow rate from the air-conditioned office zone 

which is equal to the supply mass flow rate to the office zone was introduced into the 

atrium zone to ventilate the atrium space. In order to simulate the pressurised air atrium 

ventilation, the inter-zone air movement from the office zones to atrium zones as well as 

the inter-zone air movement amongst the atrium zones were specified accordingly based 

on the principle of mass balance. Table 7.3 and Table 7.4 show the inter-zone mass 

airflow rate for simulating all occupied floors pressurised ventilation for the side-lit and 

top-lit models respectively. 

In the case of ground floor only pressurised simulation, the inter-zone airflow was 

allocated for all the ground floor zones (zone 1 to zone 11) and zone 17, the centre atrium 

core on the first floor, to which the air from zone 6 would be forced to flow (Tables 7.5 

and 7.6). Then, TAS would automatically calculate the inter-zone airflow for other atrium 

zones on upper levels. 
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Airflow from office zone to Airflow within atrium 
atrium zone zones Remarks From To Mass flow From To Mass flow 

zone zone rate (kg/s) zone zone rate (kg/s) 
1 4 0.780 4 6 1.482 
2 5 0.490 5 6 0 490 i). Total airflow to zone 4=1.56 kg/s; 

. Assumed 5% (0.078 kg/s) infiltration loss 
3 8 0.700 7 6 0.490 due to flow to outside. 
9 4 0.780 8 6 1.330 ii). Total airflow to zone 8=1.40 kg/s; 
10 7 0.490 6 17 3.792 Assumed 5% (0.070 kg/s) infiltration loss 
11 8 0.700 due to flow to outside. 

Table 7.5 Inter-zone air movement: Ground floor only pressurised (Side-lit model). 

Airflow from office zone to 
atrium zone 

Airflow within atrium 
zones Remarks 

From To Mass flow From To Mass flow 
zone zone rate (kg/s) zone zone rate (kg/s) 

1 4 0.790 4 6 1.501 
2 5 0 500 5 6 0 500 i). Total airflow to zone 4=1.58 kg/s; 

. . Assumed 5% (0.079 kg/s) infiltration loss 
3 8 0.710 7 6 0.500 due to flow to outside. 
9 4 0.790 8 6 1.349 ii). Total airflow to zone 8=1.42 kg/s; 
10 7 0.500 6 17 3.850 Assumed 5% (0.071 kg/s) infiltration loss 

due to flow to outside. 11 8 0.710 

Table 7.6 Inter-zone air movement: Ground floor only pressurised (Top-lit model). 

For these pressurised ventilation simulations, the existing hourly wind speed in the 1978 

TAS weather file for Kuala Lumpur for simulation day 80 was used (Appendix C (v)). 

However, as the existing weather file has no wind direction (0'), the hourly wind 

direction was purposely set to 90' to represent the easterly wind in March. 

7.5 Criteria for Assessment of Indoor Thermal Performance and Comfort 

In this dynamic thermal atrium modelling, the simulations of all cases were basically to 

investigate and evaluate the thermal environmental performance within the atrium. For 

naturally ventilated simulations, the general thermal performance within the atrium for 

the representative models and their variations was assessed by comparing the predicted 

data of internal solar heat gain between the side-lit and top-lit models. Whereas for 

pressurised ventilation simulations, the general thermal and energy performance of the 

atrium was assessed by comparing the required total daily sensible/latent loads between 

the two representative models. For all the simulated cases, the predicted air and mean 

radiant temperatures (and also resultant temperature) were used to evaluate and compare 

their indoor thermal performance in relation to users' thermal comfort. 
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It has been mentioned earlier in chapter 2 (section 2.4.5) that the comfort range for indoor 
design conditions for air-conditioned space recommended by the Ministry of Energy, 
Telecommunications and Posts [ 1989] and the Malaysian Department of Standards [2001 ] 
for non-residential building is between 23'C to 26'C resultant temperature. These figures 

are similar to the ASHRAE 55 [1992] and ISO 7730 [1994] standards. However, the 

review on seven studies on indoor thermal comfort in Malaysia from the 1990s by 
Sabarinah [2002] has shown that Malaysians tend to acclimatise to a much higher 

environmental temperature. 

For instance, the field study in air-conditioned office building conducted by Ismail and 
Barber in 1991 found a much wider range of comfort temperature (i. e. 20.8'C to 28.6'C) 

and relative humidity (i. e. 40-80%) than the range recommended by ASHRAE and other 

organisations. In naturally ventilated building, the field study carried out by Abdul 

Rahman and Kannan in 1997 suggested that the upper range of comfort can be stretched 

up to 31.5'C air temperature and relative humidity of 54-76%, with the aid of average air 

movement of 0.15 m. /s to 1.0 m/s. 

With regards to an atrium in Malaysia, since the atrium space is normally used as a 

relaxing, transitional space, the comfort requirement is therefore less stringent. For the 

space to be inhabitable, the resultant temperature within the atrium should be kept within 

or slightly higher than the comfort temperature range for Malaysians (20.8-28.6'C) in air- 

conditioned office buildings as defined by Ismail and Barber [Sabarinah, 2002]. For 

naturally ventilated atrium, the maximum range can be increased slightly depending on 

the relative humidity and average air movement. 

For this dynamic thermal atrium modellings, the atrium's thermal performance in relation 

to user' thermal comfort, particularly on occupied levels, for all the simulated cases will 
be assessed by the predicted air and resultant temperatures. In other words, for the space 

to be thermally comfortable the resultant temperatures within the occupied levels should 

not exceed 29'C (with relative humidity range of 40-80%) for the cases with all occupied 
floors pressurised ventilation. For the cases with ground floor only pressurised 

ventilation, the air temperature and relative humidity on upper occupied levels should not 

exceed 32T (with relative humidity range of 55-80% and average air movement of 0.5 

M/S to 1 .0 M/S). 
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7.6 Results and Discussion 

7.6.1 Fully Naturally Ventilated Simulation 

Thermal performance of a naturally ventilated three-storey linear atrium building in hot 
humid tropical climate of Malaysia has been investigated using dynamic thermal 

modelling software (TAS). Basically, the impact of the atrium forms on its thermal 

environmental performance was studied based on two representative atrium forms namely 
side-lit and top-lit models (with wall-to-roof void area). Other variations of the 

representative models including models without wall-to-roof void, side-lit model without 
roof overhang, and models with internal solar blinds were also considered for 

parametrical studies to investigate the impact of some key design variables and solar 

control measures on the atrium indoor thermal environment. For the purpose of 

comparison and discussion of results for all models, the predicted air and mean radiant 
temperatures at 1400 hrs (the hottest hour of day 80, where the outdoor dry-bulb 

temperature is 34'C) were used as the basis to evaluate the resulting atrium thermal 

environmental performance. 

(i) General relationship between atrium roof forms and the resulting solar gains 
In general, with fully naturally ventilated atrium, the TAS predictions showed that the 

side-lit atrium model resulted in a better atrium indoor thermal performance as compared 

to the top-lit model. Figure 7.5 reveals that the side-lit model performed better than the 

toP-lit model in terms of minimising solar heat gains on all occupied floors inside the 

atrium, and also including the wall-to-roof void and below roof areas. The total daily 

solar heat gain for the side-lit model and the top-lit model was 159.37 kW and 269.99 

M, respectively. Obviously if the two atrium models were to be air-conditioned, the 

annual energy consumption for top-lit model would be much higher compared to the side- 

lit model due to the large cooling load required to condition the occupied floors. 
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Figure 7.5 Total daily solar heat gains: Representative models vs. Models without 

wall-to-roof void. 

It can be clearly seen from the chart that the ground floor space of both representative 

models generally contributed the highest total solar heat gains despite being the lowest 

level within the atrium well. This was because the typical ground floor zones comprised 

the largest opaque and transparent surface areas, and the fact that the zones solar gains are 

the sum of the surfaces solar gains facing into the zones. Most of the solar heat gains on 

the ground floor came from the zones at the centre and both ends where the large main 

entrances were of glass materials. 

The chart also shows only a slight difference in the total solar heat gains between the first 

and second floors for both side-lit models with and without wall-to-roof void area. With 

its opaque rooftop, solar radiations could not penetrate deeper into lower levels resulting 

in this relatively uniform solar heat distribution. In contrast, the top-lit models with and 

without wall-to-roof void area showed considerably higher differences in the total solar 

heat gains on both lower and upper levels. This clearly indicates that fully transparent 

rooftop allowed greater solar radiations to penetrate deeper to lower levels causing higher 

solar gains within the atrium. And combining both the wall-to-roof void and below roof 

zones, the solar gains for the top-lit model was double the amount predicted for the side- 

lit model. The larger glazed roof area of the top-lit model compared to the glazed 

clerestory area of the side-lit model coupling with the high transmittance and absorptance 

characteristics for both solar and heat of the glass material causes this great difference in 

solar gains in below roof area between the two representative forms. 
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(ii) The effect of openings on, atriurn thermal performance 
In order to investigate the effect of openings on the atrium thermal performance for both 

representative models, the wind speed and direction in the weather file were fixed at 3.0 

m/s and 90' (easterly wind), respectively. In general the prediction results showed that the 

air temperature stratification within the atrium reduced significantly with the increase in 

the size of openings. For instance, Figures 7.6 and 7.7 reveal that with the size of low- 

and high- level openings of 2.0 m2 the difference in air temperatures between the lower 

level and the next upper level floors was generally about 0.1-0.3 K for side-lit model and 
0.2-0.4 K for top-lit model. This small temperature difference was also due to the fact that 

the incoming easterly wind not only helped the flow of already hot outside air into the 
building but also enhanced the flow of the supposedly stratified hotter air at upper levels 

out of the building through the slightly large high-level opening resulting in a relatively 

stable air temperature within the atrium well. Moreover, both representative models 

showed that the air temperature on the three occupied levels increased almost linearly 

regardless of the openings' sizes. 

It can be seen from Figure 7.6 that for the side-lit model the air temperature on the ground 
floor (at 0.0 rn atrium height) remained unchanged with the increase in the size of 

openings. Enlarging the openings from 0.5 m2 to 2.0 m2 resulted in the reduction of air 

temperature by about 0.4 K on the first floor (at 3.4 m atrium height), 0.8 K on the second 
floor (at 6.8 m atrium height), 1.2 K in the wall-to-roof void area (at 10.2 m atrium 

height) and 1.4 K in the below roof area (at 11.7 m atrium height), respectively. For the 

top-lit model, it can be seen from Figure 7.7 that the increase in openings' sizes led to the 

decrease in the air temperature by about 0.3 K on the ground floor, 0.9 K on the first 

floor, 1.4 K on the second floor, 1.7 K in the wall-to-roof void area and also 1.7 K in the 

below roof area (at 12.7 rn atrium height), respectively. For 0.5 m2 openings, the 

difference in air temperature between the second floor and ground floor was 1.1 K for 

side-lit model and 1.7 K for top-lit model respectively; and for 2.0 m2 openings, the air 

temperature difference between the second floor and ground floor was 0.3 K for side-lit 

model and 0.6 K for top-lit model respectively. Hence, having larger low- and high- level 

openings could minimise not only the air temperature within the occupied levels but also 

the below roof area resulting in a relatively well-mixed atrium indoor air temperature. 
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Figure 7.6 Average air temperatures at 1400 hrs due to different sizes of low- and 
high- level openings (in m 2): Side-lit representative model. 

14 

12 

10 

8 +. 0 
m 

6 

4 
2 

0 
34.0 38.5 

Te m pe ratu re s (C) 

low=1.0; top=0.5 low=1.6; top=0.8 & low=2.0; top=1.0ý 
x low=4.0; top=2.0 )K low=1.6; top=O 

Figure 7.7 Average air temperatures at 1400 hrs due to different sizes of low- and 
high- level openings (in m 2) : Top-lit representative model. 

However, when the high-level opening was completely closed and low-level openings 

were only reasonably opened (0.8 m2) both representative models exhibited greater air 

temperature stratification within the atrium well. It can be clearly seen from Figures 7.6 

and 7.7 that the air temperature difference between the low and upper levels was 

relatively large. For both representative models, the difference in air temperature between 

below roof area and the ground floor was 3.7 K. Within the occupied levels, the air 

temperature difference between the second floor and ground floor was 1.8 K for side-lit 

model and 2.8 K for top-lit model respectively whilst the air temperature difference 

between the first floor and the ground floor was 1.1 K and 1.9 K respectively for both 

side-lit and top-lit models. In general, both representative models showed that with no 

provision of high-level opening the air temperature above the second floor level, 

particularly below roof area of the three-storey atrium was more than 37C. This result 
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correlates well with the measured and predicted air temperature in the below roof area of 
the three-storey atrium in Guangzhou (also has no high-level opening), which has been 
discussed previously in both chapters 5 and 6. 

(iii) The effect of wind speed on atrium thermal performance 
It can be seen from Figure 7.8 that the air temperature within the atrium reduced only 
slightly with increasing wind speeds. For both representative models, increasing wind 
speed from 3.0 m. /s to 7.0 m/s resulted in the decrease of air temperature by about 0.3 K 

on both the first and second floors. Within the below roof area, similar increase in wind 
speeds led to the reduction of air temperature by about 0.5 K for side-lit model and 0.6 K 
for top-lit model respectively. 
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Figure 7.8 Average air temperatures at 1400 hrs due to different wind speeds: 
Representative models. 

Even with relatively high wind speed of 7.0 m/s the air temperatures on the occupied 
levels within the atrium for both representative forms were generally beyond the comfort 

temperature of 32'C (with air movement of 0.15 m/s to 1.0 m/s) for naturally ventilated 
indoor space recommended for Malaysians [Sabarinah, 2002]. This is clear evidence that 

full natural ventilation system could not be used for building with large glazed areas such 

as atria particularly in hot humid climate of Malaysia where the outdoor air temperature 

and relative humidity during the day are generally high with relatively low wind speed 

throughout the year. 
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(iv) The effect of the wall-to-roof void area on atrium thermal Performance 
Without wall-to-roof void area, the top-lit atrium model exhibited a substantial increase in 
the total solar heat gains in occupied levels as shown in Figure 7.5. The second floor of 
both top-lit and side-lit models presented the largest increase which was about 15.52 kW 
for top-lit model and 3.74 kW for side-lit model respectively. In general, the difference in 
solar gains between the side-lit model with wall-to-roof void and the side-lit model 

without wall-to-roof void was relatively small. The effect of wall-to-roof void seemed 
insignificant for the side-lit atrium model because the prediction results were based on 

weather data for Kuala Lumpur for simulation day 80 (March 21') where the hot 

afternoon sun altitude is generally high. This evidence demonstrated the effectiveness of 

the side-lit atrium forms with opaque roof in reducing the heat gains from solar radiations 
during the hottest day of the year in hot humid equatorial regions. 

It is evident from the results shown in both Figures 7.9 and 7.10 that the wall-to-roof void 

area did help to improve thermal performance within the atrium by reducing air and mean 

radiant temperatures on occupied levels particularly on the second floor for both 

representative models. For the side-lit model, the presence of 1.5 in high wall-to-roof void 

area helped to reduce air and mean radiant temperatures on the second floor by about 0.3 

K and 0.5 K respectively. Apparently the higher wall-to-roof void area would further 

reduce the air and mean radiant temperatures on the second floor. As such, the 2.5 in high 

wall-to-roof void area of the top-lit model dramatically reduced the air and mean radiant 

temperatures on the second floor by 0.7 K and 1.8 K, respectively. The reduction in both 

air and mean radiant temperatures would also lessen the resultant temperature within the 

space, thus improving the thermal comfort condition of the occupants. 
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Figure 7.9 Average air/mean radiant temperatures at 1400 hrs: Side-lit models with 

and without wall-to-roof void. 
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Figure 7.10 Average air/mean radiant temperatures at 1400 hrs: Top-lit models with 

and without wall-to-roof void. 

Unquestionably the condition in the below roof area was extremely hot due to the 

coupling of the high mean radiant temperature and stratified hot air. The wall-to-roof void 

area helped to distance the top occupied level from the below roof area, thus effectively 
lessening the effect of this high radiant heat energy from the hot surrounding surfaces on 
the occupants within the atrium particularly those on the second floor balcony area. 

(v) The effect of roof overhangs on atrium thermal performance 
In order to examine the effect of roof overhangs on the thermal performance of side-lit 

atrium models, the clerestory windows were added to the east and west clerestory facades 

in addition to the existing clerestory windows on the north and south facades. These 

additional glazed windows would allow more solar radiations to penetrate into the atrium, 

thereby addressing the worst possible conditions. Figure 7.11 illustrates the effect of roof 

overhangs on the total solar heat gains inside the side-lit atrium models over the four 

seasons. 
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Figure 7.11 Seasonal daily solar heat gains: Side-lit models with and without roof 

overhang. 

It can be clearly seen from the chart that during vernal equinox (2 1" March) and autumnal 

equinox (21" September) the effect of roof overhangs was not very significant as the hot 

afternoon direct solar radiations were generally from the top. Therefore, in these two 

seasons, the amount of solar gains within each atrium level for both side-lit models with 

and without roof overhangs were almost constant. Whereas during summer solstice (21s' 

June) and winter solstice (21" December), when the altitude of the hot afternoon sun was 

relatively low, the total solar gains for model without roof overhangs were considerably 

higher than that with roof overhang. In these two seasons, summer and winter solstices, 

side-lit model without roof overhangs generally exhibited higher solar gains within all 

atrium levels particularly the area below the roof (clerestory area) due to the lower sun 

positions over the course of the day. In summer solstice, total daily solar gain in the 

below roof area was 72.64 kW for model with roof overhangs and 79.54 kW for model 

without roof overhangs respectively. Whilst the total daily solar gain in below roof area in 

winter solstice was 46.29 kW for model with roof overhangs and 52.41 kW for model 

without roof overhangs respectively. Hence, the incorporation of roof overhangs to the 

side-lit model during these two seasons greatly improved the thermal and energy 

performance within the atrium space particularly on occupied levels. 

From Figure 7.12, it can be clearly seen that the incorporation of 1.5 m deep roof 

overhangs above the clerestory areas did help to improve thermal performance within the 

atrium. In summer solstice (2l't June), the presence of roof overhangs slightly reduced the 

air and mean radiant temperatures by 0.3 K in the below roof area and 0.2 K on the 

second floor. The reasonable decrease in the height of clerestory windows would possibly 
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further decrease the solar gains; thereby lessening the air and mean radiant temperatures 
within the atrium particularly on upper levels. 
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Figure 7.12 Average air/mean radiant temperatures at 1400 hrs: Side-lit models with 

and without roof overhang (simulation day 172: 21" June). 

(vi) The effect of blinds on atrium thermal performance 
Extending internal roof blinds (top-lit model) and clerestory window blinds (side-lit 

model) from 0900 hrs to 1800 hrs greatly improved the atrium then-nal performance. 
From both Figures 7.5 and 7.13, it can be clearly seen that models with solar blinds 

depicted substantial reductions in the solar heat gains especially in the occupied levels. 

Comparing the charts in Figure 7.5 and Figure 7.13, by extending the internal solar blinds 

the solar heat gains in the occupied atrium floors dropped considerably from 178.55 kW 

to 93.33 kW for top-lit model and from 94.28 kW to 83.04 kW for side-lit model 

respectively. Undoubtedly the presence of blinds prevented direct and diffuse solar 

radiations from penetrating deeply to lower levels; thus lowering the temperatures of the 

surrounding internal surfaces. However, with the presence of internal blinds the solar heat 

gains in the below roof area tended to increase remarkably, which rose from 91.44 kW to 

124.28 kW for top-lit model and from 45.09 kW to 53.80 kW for side-lit model 

respectively. This dramatic rise in solar gains in the below roof area for both models was 

due to the high surface solar gains of both the glazed roof/clerestory windows and the 

blinds, which also eventually led to the rise in air and mean radiant temperatures in the 

area. Generally, Figure 7.13 also reveals that the difference in solar heat gains on 

occupied levels between the top-lit model with internal roof blinds and the side-lit model 

with clerestory windows blinds were relatively small. In the below roof area, on the other 

hand, the top-lit model exhibited significantly higher solar gains compared to that of the 
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side-lit model. This was due to the fact that top-lit model had larger glazed roof surface 
area and wider solar blinds which absorbed more solar energy from the top. 
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Figure 7.13 Solar heat gains for models with internal solar blinds. 

It can be clearly seen from Figure 7.14 and Figure 7.15 that both side-lit and top-lit 

models with solar blinds exhibited better thermal performance particularly on occupied 
levels. For side-lit model, the presence of high-level blinds helped to reduce air 

temperature by 0.2 K on the ground floor, 0.7 K on the first floor and 0.8 K on the second 
floor, respectively. Likewise, for top-lit model, extending the blinds resulted in the 

decline of the air temperature by 0.6 K on the ground floor, 1.7 K on the first floor and 
1.9 K on the second floor respectively. 

It also can be clearly seen from both Figures 7.14 and 7.15 that the difference in air 

temperatures between the below roof area and the second floor atrium level for both side- 

lit and top-lit models were significantly large. By extending the blinds, the air 

temperature difference between the below roof area and the second floor rose from 1.9 K 

to 6.5 K for side-lit model and from 0.9 K to 10.7 K for top-lit model respectively. These 

results indicate that the high surface temperatures of the glazing and blinds led to the rise 

in its radiant temperature. With contribution of radiant energy from other surrounding 

internal surfaces due to higher solar gains, the air and mean radiant temperatures in this 

area would also increase and further enhance the stratification at the high level. For both 

side-lit and top-lit model with internal solar blinds, it is also interesting to note that for the 

area directly below the roof the air temperature was generally higher than the mean 

radiant temperature. This is another evidence which shows that the extremely high 

temperature of the surrounding internal surfaces within this area due to solar gains led to 

the substantial increase in the air temperature. 
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Figure 7.14 Average air/mean radiant temperatures at 1400 hrs: Side-lit models with 

and without internal solar blinds. 
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Figure 7.15 Average air/mean radiant temperatures at 1400 hrs: Top-lit models with 

and without internal solar blinds. 

7.6.2 Pressurised Air Ventilation Simulation 

Thermal analysis software (TAS) was also utilised to investigate the effect of pressurised 

ventilation system on the internal thermal performance of a three-storey linear atrium 

building in hot humid tropical climate of Malaysia. In order to study the effectiveness of 

pressurised ventilation inside the atrium space, the two representative atrium models were 

also modelled with two pressurised ventilation scenarios: all occupied floors pressurised 

and the ground floor only pressurised. 

It was assumed that the return serviced air from the adjacent offices was recycled and 

pressurised by mechanical fans into the atrium space. The 23'C air was introduced into 

the atrium space to cool down both the surrounding hot air and the internal surfaces. In 
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the case of all occupied floors pressurised, the sum of mass air flow (kg/s) into the atrium 

space from all the three levels adjacent offices was equal to the sum of mass supply 

conditioned air (kg/s) into the offices. While for the case of the ground floor only 

pressurised, the sum of mass air flow (kg/s) into the ground floor atrium is equal to the 

sum of mass supply conditioned air into the ground floor offices. The 1.6 m2 high-level 

outlet opening at the top of the atrium was provided to let the pressurised air to flow out 

of the building in order to keep the air quantity within the atrium space balanced. 

(i) General atrium thermal performance due to the two pressurised air types 

As expected, from Figure 7.16 it can be seen that for both representative models the total 

daily plant loads to condition the offices for all occupied atrium floors pressurised was 

significantly greater than that required for the ground floor atrium only pressurised. 

Figure 7.16 also reveals that the required cooling loads for the ground floor only 

pressurised was more than half of that needed for the all occupied floors pressurised. This 

was because the ground floor offices for both representative models required more 

sensible cooling loads than that of the combined offices on the first and second floors. 
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Figure 7.16 Total daily sensible/latent loads: 'all occupied floors pressurised' vs. 

'ground floor only pressurised'. 

In general the predicted total plant loads for top-lit model was slightly higher than the 

side-lit model. The difference in the total daily cooling loads between the top-lit model 

and the side-lit model was 27.50 kWh for modelling with all occupied floors pressurised 

and 15.80 kWh for modelling with the ground floor only pressurised. Even though the 

difference in the daily energy required for cooling between the two representative models 

was rather small but when taking the annual energy consumption into account the top-lit 
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model would obviously cost more than the side-lit model. Similarly the annual energy 
cost for all occupied floors pressurised would be far greater than that of the ground floor 

only pressurised. 

However, for both representative models, it is interesting to note that modelling with the 

ground floor only pressurised exhibited slightly higher total daily latent removal loads 

than modelling with all occupied floors pressurised. This indicates that when only the 

ground floor was pressurised to ventilate the atrium, slightly more loads were required to 

remove the air moisture. 

Pressurising 23T cooled air into the atrium space during office hours (0800-1800 hours) 

remarkably improved the atrium's thermal environment particularly on the occupied 
levels as shown by the prediction results in Figure 7.17 and Figure 7.18. 

It can be clearly seen from Figure 7.17 that when all occupied floors were pressurised, the 

indoor air on all occupied levels were well-mixed as demonstrated by the relatively small 

vertical air temperature difference. The average air temperatures on all occupied levels for 

both representative models were in the range of 24.2'C to 25.1 'C. 
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Figure 7.17 Average air temperatures on occupied levels due to 'all occupied floors 

pressurised' ventilation. 
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Figure 7.18 Average air temperatures on occupied levels due to 'ground floor only 

pressurised' ventilation. 

On the other hand, with the ground floor only pressurised, the air temperature on upper 

occupied levels for both representative model increased considerably as expected due to 

the effect of solar gains from the top. The vertical temperature gradients can be clearly 

seen as shown in Figure 7.18. The presence of the high-level opening enhanced the 

upward flow of cooler air from ground floor level due to thermal buoyancy effect which 

effectively helped to lessen the impact of the thermally stratified hot air in the below roof 

area particularly on the top occupied level. 

During early morning, as revealed from both Figures 7.17 and 7.18, the indoor air 

temperature was about 1-3'C hotter than the outside. This suggests that night cooling 

could be applied to cool the atrium space. Although there were vents above external doors 

and windows, the airflow did not seem to remove the indoor heat easily. The main reason 

can be due to the insufficient size of low-level openings (generally from the grilles above 

the external doors and windows) to allow inward flow of outdoor air, following the stack 

effect and escaping through high-level openings. With the provision of large low-level 

openings, it is important to equip the building with high security measures. 

(ii) Atrium thermal performance due to all occupied floors pressurised 

In general, the prediction results from the modelling of all occupied floors pressurised 

unveiled that the thermal performance within the side-lit model was slightly better than 

that of the top-lit model. From Figure 7.19, it can be seen that the difference in air and 

mean radiant temperatures between the occupied atrium levels at 1400 hours was 
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generally about 0.1 K and 0- 1 .4K respectively for side-lit model, and 0.2 K and 0.1-2 K 

respectively for top-lit model. Clearly the side-lit model effectively prevented the solar 
radiations from penetrating deeply into lower levels; thus lowering the air and mean 
radiant temperatures on occupied levels. 
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Figure 7.19 Average air, mean radian and resultant temperatures at 1400 hrs due to 'all 

occupied floors pressurised' ventilation. 
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Figure 7.20 Average resultant temperatures during office hours due to 'all occupied 
floors pressurised' ventilation. 

It can also be seen clearly from both Figures 7.19 and 7.20 that the cooler air introduced 

into the atrium space also effectively helped to reduce the temperatures of both the hot 

indoor air and the surrounding internal surfaces in the occupied levels. This is 

demonstrated by the generally low air temperature of less than 25. VC and also acceptable 

resultant temperatures throughout the day. Particularly during office hours from 0800- 

1800 hours the resultant temperatures on the occupied level were in the range of 25.4- 
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27.8'C for side-lit model and 25.8-29.2'C for top-lit model respectively. Therefore, in the 

case of all occupied floors pressurised the resultant temperatures within the occupied 
levels for both representative models were within the comfort range suggested for 
Malaysians, which should be around 29'C for air-conditioned atrium, as outlined in 

section 7.5. 

(iii) Atrium thermal performance due to ground floor only pressurised 
In general, in the case of ground floor only pressurised, the side-lit model exhibited even 
better atrium thermal performance when compared to the top-lit model. It can be seen 
from Figure 7.21 that the difference in air and mean radiant temperatures between the 

occupied atrium levels at 1400 hrs was generally about 1.2 K and 0.7-1.8 K respectively 
for side-lit model and 1.4 K and 0.9-2.6 K respectively for top-lit model. These slightly 
large temperature differences reveal that there was greater stratification in the atrium. The 

cooler pressurised air introduced into the ground floor atrium effectively cooled down the 

surrounding hot indoor air and internal surfaces resulting in generally low air 

temperatures within lower atrium levels. As the hot stratified air in the below roof area 
flew out through the high-level outlet opening, it also enhanced the upward flow of cooler 

air from ground level to upper levels. This thermal buoyancy effect also contributed to the 

lowering of air and resultant temperatures on the upper occupied floors. 

During office hours from 0800-1800 hours the air and resultant temperatures on the 

occupied level were in the range of 24.2-27.1'C and 25.7-29.8'C respectively for side-lit 

model, and 24.3-27.8'C and 26.1-31.5'C respectively for top-lit model. It can be seen 

from Figure 7.22 that the resultant temperature on the second floor of side-lit model 

which exceeded 29'C only occurred once at 1100 hrs. In general, this indicates that 

thermal comfort within the occupied floors of the side-lit atrium can be easily achieved by 

introducing cooler air on the ground level. For top-lit model, however, the resultant 

temperatures on the ground and first floors were generally in the acceptable comfort 

range except at 1000-1100 hours when the resultant temperature reached 29.8'C. Whereas 

the resultant temperatures on the second floor were generally exceeded 29T comfort 

range for Malaysians in air-conditioned space. Since the upper levels of both 

representative models were naturally ventilated and also the fact that the atrium space is 

normally used as a relaxing transitional space, the comfort temperature range can be 

relaxed and extended up to 32T air temperature depending on the surrounding air 

movement (i. e. about 0.15 m/s to 1.0 m/s) as outlined in section 7.5. However, the less 
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comfortable balcony area on the second floor of the top-lit model is only suitable to be 

used as transitional space. 

14 

12 

10 

E8 

LM 6 
(D 

4 

2 

0 

24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 

Temperatures (C) 

Side-lit: Air terrp 0 Top-lit: Air terrp. 
Side-lit: Mean rad. Temp. 6 Top-lit: Mean rad. ten-p. 
Side-lit: Res. ternp. 9 Top-lit: Res. temp. 

42 

Figure 7.21 Average air, mean radiant and resultant temperatures at 1400 hrs due to 

'ground floor only pressurised': Representative models. 
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Figure 7.22 Average resultant temperatures during office hours due to 'ground floor 

only pressurised' ventilation. 

7.7 Conclusion 

Computer modelling study using TAS software to examine the effects of atrium forms 

and some key design variables on indoor thermal environment in an atrium in hot humid 

climate of Malaysia has been presented in this chapter. Results of this modelling study 

have revealed that the three-storey linear side-lit atrium form utilising clerestory windows 

was generally more effective in terms of providing better then-nal performance in the 
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atrium space than the fully transparent top-lit atrium form. Not only the solar heat gains 
but also the resultant temperatures in the occupied levels in the atrium space are 
considerably lower. In addition, these modelling studies have also proven that with full 

natural ventilation, the air temperatures in the atrium are higher than the outside air 
temperatures, which are also well above the indoor comfort temperature range for 
Malaysians. Therefore, since the hot and humid climate of Malaysia has almost stable hot 

external air temperatures with generally low wind speed throughout the year, it is not 
viable to use full natural ventilation to ventilate the atrium space in buildings with atrium. 

Modelling with full natural ventilation has unveiled that having wall-to-roof void area for 
both representative atrium forms as well as the roof overhangs above the clerestory areas 
for the side-lit form can improve the atrium thermal performance particularly in the 

occupied levels. The wall-to-roof void area helped to distance the top occupied level from 

the below roof area. Although the thermal condition in the below roof area would be 

extremely hot due to the coupling of the high mean radiant temperatures and stratified hot 

air, the effect of this high radiant heat on the top occupied level is marginally lessened 

due to the presence of the wall-to-roof void area. Likewise, the roof overhangs for the 

side-lit form reduced the effect of diffuse and direct solar radiations particularly during 

summer solstice (21" June) and winter solstice (21st December) where the positions of the 

sun over the course of the day are generally low. 

Installing and extending internal solar blinds also have greatly improved the thermal 

environment on the occupied level inside the atrium for both representative forms. The 

solar blinds effectively cut the diffuse and direct solar radiations from penetrating deeply 

to lower levels, resulting in the lower air and mean radiant temperatures in occupied 

levels. Due to the presence of blinds, the thermal condition in the below roof area would 

be extremely hot. Again having the wall-to-roof void area helped to lessen the effect of 

high radiant heat and stratified hot air within the below roof area on the top occupied 

levels. 

For both representative forms, modelling with all occupied floors pressurised has revealed 

that the thermal condition in the occupied levels was greatly improved. The resultant 

temperature on the top occupied floor throughout the day was generally less than 29'C, 

the suggested comfort temperature for Malaysians in air-conditioned space. 

Interestingly, with ground floor only pressurised ventilation, the then-nal performance in 

the occupied levels of the side-lit was generally in the comfort range during office hours 
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as demonstrated by the second floor resultant temperatures of generally less than 290C. 

For top-lit model, however, the second floor resultant temperatures were generally well 

above the 29'C but less than 32T. In the case of ground floor only pressurised, the upper 
levels of both representative atrium forms were naturally ventilated. Hence, the comfort 
temperature on the occupied levels can be relaxed and extended up to 33'C with the 

presence of air movement of about 0.15 m/s to 1.0 m/s. Taking this consideration into 

account the thermal comfort within the occupied floors of both representative atrium 
forms can also be reasonably achieved by only introducing cooler air on the ground level. 

As such, in order to reduce annual energy demand this low energy ventilation strategy can 
be possibly incorporated with the low-rise atrium forms without causing great discomfort 

to the occupants. 

The next chapter will discuss the CFD modelling of the same representative atrium 

models and TAS simulation results will be used to complement and validate CFD 

predictions. It also discusses parametrical studies investigating the effects of varying the 

inlet to outlet opening area ratios as well as the outlet's arrangement (i. e. the location and 

configuration of the outlet) on the atrium's thermal environmental performance 

particularly on occupied levels. 
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Chapter 8 Computational Fluid Dynamics (CFD) Modelling Study of 
Thermal Environmental Performance in Atria 

8.1 Introduction 

Computational Fluid Dynamics (CFD) programs are powerful design tools that can 
predict detailed flow movement, temperature distribution, and contaminant dispersion. 

Their applications are extensive and in the field of building services engineering the 

techniques are used increasingly to conduct studies in performance assessment of 
building ventilation, air quality, occupant comfort etc. Such CFD programs are proven 

useful at all stages of the design, offering increased accuracy and cost effectiveness over 

empirical and scale modelling techniques [Setrakian and Morgan, 1991]. The technique 

of applying CFD in the built environment particularly modelling room airflow for the 

design of indoor climate control has matured greatly in the last few years. 

Simulating the flow field in large enclosure such as atria with CFD is generally more 
difficult to model than conventionally- sized enclosures. As the space is large, one is 

forced to carry out a simulation with larger computational cells due to limited computing 

capacity. A coarser grid will not only result in various types of numerical errors but also 

produce an inaccurate modelling of the turbulent flow field. 

Dynamic thermal modelling program TAS, which has been discussed in the previous 

chapter, assumes that the air in any particular zone is well-mixed, thus can only provide a 

single zone temperature and bulk air movement. As a complementary design tool, 

numerical simulations can also be used to examine the hourly static snapshots of air 

movement and temperature distribution inside the atrium, providing a detailed picture of 

the way the atrium will perform at a particular hour of the day. Therefore, this chapter 

reports the development of a steady-state 3-D CFD modelling of the same three-storey 

representative atrium forms using the computer code PHOENICS (version 3.6.1) with the 

ground floor atrium only pressurised ventilation. Furthermore, it also presents modelling 

studies examining the effects of varying some key design variables on the thermal 

performance within the atrium in relation to occupants' thermal comfort. 

Hence, the primary objective of this CFD modelling was to investigate the effects of 

varying the inlet to outlet opening area ratios and also the outlet's arrangement (i. e. 

location and configuration of outlet section) on the atrium's thermal environmental 
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performance. Details of temperature distribution5 airflow patterns and other comfort 
parameters would provide a better picture of the resultant thermal performance within the 

atrium in response to the changes of the design variables. 

8.2 Criteria for Assessment of Thermal Environmental Performance and Comfort 

In these CFD atrium modellings, the parametrical studies, in particular, were carried out 
to investigate quantitatively the effects of some critical aspects of ventilation openings 
(i. e. size, location and configuration) on the atrium's thermal environmental performance. 
Some of the computed indoor thermal environmental variables such as air and resultant 
temperatures, air movement, and 'Predicted Mean Vote' (PMV) index were used to 

evaluate and compare the resulting thermal environmental performance within the central 

atrium with regard to the users' thermal comfort. 

As mentioned earlier in section 7.5 of chapter 7, tropical atrium particularly in Malaysia 

can be habitable or thermally comfortable when the indoor resultant temperature and 

relative humidity within the occupied levels range between 20.8'C to 28.6'C and 40% to 

80% respectively in air-conditioned buildings. Within naturally ventilated indoor space, 
however, the maximum range can be increased slightly depending on the air movement 
(i. e. generally between 0.5 m/s to 1.0 m/s) and activity level as discussed earlier in section 
2.4.5 of chapter 2. 

In general, the comfort requirement within an atrium is less stringent as most areas, 

particularly balconies and corridors, are normally used for short-term relaxing and 

socialising or as transitional space. For a practical assessment of the thermal environment 

within these simulated CFD atrium models, 'Predicted Mean Vote' (PMV) index 

introduced by Fanger [ 1970] will also be used. PMV comfort index, which uses thermal 

sensation as assessment, predicts the mean value of the votes of a large group of persons 

within any particular thermal environment. In these CFD modellings, the PMV index 

within the central atrium was computed by the software as explained in section 8.3.1. 

Refer to section 2.4.3 of chapter 2 for detailed discussion on Fanger's PMV comfort 

index. As it was actually derived on the basis of experimental conditions which are near 

thermal neutrality (slight discomfort), a space is considered to be thermally comfortable 

when the PMV values are between -2 and +2, as recommended by Fanger [1970] and 

ISO 7730 [1994]. 
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8.3 Development of CFD Atrium Model 

In this study, the development of the CFD atrium model and methods for determining its 

robustness will be dealt with in detail based on the standard CFD modelling procedures. 
Firstly, the descriptions of the developed model which include setting up domain to be 

discretised, defining its boundary conditions, and selecting appropriate turbulence model 

were discussed. Secondly, both grid independence test (i. e. grid densities and 

arrangement/refinement) and iteration (or convergence) tests were carried out to verify 
the accuracy of the solution obtained by CFD simulation. Finally, the robustness of the 
developed CFD atrium model was validated by comparing the simulation results from 

CFD with that of TAS, particularly the results of the vertical temperature gradients within 
the three-storey linear representative atrium models. For comparison purposes, the 

thermophysical characteristics of air and boundary conditions for both side-lit and top-lit 

models were kept identical to those simulated with dynamic thermal modelling software 
TAS for the ground floor only pressurised ventilation. 

8.3.1 Domain 

Basically, the interest of this study was to examine the air distribution and vertical 

temperature gradients within the atrium well. Therefore, the numerical domain was only 

confined to the central linear atrium which includes ground floor level, first and second 

floor balcony and corridor areas, as well as wall-to-roof void and below roof areas. As 

such the adjacent offices for both representative models were not included in the 

numerical domain. For the side-lit model (Figure 8.1 (a)), the size of the numerical domain 

was 30 in in length by 9m in width by 14.2 m in height. Whilst for the top-lit model 

(Figure 8.1 b), the size of the numerical domain in terms of length, width and height was 

30 in x9mx 14.7 m. In order to consider only the void areas within the central atrium, 

the flow domain was further defined by creating blockage objects at the four comers of 

the three occupied levels and also the areas above the occupied levels surrounding the 

wall-to-roof void and below roof areas as shown in Figure 8.1. The fully glazed pitched 

roof top for the top-lit model was created using two wedge-shaped objects and slightly 

modified with a flat plate object sized 1.0 in wide and 18 in long at its pitch. This was 

purposely done in order to accommodate for the central rooftop vent (outlet), which was 

otherwise impossible to be located with fully pitched rooftop due to the wedge-shaped 

objects. 
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Figure 8.1 Numerical domains of both representative atrium models. 

8.3.2 Boundary Conditions 

One of the major limiting factors to the accuracy of a CFD solution is the quality of the 

information relating to the boundary condition applied to the problem. In this CFD 

modelling of atrium thermal performance the solution domain was bounded by solid 

surfaces (including walls, floor, ceiling and/or roof and glazing) and fluid surfaces (such 

as air supply and exhaust openings). 

It is a common practice in industry to use information from design guidelines to be 

applied as boundary conditions. Although this is a quick and easy way to run CFD 

simulations, the drawback is that the computed results may not be accurate. Correct 

information on the effect of solar absorptions at the internal surrounding surfaces, which 

directly affect the indoor air temperature due to the high heat energy, is essential when 

simulating thermal environment in highly glazed enclosures. The data predicted by 

dynamic thermal simulation, TAS model, are much more realistic and specific as the 

hourly climatic effects (i. e. solar radiation, wind speed and direction, temperature and 

humidity), operational effects (i. e. heat gains from People, light, and equipment; and 

HVAC system performance), and building elemental conditions were taken into account. 

As such, based on the conditions and results from the dynamic thermal modelling (TAS) 

of ground floor only pressurised simulations for both representative atrium models which 

was reported in details in the previous chapter, the boundary conditions applied to the 

CFD atrium models can be outlined as follows: 

The internal temperatures of the boundary surfaces were taken from the dynamic 

thermal simulation results. The surface temperatures at 1400 hrs (i. e. the hottest 
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hour of the day) were specified accordingly for both representative CFD atrium 
models as given in Appendix D(i). 

* The total outlet opening area was maintained to be the same as that of the TAS 

models, which was 10 m2 for both side-lit and top-lit models. For top-lit model, 
the high-level horizontal outlet opening sized 10 m long by Im wide was located 
horizontally at the centre of the glazed rooftop at 14.7 m height from the ground 
floor level. Whereas for the side-lit model, two vertical outlets with each sized 10 

m long by 0.5 m high were located at the top of the north and south clerestory 
walls at 13.7 m height from the ground floor level. 

In this case, the outlet opening would allow the pressurised air (i. e. positive 

pressure) within the atrium well to flow out of the domain. However, if the air 
pressure nearby the outlet opening section was negative (i. e. depressurised), the 

outside air would come across the boundary into the domain. 

e The total supply air volume flow rate (the total air flow pressurised into the 

ground floor atrium) was 3.3 m 3/S for the side-lit model and 3.36 M3/S for the top- 

lit model, respectively (Table 8.1). 

Inlet openings 
Volume flow rate (m3/s) 

Side-lit model Top-lit model 

n1 0.650 0.660 

n2 0.205 0.210 

n3 0.205 0.210 

M 0.590 0.600 

sl 0.650 0.660 

s2 0.205 0.210 

s3 0.205 0.210 

s4 0.590 0.600 

Total 3.300 3.360 

Table 8.1 The supply airflow rate for each of the low-level inlet openings (in m'/s). 

9 In the dynamic thermal modelling, the bulk mass flow rate from ground floor 

offices' zones were introduced to the ground floor atrium zones. In order to model 

this pressurised air in the CFD models, it was assumed that the 23*C air was 

supplied through eight low-level inlet openings sized 2.5 m long by 0.2 rn high 

located at the ground floor level on both north and south indoor offices' walls (see 

Figure 8.1) of both top-lit and side-lit models. Hence, the total inlet opening area 

for both representative models was 4 in 2- The supply air volume flow for each of 

the inlet openings were specified accordingly as shown in Table 8.1. 
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The net heat input, Q, (or surplus heat) inside the atrium, which is the net heat 

gain (i. e. from occupants, lighting, solar, etc. ) minus the heat losses (due to heat 
transmission through surfaces and to infiltration), were estimated using Equation 
2.32 [Andersen, 1995 and 2003] as discussed in chapter 2 and rewritten below: 

V, = 0.037 ( QHj )1/3 (CdIAI )1/2 

where; 
V, : the total supply air flow (which was 3.3 m 3/S for side-lit model and 3.36 

m 3/S for top-lit model respectively), 

the net heat input, 
H H, = I+n 2: from Equation 2.16a, where H, is the vertical distance from the 

centre of inlet opening to the neutral pressure plane level, and H is the 

vertical distance from the centre of inlet opening to the centre of outlet 

opening (i. e. 13.85 m for side-lit model and 14.6 m for top-lit model, 

respectively); and from Equation 2.16c it can be rewritten as 

n2= (T, IT )2 

,,:, 
j(Aj1A2 where Tj is the average atrium indoor air 

temperature (refer to Appendix D(ii)) for average indoor air 

temperature for both representative models at 1400 hours respectively 

and T,,, is the supply air temperature at inlets (which was 23T), and the 

total inlet (A, ) and outlet (A2)opening areas were kept constant for both 

models (i. e. AI=4 M2 and A2 = 10 M 
2). 

Cd, : discharge coefficient for inlet (= 0.57). 

Atrium level 
Space volume (M) 

Side-lit Top-lit 
Net heat input at 1400 hrs, Qs (Waft) 

Side-lit Top-lit 
Ground Floor 755.8 755.8 3187 3195 
First Floor 789.3 789.3 3328 3336 
Second Floor 762.3 762.3 3214 3222 
Wall-to-roof void 189.0 297.0 797 1255 
Below roof 270.0 171.0 1138 723 

Total 2766.4 2775.4 11,664 11,731 

Table 8.2 Estimated net heat input, Q,, (in Watt) within the atrium for both 

representative models at 1400 hours. 

It was also assumed that the net heat input, Q,, was uniformly distributed within 

the atrium well and the estimated net heat input at 1400 hours for each atrium 
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level (which was specified according to its volume) for both representative models 
is summarised in Table 8.2 above. 

In atria, the airflow is typically predominantly thermally driven since the 

momentum of supply jets diminishes with throw distances and the momentum of 
buoyant plumes increases with height [IEA-ECB Annex 26,1998]. The atrium 
fills with warm air due to the net heat input, Q, and the deep warm layer between 

ventilation openings (i. e. inlet and outlet openings) located at different levels 

enhances the flow [Holford and Hunt, 2003]. In this CFD modelling, the atrium 

ventilation by thermal buoyancy was obtained by providing low-level inlet 

openings supplying cooler 23'C air into the ground floor atrium and high-level 

outlet opening to exhaust the hot air out of the atrium. 
Atrium ventilation by thermal buoyancy is the air exchange between two or more 

zones with different air densities (or pressures). These differences can be due to 

different temperatures or different moisture contents. However, in an atrium the 

temperature differences will dominate. The temperature difference can occur due 

to heating of the zones at different levels within the atrium well. After a period of 

time, steady-state conditions will exist with a balance between the heat supply, the 

temperature difference, the resulting ventilation capacity, and the heat losses. 

8.3.3 Turbulence Model 

The indoor airflow is usually a turbulent flow. The Reynolds numbers (the ratio of inertia 

to viscous forces) for most flows within the built environment are in the transition range. 

Even in the turbulent regime, there is currently no universal turbulent model available that 

can reflect the behaviour of full range of complex turbulent flows observed in buildings 

[Hammond, 1988]. From the viewpoint of engineering use, simulation based on the 

Reynolds averaged equation is the most efficient and commonly used. The k-E two- 

equation model is used to incorporate the effect of turbulence on the flow. The model was 

first developed by Harlow and Nakayama [1967] and further refined by Launder and 

Spalding [ 1972]. 

The standard k-E turbulence model has been widely applied in predicting many types of 

turbulent flow phenomena including ventilation design applications, y1elding many 

satisfactory results. Two dimensional room airflow simulation based on the k-E turbulence 

model was first conducted by Nielson [1974]. However only a few studies, such as the 

works of Sakamoto and Matsuo [1980], Murakami et al. [19871, and Murakami and Kato 
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[1989] have been conducted to examine the accuracy of numerical simulation for 3-D 
recirculating flow in a ventilated room 

In this CFD simulation, the standard k-E turbulence was applied with the HYBRID 
differencing scheme in combination with the standard wall-function. The log-law velocity 
profile was imposed at the inlet boundary, no-slip rough wall surface on the ground of the 
domain whereby no flow through this surface and shear velocity on it remains zero, and 
zero static pressure at the outlet. 

8.3.4 Radiation Model 

In the study of airflow and heat transfer in a large enclosure, it is essential to consider 

surface heat exchange not only by natural convection but also by long-wave thermal 

radiation (infrared radiation) [IEA-ECB Annex 26,1998]. Both these phenomena are 

governed by surface temperature. In a large indoor space such as an atrium, the ceiling's 

surface temperature may be affected by pronounced thermal stratification, such that the 

radiative heat flux from the areas below the roof to other surfaces is very large. Similarly, 

as the floors and walls are heated by solar radiation, the absorbed heat is redistributed to 

other surfaces by long-wave radiation. Therefore, the long-wave redistribution of solar 

radiation in this way is vital to be considered in this CFD atrium modelling studies. 

In this CFD modelling using computer code PHOENICS, the radiative heat transfer 

within the representative atrium models was solved by radiation model called 

IMMERSOL. The IMMERSOL method involves three main elements as follows [POLIS: 

the PHOENICS On-Line Information System]: 

9 Solution for the variable T3 4, from a heat-conduction-type equation with a local 

conductivity dependent on the nature of the medium, on its temperature, and on 

the distance between nearby solid walls. 

* Solution for the temperature of the fluid phase(s) by means of the conventional 

energy equation(s), having either temperature or enthalpy as the dependent 

variable(s). 

& Modifications of the source terms, in cells adjacent to solids, which account for 

the departures of the surface emissivity from unity. 

4 T3 is defined, for media within which thermal radiation is active, as the fourth root of the radiosity, 
divided by the Stefan- Boltzmann constant, a. 

For solid materials which may be immersed in the medium, T3 is defined as being equal to the local solid 
temperature. 
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Following the selection of IMMERSOL from the radiation models, its settings should 
then be made in order to activate solution for the required variables. For these CFD 

simulations, the absorption coefficient was set to be 1.0 and the 'Store Radiative energy 
fluxes' was switched ON. The emissivity of all the boundary surfaces was also set in 

addition to their surface temperatures. The internal walls which were of plastered bricks 
and the concrete floor elements were set to have emissivity of 0.9, whereas the emissivity 
of glazed walls and roof elements were set to be 0.845. 

8.3.5 Grid Density 

An orthogonal grid based on the Cartesian coordinate system (xy, z coordinate axes) was 

employed in these simulations. As the atrium enclosures were large, it was considered 

most efficient to refine grid only locally, in regions of large gradients, in particular near 

walls, supply inlets and outlets. It is essential to use fine grid near boundary surfaces in 

order to more accurately bridge the flow field with the boundary conditions for flow and 
heat transfer. 

The airflow in the atrium space was driven by forced convection due to pressurised 

ventilation air from the surrounding offices (i. e. through eight low-level inlet openings 

sized 2.5 in long by 0.2 m high located at the ground floor level on both north and south 

adjacent offices' walls), and by natural convection due to differing wall surface 

temperatures. In order to accurately predict the flow field inside the atrium dominated by 

forced convection, it was important to reproduce precisely the jet stream from each inlet 

[IEA-ECB Annex 26,1998]. The jet goes through a mixing process, entraining the 

surrounding air and mixing with it. The large velocity gradient which was formed in this 

mixing region, produced much turbulence. The jet's diffusion pattern therefore greatly 

depends on the velocity gradient and the accompanied turbulence. The accuracy of 

predicting this pattern nearly entirely depends on the accuracy of reproducing the velocity 

gradient within the boundary layer, which is subjected to the local grid size. Hence, the 

grid size in the jet region must be very fine. 

The airflow through outlet opening has practically no effect on the air flow pattern within 

the atrium. It can be assumed a zero gradient normal to the outlet opening for all the flow 

variables. Consequently, the local grid size has little effect on the accuracy of enclosure's 

airflow distribution. 
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In addition, accurate treatment of near-wall flow (boundary layer flow) is another 
important element to obtain an accurate solution of the airflow in the core of the atrium. 
On the ground floor where pressurised air was introduced through the inlets, a steep 
velocity gradient is form next to each wall, due to friction, with zero velocity at the wall 
surface. These are described as forced-convection boundary layers. Furthermore, within 
the atrium where the wall surface temperature is generally high, the influence of 
temperature becomes predominant, and a thin layer of rising and falling buoyant air 
develops along walls (surfaces facing the enclosure, including the floor and ceiling). 
These are described as natural-convection boundary layers. As the boundary layer is 

typically only several millimetres thick, it is very important that the loss of velocity and 
heat transfer mechanism in this thin layer be accurately dealt with by using very fine grid 

near the wall. 

As the discretized domain was large and bearing in mind the computing cost of very 
dense grid, it is very important to have the right or necessary amount of grid points (cells) 

to optimise the simulation. The numerical tests on grid-independence had been carried out 

on side-lit representative model using three different total number of Cartesian grid 

points: 317520 cells (105x4P63), 806880 cells (164x6Ox82), and 1,013,888 cells 

(17P64x89). The resulting data from these simulations at 500 iterations are included in 

Appendix D(iii), and analysed and discussed in section 8.5.1. 

8.3.6 Iteration Number 

Apart from having sufficient numerical grid points and resolution, the accuracy of the 

solution obtained by CFD simulation also usually depends on the degree to which the 

solution satisfies the discretised equations. This can normally be assessed by the level of 

imbalanced error-sources within discretised equations. Most commercial CFD software 

packages incorporate a graphical representation of these sources, which gives a useful 

indication on convergence. 

A point in a flow domain at which the flow variables can be probed or monitored as the 

solution runs should be carefully set. In general, the probe is positioned at a location 

where flow is expected to have a high value of velocity gradient. Particularly in a large 

flow domain, a few trial runs should be carried out to identify the most critical location 

that affect the overall solution of the flow field parameters in the domain. At this critical 

monitoring point it is normally rather difficult to get converging solution and usually 

requires longer running time (or higher iteration number) for the values of the variables to 
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become stable or constant. From the trial runs, it was decided that the probe position 
should be located at IXMON=l 31 (location of cell along x-axis), IYMON=48 (location of 
cell along y-axis), and IZMON=68 (location of cell along z-axis). 

Having decided the right amount of computational grid cells and probing position, the 

convergence tests had been carried out using three different number of iterations: 500 
iterations, 1000 iterations and 1500 iterations. The tests were carried out using Intel 
Pentium 4 CPU (2.00 GHz) with 1,039,896 KB RAM. With this computer capability, it 

took about 28 hours and 24 minutes to run the model with grid density, 178x64x89 at 
1500 iterations. The resulting data from these simulations are included in Appendix 
D(iii), and analysed and discussed in section 8.5.1. 

8.4 Parametrical Studies 

As mentioned earlier in the introduction of this chapter, CFD simulation is capable of 

providing detailed hourly static snapshots of airflow and temperature distribution within 

multi-level atrium. It is therefore appropriate to be used as a design tool to examine some 

geometrical parameters that would possibly affect the thermal environmental performance 
inside the atrium. This CFD modelling study investigated quantitatively the effects of 

varying both the inlet to outlet area ratios and outlet's arrangement (i. e. location and 

configuration of outlet section) on the atrium's thermal environmental performance. The 

description for each of the parametrical studies with regard to the representative atrium 

models are described in detail in the following sub-sections. The resulting atrium's 

thermal environmental performance in relation to users' thermal comfort for each design 

variable investigated was basically assessed based on the predicted air and resultant 

temperatures, air movement, and 'Predicted Mean Vote' (PMV) index. 

8.4.1The effect of Varying Opening Area Ratio on Atrium's Thermal Environmental 

Performance 

As discussed earlier in section 2.5.3 of chapter 2, the neutral pressure plane is a certain 

level between inlet and outlet openings where the inside and outside pressures are equal. 

Below the neutral pressure plane there will be an indoor negative pressure allowing an 

inward airflow through the inlet, whilst above the neutral pressure plane there will be 

positive pressure forcing the room air to flow out through the outlet. The development of 

CFD atrium models to investigate quantitatively the effects of varying the inlet to outlet 
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opening area ratios on the atrium's thermal environmental performance are outlined as 
follows: 

From Equation 2.16c, the changes of the neutral pressure plane are essentially 
dependent on changes of the ratio of total inlet area to total outlet area (A, IA2 ) as 

T, IT,,, is almost constant. Thus, n -- A, IA2 
. This study examined three different 

inlet to outlet area ratios such as n=0.5, n=1, and n=1.6. Smaller inlet to outlet 
area ratio (i. e. AI: 5A2) implies higher neutral pressure plane level causing higher 

inlet velocity. On the contrary, greater inlet to outlet ratio (i. e. A >A2) would bring 

down the neutral pressure plane level resulting in smaller inlet velocity associating 

with smaller 'driving force' through the inlets. 

0 The total inlet opening area was fixed to be 1.6 m2 for both representative models. 
It was assumed that the 23*C air was supplied through ten low-level inlet openings 

sized 0.8 m long by 0.2 rn high located on both north and south walls of the 

ground floor atrium (see Figure 8.2) for both top-lit and side-lit models. 
For the side-lit model, the 3.3 m 

3/S 
total air volume flow were supplied through 

the ten inlets with each inlet equally supplying 0.330 m 
3/S, 

whereas each of the ten 

inlets of the top-lit model equally supplied 0.336 m 
3/S, 

yielding the total air 

volume flow of 3.36 m 
3/S. 

e As the total inlet area was fixed at 1.6 m2, the total outlet opening area was 

calculated based on the inlet to outlet area ratio, n. The outlet opening area for 

each value of n and its associated size and location for both representative models 

are surnmarised in Table 8.3 below and illustrated in Figure 8.2. 

Inlet to outlet Outlet opening Side-lit model Top-lit model 
area ratios (n) area (m 2) size location size location 

0.5 3.2 6.4 mx0.5 m Central top 3.2 mx1.0 m Central 
1.0 1.6 3.2 mx0.5 m of North 1.6 mx1.0 m glazed clerestory rooftop 1.6 1.0 2.0 mx0.5 m window 1.0 mx1.0 m 

Table 8.3 The size and location of high-level outlet opening for both representative 

models due to different opening area ratios. 
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Figure 8.2 Models showing low-level inlet and high-level outlet sizes due to different 

opening area ratios. 

The outlet opening for side-lit model (Figure 8.2a) was located only at the central 

top of north clerestory windows. This was due to the fact that the initial simulation 

result (as described in section 8.2) showed that the hot air was only exhausted out 

through the north-side outlet despite having two outlet openings on both north and 

south clerestory windows. The reason for this was that the pressure near the south 

walls in the below roof areas was generally higher than the pressure closer to the 

north walls. As the thermal stratification in the below roof areas was highly stable, 

the upward movement of airflow from lower levels was greatly suppressed and 
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slowly moving towards the north clerestory wall, which eventually was driven out 
through the north-side outlet. 

The same computational domain with boundary conditions of surface 
temperatures and the net heat inputs at 1400 hrs (i. e. the hottest hour of the day) 

were used for both representative atrium models (refer to Appendix D(i) and 
Table 8.2). It was felt that simulating only the indoor thermal conditions at 1400 
hours is sufficient to represent the worst-case scenario within the atrium. These 

physical boundary conditions were kept constant for all models. Similarly, the 

same standard k-E turbulence model and the IMMERSOL radiation model were 
employed. 

In addition to the solved air temperature, radiant temperature and air velocity, the 
PMV index at any location within the space was computed by setting the 
individual parameter (i. e. Clo-value and metabolic rate) as well as an additional 

environmental parameter (i. e. relative humidity). The Clo-value and metabolic 

rate were set to be 1.0 (typical business suit) and 2.0 (2 knvhr walking on level), 

respectively, representing the typical clothing worn by people in an office building 

and also their common activity (in addition to seated quietly and standing at ease) 

within the atrium. 

The relative humidity was set to be 80%. The higher relative humidity setting 

compared to the value recommended by ASHRAE and other organisations was to 

reflect the fact that Malaysians are acclimatised to much higher environmental 

temperature and humidity level, which was discussed earlier in chapter 2, section 

2.4.5. Furthermore, the atrium is generally used as a relaxing, transitional space, 

which requires less stringent indoor comfort conditions. 

The total number of Cartesian grid points was 1,025,280 cells (l80x64x89) for 

side-lit models and 1,036,800 cells (l80x64x9O) for the top-lit models 

respectively. For both representative models, the simulations were carried out with 

1500 iterations. 

8.4.2The Effect of Outlet's Arrangement on Atrium's Thermal Environmental 

Performance 

As mentioned earlier, the aim of this parametrical study was to examine quantitatively the 

effect of outlet's arrangement (i. e. location and configuration) for both representati", e 

models on atrium's thermal environmental performance. The resulting performance of 
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existing high-level vertical side vent for the side-lit model was compared with that of 
horizontal central top vent. While the resulting performance of existing horizontal central 
rooftop vent for the top-lit model was compared with that of vertical side vent. The 
development of CFD atrium models for this study is outlined as follows: 

0 The inlet to outlet area ratio of 1.0 (i. e. n=AIIA2== 1 -0) was used for these 

simulations. Hence, the total outlet opening area was 1.6 m2 as the total inlet 

opening area was fixed at 1.6 m 2. For both side-lit model with high-level vertical 

side vent and top-lit model with central rooftop vent, the size and location of 

outlet were similar to those shown in Figure 8.2 for n=1.0. Figure 8.3 shows the 

size, location, and configuration of the outlet opening for both side-lit model with 

central top vent and top-lit model with side vent. 
The 1.6 m long by 1.0 in wide horizontal outlet opening section for the side-lit 

model was located at the centre of the clerestory ceiling. It was assumed that the 

central top vent would be in the form of an exhaust chimney running vertically 
from the ceiling level right through the pitched roof. 
For the top-lit model, on the other hand, the 3.2 m long by 0.5 in high vertical 

outlet opening section was located at the central top of the north clerestory walls. 

j 

(a) Side-lit model (n = 1) (b) Top-lit model (n = 1) 

Figure 8.3 Models showing outlet's arrangement: side-lit model with horizontal top 

1-1 

vent and top-lit model with vertical side vent. 

9 The inlets' size, location, and supply air volume flow rate of both representative 

models were exactly the same as that of the study on the effect of varying the ratios of 

inlet to outlet opening area described in section 8.4.1. 

9 The computational domain with boundary conditions of surface temperatures and the 

net heat input at 1400 hrs for both representative models, standard k-E turbulence 

model and IMMERSOL radiation model employed, and comfort indices activation 
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and settings for these simulations were also maintained to be similar to those of 
section 8.4.1 above. 

e For these simulations, side-lit model with Cartesian grid points of 1,025,280 cells 
(1 80x64x89) and top-lit model with 1,036,800 cells (1 80x64x9O) were also run with 
1500 iterations. 

8.5 Results and Discussion 

In this section, the analysis and discussion of results are divided into three main parts. 
The first part discusses the numerical verification on the tested side-lit atrium model, 
particularly with regard to grid independence, and stability and convergence (i. e iteration 

test). It follows with the discussion on the validation of CFD simulations, which is to 

evaluate and validate the capability of the developed CFD atrium models in modelling 
thermal stratification within the multi-level atrium. CFD simulation results will be 

compared with dynamic thermal modelling TAS results particularly the average indoor 

air and resultant temperatures at 1400 hours within both side-lit and top-lit atrium model. 
The last part discusses the results of modelling studies investigating the effects of varying 
the opening area ratios as well as changing the outlet's arrangement (i. e. location and 

configuration) on the atrium's thermal environmental performance. 

Basically for the first part, the vertical gradients of average air temperature, which is one 

of the thermal measurable variables, will be used to analyse and verify the accuracy of the 

CFD solution. Whilst for the second part, the vertical gradients of both air and resultant 

temperatures will be used to analyse and validate the performance of the developed CFD 

atrium models by comparing with the results from dynamic thermal simulation, TAS. 

Fortunately, CFD computer code PHOENICS (version 3.6.1) is capable of providing the 

average of all the computed variables at any vertical (along both xz- and yz- plane) and 

horizontal (along xy-plane) slices. The average indoor air temperature for each particular 

atrium level was determined based on the predicted average air temperature taken at three 

levels on the xy-plane (along z-axis) which cover top-, middle- and low- level as shown in 

Table 8.4. 
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Side-lit model Top-lit model 
Atrium level z-coordinate (along xy-plane) in meter 

low middle top low middle top 
Ground floor 0.9 1.7 2.6 0.9 1.7 _ 2.6 
First floor 4.3 5.1 6.0 4.3 5.1 6.0 
Second floor 7.7 8.5 9.4 7.7 8.5 9.4 
Wall-to-roof void 10.6 11.0 11.3 10.8 11.4 12.0 
Below roof 12.4 13.1 13.7 13 13.7 14.4 

Table 8.4 The z-coordinates at which the average air temperatures were taken at three 
levels within each of the atrium levels. 

For parametrical studies, apart from data on average indoor air temperature within each 
particular atrium level, the average air velocity, resultant temperature, and pressure 
gradient will also be used in analysing and discussing the thermal environmental 

performance within the atrium. In addition, the sectional plots of the computed variables 
including PMV index will be included for better visualisation of the overall atrium's 
thermal performance. When the plot of the variables is used, the probe position is 

generally located at the centre of the atrium on the top occupied level at the height of 1.7 

m from its floor level. This middle level is purposely chosen because it represents the 

average height of a person or slightly above the body level of a tall person. Hence, this 

level is assumed to be most sensitive to the users' sensation of thermal comfort. 

8.5.1 CFD Atrium Model Tests 

(i) Grid density 

The accuracy of the solution obtained by CFD simulation relies heavily upon the degree 

to which the solution depends on the grid arrangement. Therefore, in all CFD simulations 

a grid-independence test must be sought by increasing the number of the grid lines, or 

concentrating them into regions where large variations in the variables occur, such that no 

significant change is observed with further increase. The simulation results of average air 

temperature for each of the grid densities simulated at 500 iterations are included in 

Appendix D(iii). 

Figure 8.4 shows the average air temperature within the atrium resulting from simulating 

the side-lit atrium model with three different numbers of cells at 500 iterations. It clearly 

shows the predicted air temperature increased with the increase in the grid densities. As 

the number of cells was increased by more than double, from coarser grids 105x48x63 

(317520 cells) to slightly finer grids 164x6Ox82 (806880 cells), the average air 
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temperature rose from 0.23T on the ground floor to about 0.350C in the below roof area. 
This indicates that denser grids and finer mesh development near the enclosure walls and 
inlet and outlet openings had improved the resolution of both thermal and velocity 
boundary layers developing on the walls. When the grid density was further increased to 
178x64x89 (1,013,888 cells), the average air temperature improved only slightly ranging 
from 0.050C to 0.07T. It was therefore decided that the mesh of 178x64x89 is fairly 

reasonable to capture the heat and air exchanges within the enclosure since the discretised 
domain was large and taking into account the computing cost with further increase in grid 
density. 
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Figure 8.4 Average air temperature within the atrium due to different grid densities. 

(ii) Iteration number 
Using grid density 178x64x89 and the probe position located at IXMON=131, 

IYMON=48, and IZMON=68, the convergence tests were carried out with iteration 

numbers of 500,1000 and 1500. It was found from the simulations that the residual 

errors of most of the solved variables started to drop to minimum levels beyond 800 

iterations except variables VI (y-direction velocity) and W1 (z-direction velocity), which 

required longer iterations to converge to a stable level. The simulation results of air 

temperature within the central atrium simulated with different number of iterations are 
included in Appendix D(iii). 

Figure 8.5 shows the average air temperature within the atrium due to different number of 
iterations. It can be clearly seen from the graphs that the solved variables had not yet 

converged with 500 iterations as demonstrated by the underestimated values of average 

air temperature. When the number of iteration was increased to 1000, the predicted 
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average air temperature within the atrium went up ranging from 0.1 PC to 0.270C. With 
further increase of iterations to 1500, the average air temperature rose only slightly 

ranging from 0.060C to 0.12T. Even though the changes in air temperature was very 
small, it was observed from the 'Solver' run screen that the values of all the solved 

variables converged to stable levels with their residual errors dropped to minimum as the 
iterations approached 1500. Hence, the subsequent CFD atrium modelling studies were 

simulated with 1500 iterations. 
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Figure 8.5 Average air temperature within the atrium due to different iterations. 

8.5.2 Validation of CFD Atrium Models 

CFD simulations are capable to provide results of the distribution of the solved variables 
(air temperature, resultant temperature, air velocity, etc. ) within the solution domain. 

However, dynamic thermal simulation with TAS is only capable to provide a single value 

of the solved variables (air temperature, resultant temperature, etc. ) for any particular 

zone within the enclosure. Hence, the values of air and resultant temperatures for each 
level within the central atrium were considered as the average air and resultant 

temperatures of all the zones within each particular level. 

In order to compare CFD simulation results with those of TAS, it is convenient to 

determine the average air temperature and resultant temperatures for each particular level 

within the central atrium. The average air and resultant temperatures taken at three levels 

covering low-, middle- and top-level within each particular atrium level were used to 

estimate the vertical gradient of average air and resultant temperatures within the central 

atrium. These results for both representative atrium models are included in Appendix 
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D(iv). Figures 8.6 and 8.7 show the resulting air and resultant temperature distribution at 
1400 hrs for both side-lit and top-lit models respectively. 
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(a) Air temperature plotted along y=4.5 m 
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(b) Resultant temperature plotted along y=8.25 m 

Figure 8.6 Air and resultant temperature distribution at 1400 hours within the side-lit 

model. 

Figure 8.6(a) reveals that ventilation driven by thermal buoyancy in side-lit model with 

high-level side vent resulted in well-mixed indoor air; hence, the vertical temperature 

difference was relatively small. Furthen-nore, it can be clearly seen from temperature plots 

for both side-lit and top-lit models that temperature stratification in wall-to-roof void and 

below roof areas is highly stable. Within the occupied levels as illustrated in Figures 

8.6(b) and 8.7(b), resultant temperatures predicted by CFD correlate reasonably well with 

those of TAS. The resultant temperature along the second floor balcony was generally 

less than 29'C for side-lit model. Whilst for top-lit model, it was generally less than 

30.5'C. 
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Figure 8.7 Air and resultant temperature distribution at 1400 hours within the top-lit 

model. 

Figure 8.8 compares the predicted average air and resultant temperatures within the 

central atrium for both representative atrium models resulting from both CFD and TAS 

simulations. In general, the temperature profiles for both atrium models demonstrate that 

the CFD simulation results agree reasonably well with those of TAS. The discrepancies in 

the average air and resultant temperatures, particularly within the occupied levels, 

between CFD and TAS were generally very small whereby CFD simulations results 

tended to be slightly underestimated. The difference in average air temperature between 

TAS and CFD simulations ranged from 0.02 K to 0.07 K for both representative atrium 

models. Whilst for the resultant temperature, the difference was also minimal ranging 

from 0.01 K to 0.08 K. These reasonably accurate results exhibited that the boundary 
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conditions for the CFD atrium models as well as the mesh development and arrangement 
within the solution domain have been correctly represented. 
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Figure 8.8 Predicted average air and resultant temperatures within the atrium at 1400 

hours resulting from both TAS and CFD simulations. 

In the wall-to-roof void area,, however, CFD simulation results were moderately 

overestimated. The difference in average air temperature in this area between TAS and 
CFD was 0.22 K for side-lit model and 0.23 K for top-lit model, respectively. The reason 
for these discrepancies can be due to the slightly large overestimation of net heat input, 

Qs) applied to this area. It was assumed that the calculated net heat input within the 

central atrium was evenly distributed and the value assigned for each particular area was 
based on its space volume. Therefore, the already high surface temperatures surrounding 

this area and the overestimated net heat input applied resulted in the slightly large 

predictions of air and resultant temperatures by CFD simulation. On the other hand, in the 

below roof area, the presence of outlet opening helped to reduce this problem by 

effectively exhausting out the stratified hot air resulting in better predictions of air and 

resultant temperatures. Despite this small error, it is evident from this exercise that the 

created CFD atrium models are capable of modelling temperature stratification due to 

thermal buoyancy within multi-level atrium with reasonably accurate results. 
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8.5.3 Parametrical Studies 

The effect of varying opening area ratio on atrium's thermal environmental 
performance 

Varying the inlet to outlet area ratios would result in the changes of the neutral pressure 
plane level. Consequently this would affect the thermal environmental performance 
within the enclosure. Figures 8.9(b) and 8.1 O(b) show the vertical pressure gradient and 
the resulting neutral pressure plane levels associated with the inlet to outlet area ratios for 

both side-lit and top-lit representative models. The simulation results of average air and 

resultant temperature, air velocity and the pressure gradients for each particular area 

ratios are included in Appendix D(v). 

Figures 8.9(a) and 8.1 O(a) show the average air temperatures within the central atrium for 

both representative atrium models due to the total inlet to outlet opening area ratios of 
0.5,1.0, and 1.6 (with the fixed total inlet opening area of 1.6 in 2). It can be seen from 

both graphs that the differences in the average air temperature between each of the area 

ratios were very small. The main reason for these slight differences was probably due to 

the relatively small differences between the total inlet area and the outlet area for the 

large atrium volume. 

Furthermore, both Figures 8.9(a) and 8.1 0(a) also exhibit that the resultant thermal 

performance within the representative atrium models for both opening area ratios, n=0.5 

and n=1.0, were very much similar to each other. Their higher neutral pressure plane 

level, which can be clearly seen from Figures 8.9(b) and 8.1 0(b), led to the increase in the 

pressure difference across the inlets. Therefore, as a result of slightly higher inlets' 

velocity due to greater 'driving force' through the inlets, the indoor air particularly within 

the occupied levels was well-mixed. In general, the simulation results showed that the 

average air velocity on occupied levels for both area ratios of n=0.5 and n=1.0 were 

slightly higher than that of the area ratio n=1.6. On the other hand, the higher neutral 

pressure plane level lead to the decrease in the 'driving force' through the outlet; thereby, 

slightly lowering the average air velocity within the wall-to-roof void and below roof 

areas, which further reduced the ventilation capacity at the outlet (refer to Figures 8.11 b 

and 8.12b). The well-mixed hot indoor air coupling with lower outward flow rate of the 

stratified hot air in the below roof areas due to higher neutral pressure plane level vvere 

the main reasons for causing such similar thermal conditions for both opening area ratios, 

n=0.5 and n=1.0. 
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Figure 8.9 Average air temperature and pressure within the side-lit model due to 
different opening area ratios. 

16 

14 

12 

- 10 

8 

1: 6 

4 

2 

24 25 26 27 28 29 30 

Temperatures (C) 

9--n=6.5-(A-1 el QA2=3 2) 6 n=l(A#16; A2--16) 

X n=16(A#16; A2--10) 

(a) Air temperature 

4, 

ft 
S 

S 

s 
/ / s 

/ / 

I 
-16 -12 -8 -4 048 12 16 

Pressure (Pa) 

n=0.5(Al--16; A2=32) n=l(A#16; A2--16) 

n=16 (A#16; A2--10) 

(b) Pressure gradient 

Figure 8.10 Average air temperature and pressure within the top-lit model due to 

different opening area ratios. 

However, it also can be seen from both Figures 8.9(a) and 8.1 O(a) that the thermal 

performance within both representative atrium models was slightly better for opening 

area ratio, n=1.6. These results very well satisfy Equation 2.21, the expression for supply 

ventilation rate, as discussed in chapter 2 and rewritten below: 
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V, = CdIA, 2gHIAT 2 

Tai 

As the supply ventilation rate, VI, and the net heat input, Q, were kept constant, thus, 
lowering H, (i. e. shorter vertical distance from the centre of inlet opening to the neutral 
pressure plane level) would reduce the indoor air temperature, T,,. Similarly, temperature 
difference, AT, would also be lower and this would further decrease the pressure 
difference across the inlet. The smaller 'driving forces' through the inlets led to slightly 
lower inlets' velocity. The higher 'driving force' through the outlet also helped to 
increase the ventilation capacity at the outlet which further enhanced the outward flow of 
the stratified hot air, particularly in the below roof areas (refer to Figures 8.11 b and 
8.12b). 
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Figure 8.11 Vector plot of air velocity for opening area ratio, n=1.0 and the average air 

velocity within the side-lit model due to different opening area ratios. 
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Figure 8.12 Vector plot of air velocity for opening area ratio, n=1.0 and the average air 
velocity within the top-lit model due to different opening area ratios. 

In general, the average air velocity in the below roof area was higher when the opening 

area ratios was greater than 1.0 due to the higher ventilation capacity through the outlet. 

However, it can be clearly seen from both Figures 8.11 and 8.12 that the average air 

velocity at upper levels particularly from first floor level to wall-to-roof void level was 

very low, which was generally less than 0.045 m/s. As the cooled air was discharged at 

low level, the temperature stratification at upper levels was highly stable. Consequently, 

the vertical air movement was greatly suppressed causing the airflow to become stagnant 

particularly on the first floor level, second floor level and wall-to-roof void area. This is 

undesirable, as it would drive the stratified hot air to flow in to top occupied level making 

the surrounding area hot and uncomfortable. 

It should be noted that Equation 2.21 is valid only if the position of the neutral pressure 

plane level is not below the upper edge of the inlet or above the lower edge of the outlet. 

The vertical distance from the centre of inlet to the neutral pressure plane level, H1, 

influences the ventilation capacity through the inlet and also inlet's velocity. Likewise, 

the vertical distance from the neutral pressure plane level, H2, to the centre of outlet 

influences the ventilation capacity through the outlet and also outlet's velocity. 

Therefore, low neutral pressure plane level can be achieved by sufficiently high inlet to 

outlet area ratio. 
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CFD simulation results also in agreement with TAS that the resulting thermal 

performance within the side-lit atrium is better compared to that of the top-lit atrium as 
revealed by both Figures 8.13 and 8.14. It can be seen from Figure 8.13 that thermal 

conditions on the occupied levels during the hottest hour of the day (i. e. at 1400 hrs) for 

side-lit model generally satisfy the indoor thermal comfort requirements for Malaysians. 

The air and resultant temperatures on the second floor balcony was relatively high, which 

was about 26.7'C and 28.5'C respectively. However, the predicted PMV index of 1.82 

depicted the thermal condition on the second floor balcony was within the comfort range. 
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Figure 8.13 Air temperature, PMV and resultant temperature plots within the side-lit 

model for opening area ratio, n= 1.0. 
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The resulting thermal environmental performance within the top-lit atrium model can be 

seen in Figure 8.14. The thermal conditions on the first two atrium levels were generally 
within comfort range for Malaysians. PMV index and resultant temperature along the first 
floor balcony was 1.86 and 28.5'C respectively. As expected, due to higher solar heat 

gain from the top, the thermal condition on the second floor balcony was moderately 
uncomfortable as demonstrated by higher value of comfort parameters. The predicted 

resultant temperature was greater than 29.6'C and the PMV index was around 2.0. Hence, 

this area is generally suitable to be used as transitional space. 
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Figure 8.14 Air temperature, PMV and resultant temperature plots within the top-lit 

model for opening area ratio, n=1.0. 
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In these cases where the cooled air was supplied at low-level, the ground floor level is the 

most comfortable place for the building users to relax and socialise during their break 

time particularly lunch hours. It can be seen from Figures 8.11 and 8.12 that the average 
air velocity on the ground floor for both representative atrium models was about 0.13 M/s. 
The greatest airflow was at the centre of the ground floor as shown by the rising plume of 
cooler air, which can be clearly seen from both Figures 8.13a and 8.14a. 

(ii) The effect of outlet's arrangement on atrium's thermal environmental 

performance 

Changing the outlet's arrangement (i. e. location and configuration) could possibly affect 

the thermal environmental performance within the central atrium. Even though the 

opening area ratio remained the same, arranging the outlet with different configuration at 
different location Renerally changes the neutral pressure plane level. The position of the 

neutral pressure plane level would determine the degree of the affected thermal 

performance. The simulation results of average air temperature and air velocity as well as 

the pressure plots for the different outlet's arrangements for both representative models 

are included in Appendix D(v). 

In these simulated cases, in general, the change in the outlet's arrangement (i. e. from 

vertical side vent to horizontal top vent for side-lit model, and from horizontal rooftop 

vent to vertical side vent for top-lit model) only very slightly affected the thermal 

performance within the central atrium. This can be seen from Figures 8.13a and 8.15 (i. e. 

for side-lit model), and Figures 8.14a and 8.17 (i. e. for top-lit model) that there was no 

significant change in the vertical air temperature distribution particularly on occupied 

levels due to the different outlet's arrangements. The reason was that the change in the 

outlet's arrangements only caused a small change in the neutral pressure plane level and 

generally the position of the neutral pressure plane level was above the second floor level 

(refer to Appendix D(v). For side-lit model, changing the outlet's arrangement from the 

vertical side vent to horizontal top vent led to the increase in the neutral pressure plane 

level from about 8.75 m to 8.81 m. Likewise, the neutral pressure plane level declined 

from about 9.27 m to 8.33 m when changing the outlet's arrangement of the top-lit model 

from the horizontal rooftop vent to vertical side vent. In these cases, as the temperature 

stratification particularly at upper levels was highly stable, the change in the positions of 

the neutral pressure plane level, which were generally above the second floor level, had 

no significant effect on the vertical temperature distribution. 
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Figure 8.15 Air temperature plot for model with horizontal top vent and the average air 

temperature within the side-lit model due to different outlet's arrangement. 

Although no significant differences was observed, it can be seen from Figures 8.13a and 

8.15 that the thermal performance of side-lit model with vertical side vent was slightly 
better than that of the side-lit model with horizontal top vent. The air temperature above 

the second floor balcony at the centre of the atrium (probed at the height of z=8.5 in) for 

both side-lit models with vertical side vent and with horizontal top vent was 26.67'C and 

26.69'C respectively. It can be seen from the temperature contour plots that the rising 

plume of cooler air for model with vertical side vent is thicker than that of the model with 

horizontal top vent. With slightly slower air velocity at the inlets due to the lower 

pressure difference across inlets (i. e. lower neutral pressure plane level), the cooler air on 

the ground floor level for side-lit model with vertical side vent was better displaced due to 

thermal buoyancy effect causing slightly thicker rising plume. This was further evident by 

the slightly lower average air velocity above the inlets level up to the floor level as shown 

in Figure 8.16b. 

266 

24 25 26 27 28 29 



Velocity, M/S 
2.242351 
2.102217 
1.962083 
1.821949 
1.681815 
1.541680 
1.401546 
1.261412 
1.121278 
0.961144 
0.841010 
0.700876 
0.560742 
0.420608 
0.280474 
0.140340 

- 2.058E-4 

FLAIR E 

14 

12 

10 

E8 

m 

. 

w 

4 

2 

1, X 

Probe value atz = 8.5 m: 0.0255 

(a) Air velocity plotted along x= 15 rn (n = 1.0) (b) Average air velocity 

Figure 8.16 Air velocity vector plot for model with horizontal top vent and the average 

air velocity within the side-lit model due to different outlet's arrangement. 
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Figure 8.17 Air temperature plot for model with vertical side vent and the average air 

temperature within the top-lit model due to different outlet's arrangement. 
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Within the occupied levels of the top-lit model, the vertical temperature and velocity 
distributions were not significantly affected, although changing the outlet's arrangement 
had brought down the neutral pressure plane level. This can be seen from Figures 8-14a 

and 8.17 that the air temperature above the second floor balcony at the centre of the 

atrium (probed at the height of z=8.5 in) for both top-lit models with horizontal rooftop 

vent and with vertical side vent was 27.32'C and 27.33'C respectively. In the below roof 

areas, however, the thermal performance of the model with horizontal rooftop vent was 

considerably better than that of the model with vertical side vent. The high-level 

horizontal rooftop vent effectively exhausted out the stratified hot air which further 

reduced the air temperature in the below roof areas. 
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Figure 8.18 Air velocity vector plot for model with vertical side vent and the average 

air velocity within the top-lit model due to different outlet's arrangement. 

It can also be seen from Figures 8.14a that there were two levels of rising plumes with 

shorter and coolest one at the centre. This revealed that the slightly greater inlets' velocity 

of the top-lit model with horizontal rooftop vent due to greater pressure difference across 

inlets (i. e. higher neutral pressure plane level) led to slightly well-mixed air at the ground 

level. For top-lit model with vertical side vent, on the other hand, it can be seen from 

Figure 8.17a that the slower inlets' velocity led to a slender rising plume of cooler air 

forming at the centre. Hence, slower inlets' velocity resulted in better displacement of the 
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cooler rising plume due to the buoyancy effects, as revealed by the slightly higher 

average air velocity above the inlets level shown in Figure 8.18b. 

8.6 Conclusion 

This chapter has presented a steady-state CFD modelling of air movement and 
temperature distribution due to thermal buoyancy within both the side-lit and top-lit 

representative atrium models with the ground floor atrium only pressurised ventilation. 
Primarily this computer modelling using CFD was to examine the effects of both varying 
the inlet to outlet opening area ratio and outlet's arrangement (i. e. location and 

configuration) on the atrium's thermal environmental performance. Apart from modelling 
the key design parameters above, initial modelling was carried out to verify and validate 
the developed CFD atrium models. As validated with TAS results, it is evident that the 

developed CFD atrium model is generally capable of modelling thermal stratification 

within the atrium with reasonably accurate results, though slightly underestimated 

particularly on occupied levels. 

Modelling studies investigating the effect of area ratio on the atrium's thermal 

performance have revealed that smaller opening area ratios (i. e. n<l) resulted in higher 

neutral pressure plane level. Higher position of neutral pressure plane level would 

decrease the pressure difference across the outlet causing lower outlet's velocity. The 

consequence was the ventilation capacity at the outlet would also be reduced. As the 

ventilation capacity at the inlet was constant, higher neutral pressure plane level resulted 

in the higher inlets' velocity due to the increase in the pressure difference across the inlet. 

Hence, the hot indoor air was well-mixed and became rather stagnant as the ventilation 

capacity at the outlet was low. As such, this would not help improve the thermal 

conditions particularly on occupied levels. 

On the contrary, the thermal conditions, particularly on the occupied levels, improved 

considerably with sufficiently higher opening area ratios (i. e. n>l). This was due to the 

fact that sufficiently low neutral pressure plane level would result in the increase of 

pressure difference across the outlet; hence, increase the ventilation capacity at the outlet. 

Subsequently, this would lead to the lowering of indoor air temperature since the 

ventilation capacity at the inlet was constant. 

Surprisingly, it was also revealed that xvith equal inlet and outlet area (thus, area ratio 

equal to 1), changing the outlet's arrangement (i. e. location and configuration) was not 
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significantly affected the atrium's thermal performance. Apparently the high neutral 
pressure plane level, which was generally above the second floor level, was the main 

reason for the insignificant changes in the air movement and temperature distribution 

within the central atrium, particularly on occupied levels. Therefore, in order to better 

investigate the effect of outlet's arrangement (i. e. location and configuration) on the 

atrium's thermal performance particularly within occupied levels, it is recommended for 

future study to use an area ratio which can result in sufficiently low neutral pressure plane 
level (i. e. generally n>I). 

In general, the results from this CFD atrium modelling studies have confirmed that the 

side-lit atrium form results in better thermal performance than the top-lit atrium form. 

During the hottest hour of the day (i. e. at 1400 hours), the thermal conditions on all 

occupied levels within the three-storey side-lit atrium generally satisfy the thermal 

comfort requirement for Malaysians. 

It has been shown in this chapter that computational fluid dynamics (CFD) and dynamic 

thermal simulation (TAS) programs provide complementary information about building 

performance. Using the boundary conditions taken from TAS simulation, CFD simulation 

makes detailed predictions of temperature distributions and airflow patterns within the 

central atrium. Therefore, coupling of CFD and dynamic thermal TAS programs can be a 

very useful tool for architects during the design stage to assess their proposed design 

alternatives. In this way, the best design solution, particularly which can achieve 

thermally comfortable environment with the least energy consumption, can be finalised 

and developed further. 

The next chapter is a summary of the findings and conclusions from this research. All the 

important findings from the field study and computer modellings in the previous chapters 

will be presented as guidelines to conclude this research. 
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Chapter 9 Conclusions and Recommendations 

9.1 Introduction 

This chapter summarises the overall development, findings and conclusions from this 

research. The application of these findings in atrium design in the tropics is discussed in 

conjunction with some recommendations on design strategies. Finally, future research 
related to this thesis is outlined. 

9.2 Summary of Research Development 

In developed countries, buildings generally account for 40 to 45 per cent of energy 

consumption and approximately 50 per cent of total annual C02 emission, a substantial 

proportion of which is associated with mechanical plant for heating and air-conditioning. 
Although energy consumption in building and construction sectors in developing 

countries such as Malaysia is considerably low (i. e. less than 15 per cent) at present, it is 

expected that the fast economic growth would lead to significant increase in the 

consumption of energy in these sectors in the near future. More recently, the desire to 

reduce energy cost and to address environmental problems due to the consumption of 

energy in the built envirom-nent has promoted the movement towards "sustainable 

architecture" or climatically responsive design. 

Particularly for buildings with atria, most of the published literature cited that during 

summer in temperate regions, the indoor thermal environment in multi-level atrium 

generally suffers from overheating and high vertical temperature gradient due to the 

influence of solar radiation causing great discomfort to the users on occupied levels. In 

the tropics, particularly in Malaysia, the atrium space is generally in the heat surplus 

condition for most part of the year. In order to provide comfort for the users, the atrium 

needs to be fully air-conditioned. This would result in high-energy costs for cooling, as 

the weather is hot and humid all year round. 

The main design problems that affect the thermal and energy performance in existing 

Malaysian atria are over-lighting and overheating. These problems are due to the direct 

application of western's top-lit atrium roof form, which maximise solar penetration 

deeper into lower levels. As such, this research proposes that the performance 

characteristics of vernacular architectural features integrated with the side-lit atriuni form, 
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which aimed at controlling direct sunlight, can be considered as a way to improve thermal 
and energy performance of atria in the tropics. 

The aim of the research is to propose design principles and guidelines for new tropical 
atrium buildings, in terms of optimising low energy design and ventilation strategies that 

provide thermally and visually comfortable atrium's internal environment. The overall 
objective was to assess some of the low energy design features and ventilation strategies 
that can possibly contribute to a better indoor thermal environmental performance of atria 
in the tropics, particularly in warm and humid climate of Malaysia. The research work 

was carried out in six stages. 

The first stage deals with literature review. A comprehensive literature review was 

undertaken to bring together issues that are relevant to atria design in general, 

environmental and energy consequences due to incorporating atria, as well as the 

formulation of research method. The background review gave an invaluable insight into 

development of atrium building design in various parts of the world, to the impact of 

internationalisation of modem atrium, which originated from temperate climates to 

various climates and cultures. The information gathered from background studies raised 

some questions with regard to thermal performance in Malaysian atria and highlighted 

some of the design strategies to be investigated further using combined research methods 

as explained in the next five stages. 

The second stage is the development of a conceptual low-energy side-lit atrium form for 

Malaysia by incorporating some selected vernacular design features. The conceptual 

building is to be used as the base model for computer simulation studies using dynamic 

thermal program TAS and computational fluid dynamics (CFD) program PHOENICS to 

highlight and investigate the thermal and energy performance in Malaysian atria. 

The third stage deals with the field study by conducting field experiment and monitoring 

in an existing three-storey atrium building in Guangzhou, Southern China where the 

climatic conditions during summer is very much similar to that in Malaysia. Apart from 

obtaining an overall understanding of the resultant thermal environment within the 

tropical atrium, the main aim of the field study was to obtain measured data, particularly 

indoor air temperatures, to be used as validation data for dynamic thermal computer 

modelling using TAS. 
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The fourth stage deals with computer modelling exercise using dynamic thermal 

modelling program TAS on the same monitored atrium building in Guangzhou. The 

purpose of this exercise was to develop confidence in correctly modelling thermal 

stratification within the multi-level atrium. The accuracy of dynamic thermal modelling 

was validated using the measured data. 

The fifth stage deals with dynamic thermal modelling to model the proposed conceptual 

atrium building for Malaysia. Dynamic thermal modellings using TAS were carried out in 

order to conveniently evaluate and compare the effectiveness of the proposed three-storey 

linear side-lit atrium form in terms of providing better thermal and energy performance. 
Based on the developed conceptual atrium form, two representative atrium computer 

models were developed, namely the side-lit model and top-lit model. The side-lit model, 

which represented the proposed conceptual atrium form, utilises clerestory windows with 

opaque rooftop, whereas the top-lit model with fully glazed rooftop was used for 

comparison purposes. This dynamic thermal modelling also investigated quantitatively 

the effects of some key design parameters (i. e. wall-to-roof void, roof overhangs, and 
internal solar blinds) on indoor thermal comfort and energy performance. In order to 

simulate the worst-case scenario, this modelling is done for 24 hours using weather data 

for day 80 (21" March), which is the design day for Kuala Lumpur, Malaysia. 

The sixth stage deals with computational fluid dynamics (CFD) modelling to examine the 

thermal conditions within the same representative atrium models during the hottest hour 

of the day (i. e. at 1400 hours). The simulation results offered details of temperature 

distribution and airflow patterns that gave better representation of the atrium's thermal 

performance in response to the changes of the design parameters investigated (i. e. 

changes of inlet to outlet opening area ratio and the outlet's arrangement). 

9.3 Conclusions 

The main findings and conclusion are briefly presented in this section. All the findings 

were based upon the five-combined research methods. The overall research objective, 

which is to assess the resultant thermal environmental performance in tropical atria 

associated with some key low-energy design features and ventilation strategies, has been 

achieved and form the basis of the findings. 
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9.3.1 Low-Energy Atrium Form for the Hot and Humid Tropical Regions 

As reviewed and discussed in chapter 4, the design characteristics of vernacular 
architecture of Malaysia are generally in line with the basic principles of the low-energy 
building design. Integrating some of the selected vernacular design features with the 

suggested side-lit approach in the form of vertical toplighting or clerestory openings can 
be considered by architects in the design of new atrium buildings in the tropics, 

particularly in Malaysia. 

The conceptual atrium form has been developed in order to explore the potential of 

adopting and incorporating vernacular strategies in the design of contemporary low- 

energy tropical atrium buildings. The proposed atrium form takes into consideration the 

need to provide adequate and effective ventilation and daylighting, as well as to minimise 

solar heat gain. The resultant thermal and energy performance of the proposed atrium 
form has been investigated using both dynamic thermal modelling and computational 
fluid dynamic modelling. 

Some general guidelines for designing a low-energy tropical atrium (side-lit form) that 

can contribute to the thermally and visually comfortable internal environment are 

summarised as follows: 

9 The main building form should be elongated linearly along East-West axis to 

maximise linear clerestory openings areas to optimise reflected and diffused 

daylights. 

o Plan Aspect Ratio (PAR) or width-to-length ratio of at least 1: 3 can be 

used to maximise the area of daylit opening. 

o Sectional Aspect Ratio (SAR) or height-to-width ratio of less than 2.0 is 

recommended to avoid a tall atrium well that can further reduce daylight 

level. 

9 North-South orientation should be considered to reduce exposure of atrium well to 

direct solar radiation (i. e. major openings are located on north and south 

elevations) 

9 Sufficiently deep roof overhangs should be provided to block direct sunlight from 

entering through glazed clerestory windows. The lowest solar altitude of 63 

degrees in equatorial regions in January can be considered when calculating the 

required width of the overhangs. 

* High ceilings above the top occupied floor level such as the incorporation of the 

wall-to-roof void area would reduce the effect of both high radiant heat energy 
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from the surrounding surfaces and the thermally stratified hot air in the below roof 

area. The high ceilings are even more useful with the presence of adjustable high- 

level internal solar blinds which further worsen the thermal conditions in the 
below roof area, 

0 Since the atrium space is only used during the daytime, the materials for the 
internal walls surroundings the atrium well can be of high thermal mass so that the 
dense wall materials absorb the excess heat within the atrium during the day. The 

provision of low- and high- level vents with sufficient area of opening's sections 

can help to cool down the atrium at night as the daily diurnal temperature is 

generally between 7C to I O'C. 

0 Particularly for side-lit atria, higher interior surfaces' reflectances can provide 
higher daylighting level. 

* For a linear central atrium, recessed large main entrances on either side can reduce 
direct sunlight. 

* Recessed and shaded fully operable windows on East and West facades can shield 

the atrium walls from direct sunlight. 

* Displacement ventilation where cooled air is supplied at low-level can be used as 

a low-energy ventilation strategy in low-rise atria in the tropics, particularly in 

areas with very low wind speed. In general, inlet to outlet opening area ratios of 

greater than 1.0 (or sufficiently low neutral pressure plane level) would result in 

better ventilation performance due to the greater outlet's ventilation capacity. 

* Water feature and vegetation can also be incorporated inside the atrium or around 

the building to modify the micro-climate. Water feature provides cooling effect 

and vegetation absorbs and store little heat from solar radiation. 

9.3.2 Field Study on Indoor Thermal Environment in an Atrium in the Tropics 

The field study has been carried out primarily to obtain measurement data, particularly 

indoor air temperature, to be used for the validation of the dynamic thermal modelling 

using TAS. Apart from that, it has also investigated the relationship between building 

services and indoor physical environment of the sloping three-storey west-facing atrium 

under tropical climatic conditions; thus to gain a better understanding of the thermal 

conditions within the atrium in relation to thermal comfort. 
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The main points with regard to the field study have been discovered as follows: 

9 In order to obtain more reliable measured data, the measurement and monitoring 
should be carried out for the whole summer months since the daily local outdoor 
weather conditions may be unstable. 

* As the field measurement is conducted on the actual atrium building, the intrusion 

of the building users on the measuring instruments cannot be avoided; in 

particular the thermocouples placed at specific locations inside the building and 
the cables that connected them to the data logger. It is necessary to check 

routinely every night the recorded daily air temperature data to see if there is any 
indication of problems occurring with the thermocouples. 

9 Inspection of all measured variables data recorded during the day should also be 

done every night so that any problems occurring with the instruments used or 

possible human errors in handling the equipment could be spotted early and 

necessary amendments made. 

9 It was found from the field study that in low-rise atrium (three-storey high) with 

only ground floor level air-conditioned, the proximity of the glazed roof to the top 

occupied level would greatly affect the comfort levels around the area. When the 

top glazed roof is directly above or opposite to the top occupied level, the thermal 

conditions surrounding the area is generally beyond the comfort ranges with PMV 

index of greater than 2.0. 

9 On hot and clear days in the afternoon during summer, with fully glazed roof and 

without high-level or rooftop vent, the air temperature in the below roof area 

(second floor level) can be around 37'C and generally above the outdoor air 

temperature. 

The presence of internal roof blinds can further increase the air temperature in the 

area to about 40'C. However, the high-level internal blinds effectively cut the 

solar penetration from the top, thus greatly minimise the air temperature on the 

lower occupied floor levels. 

o With water spray and without internal blinds, the highest average air 

temperature difference between the first floor and the second floor can be 

about 5.7 K. 

o Without water spray and with internal blinds, the highest average air 

temperature difference between the first floor and the second floor can be 

about 8.7 K. 
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On hot and clear days in the afternoon during summer, spraying 'ývater on the outer 
surface of the glazed roof can significantly improve the thermal performance on 
the top level directly below the roof. 

o With water spray and without internal blinds, the highest average air 
temperature difference between the second floor and the external can be 

about 1.7 K. 

o Without water spray and with internal blinds, the highest average air 
temperature difference between the second floor and the external can be 

about 4.8 K. 

9.3.3 Validation of the Dynamic Thermal Modelling Program TAS 

The dynamic thermal program TAS assumes that the air in an indoor space is well-mixed 

and has been routinely used to model smaller spaces regarded as 'rooms' in a 

conventional building. For buildings with a large and complex multi-level space such as 

atria, modelling the whole space as a large single zone may not accurately predict the 

thermal and energy performance as the air temperature distributions and heat gains within 
the space are generally non-uniform. In this research, the large multi-level atrium space 
has been divided into several zones or a group of zones on each particular floor level 

within the atrium. This is an attempt to correctly model the thermal performance within 

the atrium particularly with regard to the thermal stratification. 

The 3-D TAS model of the same three-storey atrium of the Xihu Yuan guesthouse has 

been created and the details of the building elements and apertures have been set up using 

the construction details programmer in building data editor. Prior to modelling the 

measured conditions, sensitivity test has been carried out in order to establish whether or 

not dynamic thermal simulation program TAS is able to reflect the thermoPhysical 

response of the created 3-D atrium model due to changes in solar radiation intensities. 

The result of this exercise has clearly shown that the created 3-D model is capable to 

correctly model thermal stratification within the three-storey atrium. As expected, solar 

radiation intensities greatly influence the thermal condition and the bulk airflow 

distribution within the atrium. The thermal stratification inside the atrium varies as a 

function of global solar irradiance as confirmed by the air and mean radiant temperature 

data of all the atrium's zones. 

The main points with regard to the dynamic thermal modelling of the measured 

conditions have been observed as follows: 
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e The accuracy of the simulation results is very much dependent on both the correct 
representation of the 3-D TAS model and the quality of input data. 

o The building geometry of the 3-D TAS model should closely match the 

real building(s). 

o Correct specifications of climate (weather parameters), building elements' 

materials and their thermal properties, and internal conditions are the most 
important factors affecting the accuracy of the prediction results. 

9 In this modelling exercise, the TAS program prediction results tend to be 

overestimated. 

o On hot and overcast days, the difference in air temperature over the 24 

hours between measured and predicted is in the range of 0.1 K to 1.8 K on 

the first floor and 0.2 K to 4.3 K on the second floor. 

On hot and clear days, the difference in air temperature over the 24 hours 

between measured and predicted is in the range of 0.1 K to 1.5 K on the 

first floor and 0.1 K to 2.7 K on the second floor. 

9 Apart from the dissimilarity between the real weather conditions and the weather 
data in TAS for the two simulation days (day 207 and day 208), the other reasons 
for the discrepancies between the predicted and measured results are as follows: 

o Basically the building elements and apertures of the TAS model have been 

specified using construction details programmer in building data editor as 

a result of uncertainties about the thermal properties of construction 

materials of the real building. In particular, inaccurate specifications of 

thermal properties of the atrium's glazed roof and walls have resulted in 

higher prediction of solar penetration in the model. Hence, the indoor net 

heat gain in the TAS model has been calculated higher. 

o Undefined paths for infiltration to allow heat to be dissipated in the TAS 

model have also led to higher prediction of indoor heat gain. 

o The fixed internal conditions for the TAS model have been specified based 

on general assumptions and estimations. The irregularity in the occupancy 

pattern and the use of lighting and equipment in the real conditions has 

shown tendency for overestimation of the heat gains from occupants, 

lighting and equipment in the TAS model. Furthermore, the 

underestimation of infiltration rates and conditioned air supply rates in the 

TAS model may be possible due to the uncontrolled actions of the users 

and uncertainties of the actual infiltration and conditioned air flow rates in 
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the real building. As a consequence, higher indoor net heat gain has been 

calculated in the TAS model. 

9 The general trend of vertical air temperature gradient for both measured and 
predicted conditions has shown reasonably good agreement where the large 

unwanted thermal stratification would occur at upper level. 

9.3.4 Dynamic Thermal Modelling of the Representative Atrium Models 

Dynamic thermal modelling program TAS has been utilised to model thennal 

stratification within the conceptual three-storey linear atrium form. Particularly, the 

computer modelling has been carried out to evaluate the effectiveness of the proposed 

conceptual side-lit atrium form for Malaysia in terms of providing better thermal and 

energy performance in relation to thermal comfort. For this purpose, two representative 

computer atrium models (i. e. side-lit model and top-lit model) have been developed based 

on the proposed conceptual atrium form. The effects of some key design parameters, 

which include wall-to-roof void, roof overhangs and high-level internal solar blinds, on 
the atrium's thermal and energy performance have also been quantitatively investigated. 

Two types of atrium ventilation strategies have been considered: full natural ventilation 

and pressurised ventilation. 

Basically as the dynamic thermal building simulation in TAS is driven by weather 

conditions, the 1978-weather file for Kuala Lumpur, Malaysia for simulation day 80 (21" 

March) has been used to generate the thermal response of the representative atrium 

models. As mentioned in chapter 6, this weather file could not be updated because The 

Malaysian Department of Meteorological Service could not provide the hourly weather 

data which is required by TAS program. From this 1978-weather file for Kuala Lumpur, 

the highest outdoor air temperature on 2l't March is 34'C. The analysis on the climate of 

Malaysia using climatic data for the years 1993 to 2002, which has been discussed in 

chapter 2, have shown that the mean daily maximum of outdoor air temperature for Kuala 

Lumpur in the month of March is 35.3'C. This clearly shows that the TAS prediction 

results based on the 1978-weather data might not provide an accurate picture of the 

atrium thermal performance compared to that if it is exposed to the current hotter weather 

conditions. 

The main outcomes of the investigations on the thermal and energy performance of the 

three-storey linear atrium for both side-lit and top-lit form due to Malaysian climatic 

conditions are as follows: 
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* Simulation results from dynamic thermal modelling TAS evidently indicate that 

the thermal and ener y performance of the side-lit atrium form is generally better 9 
than the top-lit atrium form. With fully naturally ventilated central atrium, the 

total daily solar heat gain (21" March) was predicted to be 159-37 kW for the side- 
lit model, and 269.99 kW for the top-lit model. 

0 It is noted that full natural ventilation strategy is not practicable for Malaysian 

atria. A though increasing the opening areas (both low- and high- level opening) 

and also increasing the wind speeds (up to 7 m/s) have greatly reduced the vertical 
temperature gradients within the atrium, the indoor air temperatures are still 
higher than the outside air temperatures and also well above the indoor comfort 

temperature. 

9 Having sufficiently high wall-to-roof void area for both side-lit and top-lit atrium 

can improve the atrium's thermal performance particularly on occupied levels. 

The wall-to-roof void area effectively helps to distance the top occupied level 

from the below roof area, hence reducing the effect of both high radiant heat 

energy from the surrounding surfaces and the thermally stratified hot air. In top-lit 

model, having 2.5 in high wall-to-roof void area has resulted in the reduction of 

predicted air and mean radiant temperatures on the second floor level, which was 

0.7 K and 1.8 K respectively. Hence, the wall-to-roof void area acts as an 

additional reservoir for the thermally stratified hot air in the below roof area. 

* For side-lit model, in particular, having 2.5 m wide roof overhangs above the 

clerestory areas generally improves the thermal and energy performance within 

the central atrium throughout the year. During vernal equinox (21" March) and 

autumnal equinox (21" September), it was observed from simulation results that 

virtually no difference in predicted daily solar heat gains on all atrium levels 

between both model with and without roof overhangs. The reason is that during 

these two seasons, the hot afternoon direct solar radiations are generally from the 

top. However, during summer solstice (21" June) and winter solstice (21" 

December), side-lit model without roof overhangs exhibited higher prediction of 

daily solar heat gains on all atrium levels due to the relatively low altitude of the 

hot afternoon sun. In this climatic region, the sun's altitude during summer (i. e. 69 

degrees) is higher than that during the winter (i. e. 63 degrees). As such shading 

devices on the south facade should be deeper than the north facade in order to 

block solar radiations from entering the building through openings on both 

facades. 
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9 Extending high-level internal solar blinds can greatly improve the atrium's 
thermal performance particularly on the three occupied levels. With internal 
blinds, the predicted daily solar heat gains on the occupied levels have declined 

from 178.55 kW to 93.33 kW for top-lit model, and from 94.28 kW to 83.04 kW 

for side-lit model. Obviously, the presence of blinds helps to prevent both direct 

and diffuse solar radiations from penetrating deeply to lower levels. However, in 

the below roof area, extending the high-level blinds has substantially increased the 

predicted daily solar heat gains from 91.44 kW to 124.28 kW for top-lit model, 

and from 45.09 kW to 53.80 kW for side-lit model. The high surface solar gains of 
both the glazed roof/clerestory windows and internal blinds have contributed to 

the dramatic rise in solar gains in the below roof area. As such, having wall-to- 

roof void area can help to lessen the effect of both the high radiant heat and 

stratified hot air surrounding the below roof area on the top occupied level. 

* With all occupied floor levels pressurised ventilation, assuming that the 23'C 

returned service air from the adjacent offices on all the three occupied levels was 

recycled and pressurised into the central atrium, thermal conditions on all 

occupied levels for both side-lit and top-lit atrium have been greatly improved as 

compared to the resultant thermal conditions within the central atrium with only 

the ground floor level only pressurised ventilation. In general, the predicted 

resultant temperature on the top occupied level was less than 29'C, which is 

within the comfort range for Malaysians. 

* With ground floor level only pressurised ventilation, assuming that the 230C 

returned service air from the adjacent ground floor offices only was recycled and 

pressurised into the central atrium, the therinal conditions on all occupied levels 

for side-lit model were within comfort range for Malaysians as the predicted 

resultant temperature was less than 29T. For top-lit atrium, however, the 

predicted resultant temperature on the top occupied level was well above 290C, 

thus therinally uncomfortable for the users. In general, the first two occupied 

levels of the top-lit atrium were within the comfort range for Malaysians. 

9 Simulation results have revealed that reasonably comfortable thermal environment 

on occupied levels of a low-rise atrium can be achieved by only supplying cooler 

air at low-level with sufficient ventilation rate. As such, this implies that low- 

energy atrium ventilation strategy utilising displacement ventilation can be 

possibly incorporated in low-rise atrium to reduce annual energy demand for 

cooling. 
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0 Simulation results of pressurised ventilation have also revealed that night cooling 
can be of useful strategy to cool down the high thermal mass of the plastered brick 

internal walls and concrete floors which absorb the excess heat within the atrium 
during the day. The outdoor air temperatures after midnight to about 0700 hrs 

were in the range of 24'C to 25-40C, and these temperatures were generally lower 

than the atrium's indoor temperatures for both side-lit and top-lit models, which 

ranged from 250C to 26.6'C within occupied levels. 

9.3.5 CFD Modelling of the Representative Atrium Models 

In building design application, CFD can be used as a complementary design tool to the 
dynamic thermal simulation program. Most dynamic thermal simulation programs can 

only provide a single zone air temperature and bulk air movement due to assumption that 

the air in any particular zone is well mixed. On the other hand, CFD simulations can give 
detailed information about basic features of indoor flow patterns, including distributions 

of temperature, air movement and local draught distribution, etc. 

However, CFD program requires the specifications of boundary conditions for both solid 

surfaces (including walls, floor, ceiling and/or roof and glazing) and fluid surfaces (such 

as air supply and exhaust openings) within the solution domain. In this case, prediction 

results from dynamic thermal simulation can provide the boundary conditions to be 

applied to the CFD atrium models. Therefore, the integration of CFD and dynamic 

thermal modelling programs can be a very helpful tool for architects. They are used in a 

complementing manner to assess the thermal and energy performance of their proposed 

alternative design solutions, particularly during the design stage. 

The main findings from the steady-state CFD modelling of air movement and temperature 

distribution due to thermal buoyancy within both the side-lit and top-lit representative 

atrium models are as follows: 

9 The results from CFD simulations have confirmed the TAS simulation results that 

the side-lit atrium form can give better thermal conditions in terms of users' 

thermal comfort than that of the top-lit atrium form. 

o The computed PMV index on the top occupied level was generally less 

than 1.8 for side-lit form, and slightly greater than 2.0 for the top-lit form. 
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o The thermal conditions on the first two atrium levels (i. e. the ground floor 

level and the first floor level) for both the representative models were 

within comfort range for Malaysians. 

CFD simulation results have also unveiled that when the cooled air was 
discharged at low-level, the airflow at upper levels became stagnant causing 
highly stable temperature stratification. This highly stable stratified hot air is 

undesirable as it would flow in to upper occupied level making the surrounding 

area hot and causing great discomfort to the users. 

o The average air velocity on upper occupied levels for both side-lit and top- 

lit model was generally lower than 0.022 rn/s on the first floor level, and 
lower than 0.0 19 m. /s on the second floor level. 

0 The ground floor level is the most comfortable place for the building's 

users to relax and socialise. The average air velocity for both 

representative atrium forms was about 0.13 m/s. 

Sufficiently higher inlet to outlet opening area ratio (i. e. n>l) can improve the 

thermal performance on the occupied levels. The reason is that lower neutral 

pressure plane level due to the higher area ratio leads to the increase in pressure 
difference across the outlet, which further increases the ventilation capacity at the 

outlet. This has resulted in the reduction of indoor air temperature as the 

ventilation capacity at the inlet and the net heat input stayed constant. However, it 

should be noted that the neutral pressure plane level should not come down below 

the upper edge of the inlet opening. 

For both side-lit and top-lit atrium, with equal inlet and outlet area (thus, area 

ratio, n= 1), changing the outlet's arrangement (i. e. location and configuration) 

has not significantly affected the atrium's thermal performance. The high neutral 

pressure plane level, which was generally above the second floor level, results in 

lower pressure difference across the outlet, which then reduces ventilation 

capacity at the outlet. Higher neutral pressure plane level also leads to higher 

inlets' velocity due to the increase in the pressure difference across the inlet. 

Hence, higher inlets' velocity coupling with low ventilation rate at the outlet has 

resulted in well-mixed and rather stagnant hot indoor air on upper levels. 

Consequently, the thermal conditions particularly on occupied levels remained 

almost stable. In order to better investigate the effect'of outlet's arrangement (i. e. 

location and configuration) on the atrium's thermal performance, it is 
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recommended for future study to use an area ratio which can result in sufficiently 
low neutral pressure plane level (i. e. generally n>1). 

9.3.6 Other General Considerations 

It is evident from this research that side-lit atria have many thermal and energy 

advantages. A minor disadvantage of side-lit atria may be a dull or an uninteresting 

atrium indoor environment due to the uniformity of the interior illumination. Hence, side- 
lit atria can be recommended for tropical regions and be regarded as 'tropical atria'. Some 

of the advantages and disadvantages of atria in general and tropical atria in particular are 

outlined as follows: 

(i) Advantages of atria in general 

9 They provide semi-outdoor space protected from harsh extemal weather 

conditions (i. e. rain, snow, wind and hot sun). 

* They provide shaded urban space such as covered pedestrian street and urban link 

between two adjacent buildings. 

9 They can incorporate shaded interior garden which may lighten up the supposedly 

dull indoor environment. 

(ii) Energy and economic advantages of tropical atria 

9 In areas with reasonably high wind speed, the warmer central atrium creates stack 

effect, which can induce natural ventilation in the adjacent spaces (or parent 

buildings). 

o In areas with generally low wind speed, displacement ventilation where cooled air 

is supplied at low-level can be used as a low-energy ventilation strategy for low- 

rise atria with proper design of openings. 

9 With properly design side-lit atria, it is likely that supplementary electric lighting 

is not needed during the day (regardless of weather conditions) due to the high 

external illuminance level in the tropics. 

o Initial cost of glazing and its long-term maintenance cost for side-lit atria are 

substantially lower than that of the top-lit atria. 

(iii) Disadvantages of tropical atria if not properly design 

o Insufficient provision of shading devices and both low- and high- level openings 

would likely cause overheating due to highly stratified hot air on upper occupied 

levels. 
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o The high surface solar gains of both the glazed clerestory windows and 
internal blinds can contribute to the rise in solar gains in the below roof 

area. Having wall-to-roof void area can help to minimise the effect of both 

the high radiant heat and stratified hot air surrounding the below roof area 

on the top occupied level. 

o The proper size of the vertical glazing of the clerestory windows and 

sufficient depth of roof overhangs can eliminate the need for internal high- 

level solar blinds. 

o The provision of both low- and high- level openings with adequate sizes 

can effectively ventilate the atrium space by exhausting out the stratified 
hot air on upper levels particularly in the below roof area. 

* Supplementary or permanent electric lighting may be required due to inadequate 

daylighting level particularly when permanent shading devices are in place. The 

amount of daylight penetrating into the atrium largely depends on the vertical 

glazing area of the clerestory windows. Highly dependence on electric lighting 

apparently defeats one of the major benefits of having an atrium, which is to 

optimise daylighting. 

* The risk of fire and smoke (which is not discussed in this thesis). 

In conclusion, the research findings support the research proposition and demonstrated 

the effectiveness of the side-lit form as a way to improve the thermal and energy 

performance with regard to occupants' thermal comfort in atria in the tropics, especially 

in Malaysia. The findings of this study suggest that better thermal performance and 

substantial energy savings can be achieved by properly designed side-lit atrium form in 

hot and humid tropical regions with generally low wind speed throughout the year. 

9.4 Recommendations for Future Research 

Although the work documented in this thesis represents a contribution towards the aim set 

for this research, a number of issues were identified as being viable for further research 

and investigation. Investigating these issues further would provide designers with 

additional knowledge and information to be used in determining appropriate strategies on 

atria design in Malaysia and in regions with similar climates. Some potential issues 

include: 

Field study on existing atria should be further undertaken with emphasis on total 

integrated environmental studies that cover daylighting, thermal, energy and 
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ventilation performance with regard to the users' thermal and visual comfort in 
atria. 

Post-occupancy evaluation which involve both users' and designers' response 
study. Users' response study can yield better understanding on how users 

perceive, experience and favour atria, while designers' response study can provide 
information on how designers think about atria and why they include atria in their 
building. All this information would give a clearer picture on the objectives of 
having an atrium and the acceptance of the atrium form by both users and 
designers. 

The glazing characteristics and thermal properties are particularly important for 

buildings with large glazed enclosure such as atria. Therefore, extensive 
investigation should be conducted to identify the type of glazing material most 

suitable for tropical atria, which can provide not only optimum daylighting level 

but also better thermal and energy performance. 

Further investigations using both field study and computer modelling should be 

carried out to better quantify and evaluate the effect of low-energy solar control 

measures on the atrium's thermal and energy performance, such as evaporative 

water spray on the outer surface of glazed atrium's envelope and external blinds. 

Particularly in Malaysia where the daytime outdoor air is hot and the wind speed 

is generally low all year round, the application of low-energy underground 

labyrinth can be an attractive strategy to supply cooled air for displacement 

ventilation from low- level openings. Therefore, computer modelling study should 

be undertaken to quantify and assess its effectiveness to better ventilate buildings 

in hot and humid tropical regions. 

In order to better bridge the roles of architects and engineers in the design process, 

architects and designers are encouraged to take part in research that can enhance 

their scientific knowledge in building application particularly with regard to 

building science and environment. In environmental design practice, collaboration 

amongst members of the design team (which include architects, civil engineers, 

services engineers such as mechanical and electrical engineers, and special 

consultants) during the design process is vital to produce the best design for 

everyone. In addition, the application of computer modelling as design tools 

during the design stage requires the involvement of multidisciplinary design team. 

With reasonably good scientific and engineering knowledge, architects as the 

chief of the design team not only can communicate better but also can appreciate 
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the suggestions made by the other members of the team for the optimisation of the 

proposed design solutions. 
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Appendix A: Equipment for Measurement of Internal Surface Temperature and 
Radiation Intensity of Internal Surfaces 

ThermoPoint 80 Series: FUR System 
Temperature range: -30 to 12000C (-20 to 22000F) 
Accuracy: ±I% of reading or ±I OC (± 1.5'F) whichever is greater at 

23' C± 5'C (73T ± 9'F) ambient operating temperature 
Repeatability: ±0.5% of reading or ±I'C (±I'F), whichever is greater 
Response time (95%): 700 mSec 
Spectral response: 8 to 14 ýtm 
Display resolution: PC or IT, multi function 4-digit backlit LCD 

Ambient operating range: 0 to 50'C (32 to 120T) 

Relative humidity: 10 to 95%, noncondensing @ up to 30'C (86T) 

Storage temperature: -20 to 50'C (4 to 120T) without batteries 

Power: 4 AA batteries or 6-9 V, 200 mA DC power supply 
Analog output resolution: IT or'F 

Dimension/Weight: 257 x 71 x 208 mm (LxWxH) / 794 g 

Thermal Radiometer UM-400: Konica Minolta 

Radiometer Performance 

Wavelength range: 

Sensor Diameter: 

Power range: 

Accuracy: 

Resolution: 

360 to 480 nm 

I. OOE-4 to 200 mW/cm 2 

5% 
10 mw/cm 

2 

Operating temperature range: 0 to 40C 

Humidity range: ? to 85% 

Radiometer Display 

Display type: Numeric 

Mounting / Environment: Handheld 

Dimension: 73.5 x 186 x 33 mm (WxHxD) 

Radiometer Features 

Low battery indicator: Yes 

Notes: Digital RS-232C and analog output terminals, 4-digit LCD 

display 
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Appendix B: Dynamic Themal Modelling (TAS program) of the Xihu Yuan 

Guesthouse, Guangzhou 

Existing Guangzhou Weather Data: Day 207 (26 th jUly) 

Global Solar Diffuse Solar Cloud Dry Bulb Relative Wind Wind Direction Hour Radiation 
2 

Radiation 
2 

Cover Temperature Humidity Speed (deg E of N) (W/M ) (W/M 
- 1) (C) N . (M/S) 

1 0 0 0.8 28.5 89 4.0 230 
2 0 0 0.6 28.5 86 5.0 240 
3 0 0 0.5 28.3 88 2.0 250 
4 0 0 0.5 28.3 89 2.0 240 
5 0 0 0.5 28.4 88 2.0 260 
6 0 0 0.9 28.4 87 3.0 260 
7 39 37 0.9 28.6 86 4.0 260 
8 144 132 0.9 28.8 86 4.5 260 
9 256 227 0.9 29.2 84 5.0 260 
10 575 332 0.9 30.2 83 3.5 260 
11 831 261 0.9 31.0 79 5.0 260 
12 822 294 0.9 31.1 76 6.0 220 
13 661 356 0.9 31.0 77 6.0 230 
14 536 339 0.9 30.4 81 6.0 230 
15 597 230 0.9 30.6 79 6.0 230 
16 425 191 0.8 30.6 77 6.0 220 
17 411 106 0.8 30.4 79 4.5 240 
18 158 41 0.8 29.9 81 5.0 230 
19 0 0 0.8 29.5 83 5.0 250 
20 0 0 0.8 29.2 87 2.5 260 
21 0 0 0.8 29.4 85 1.0 270 
22 0 0 0.8 29.2 88 2.0 260 
23 0 0 0.8 29.2 89 0.5 230 
24 0 0 0.9 29.1 87 2.5 240 

(ii) Modiried Guangzhou Weather Data: Hot and Overcast Day 207 (26 Ih jUly) 

Hour 
Global Solar 

Radiation 
(W/M2) 

Diffuse Solar 
Radiation 

(W/ 2 

Cloud 
Cover 
(0-1) 

Dry Bulb 
Temperature 

(C) 

Relative 
Humidity 

M 

Wind 
Speed 
(M/S) 

Wind Direction 
(deg. E of N) 

1 0 0 0.8 27.5 89 4.0 230 
2 0 0 0.6 27.2 86 5.0 240 
3 0 0 0.5 27.1 88 2.0 250 
4 0 0 0.5 26.9 89 2.0 240 
5 0 0 0.5 26.9 88 2.0 260 
6 0 0 0.9 26.9 87 3.0 260 
7 33 31 0.9 28.7 86 4.0 260 
8 116 106 0.9 28.7 86 4.5 260 
9 158 136 0.9 30.3 84 5.0 260 
10 360 195 0.9 30.5 83 3.5 260 
11 575 215 0.9 31.4 79 5.0 260 
12 699 249 0.9 32.3 76 6.0 220 
13 647 337 0.9 32.9 77 6.0 230 
14 559 334 0.9 32.8 81 6.0 230 
15 632 262 0.9 33.6 79 6.0 230 
16 284 141 0.9 30.4 77 6.0 220 
17 120 73 0.9 30.1 79 4.5 240 
18 70 30 0.9 29.6 81 5.0 230 
19 0 0 0.9 29.5 83 5.0 250 

20 0 0 0.8 29.4 87 2.5 260 

21 0 0 0.8 29.1 85 1.0 270 

22 0 0 0.8 28.8 88 2.0 260 

23 0 0 0.8 28.9 89 0.5 230 

24 0 0 0.9 28.7 87 2.5 240 
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Existing Guangzhou Weather Data: Day 208 (27 Ih jUly) 

Hour 
Global Solar 

Radiation 
(w/M2) 

Diffuse Solar 
Radiation 

(W/m 2 

Cloud 
Cover 
(0-1) 

Dry Bulb 
Temperature 

(C) 

Relative 
Humidity 

N 

Wind 
Speed 
(M/S) 

Wind Direction 
(deg. E of N) 

1 0 0 0.8 29.2 87 1.0 250 
2 0 0 0.8 28.9 89 3.5 250 
3 0 0 0.8 28.9 88 3.5 250 
4 0 0 0.8 29.1 86 5.0 230 
5 0 0 0.8 28.9 86 3.5 240 
6 0 0 0.4 28.8 86 4.0 240 
7 75 70 0.4 29.1 83 3.0 240 
8 236 204 0.4 29.4 85 3.5 260 
9 444 288 0.3 30.0 83 4.0 250 
10 622 316 0.6 30.4 82 5.0 260 
11 769 304 0.4 31.1 80 5.0 250 
12 822 294 0.4 31.6 77 5.0 240 
13 919 238 0.4 31.2 78 7.0 230 
14 772 225 0.8 31.3 79 6.0 230 
15 711 184 0.8 31.3 79 3.5 240 
16 403 201 0.8 31.2 80 3.0 230 
17 278 114 0.8 30.9 80 5.0 220 
18 139 36 0.9 29.9 84 5.5 240 
19 0 0 0.9 29.7 84 2.5 240 
20 0 0 0.9 29.7 85 2.5 210 
21 0 0 0.9 29.4 87 2.5 240 
22 0 0 0.6 29.3 86 2.5 220 
23 0 0 0.6 29.1 88 2.5 250 
24 0 0 0.6 29.3 85 3.0 230 

(iv) Modified Weather Data: Hot and Clear Day 208 (27 Ih jUly) 

Hour 
Global Solar 

Radiation 
(W/M2) 

Diffuse Solar 
Radiation 

(W/ 2 

Cloud 
Cover 
(0-1) 

Dry Bulb 
Temperature 

(C) 

Relative 
Humidity 

N 

Wind 
Speed 
(m/s) 

Wind Direction 
(deg. E of N) 

1 0 0 0.8 28.7 87 2.0 250 
2 0 0 0.9 28.6 89 2.5 250 
3 0 0 0.9 28.4 88 2.5 250 
4 0 0 0.9 28.0 86 2.5 230 
5 0 0 0.8 27.8 86 2.5 240 
6 0 0 0.6 27.4 86 3.5 240 
7 63 59 0.6 28.6 83 5.0 240 
8 187 144 0.6 28.8 85 6.0 240 
9 310 191 0.6 30.9 83 6.0 240 
10 470 215 0.6 31.1 82 7.0 240 
11 670 251 0.5 31.7 80 6.0 240 
12 797 276 0.3 32.2 77 6.0 240 
13 860 247 0.4 34.1 78 7.0 230 
14 871 251 0.5 34.4 79 6.0 230 
15 700 183 0.6 33.9 79 4.5 240 
16 670 175 0.6 32.7 80 4.0 230 
17 479 131 0.7 33.2 80 5.0 220 
18 318 119 0.5 32.1 84 5.5 240 
19 0 0 0.6 31.8 84 2.5 240 
20 0 0 0.7 30.9 85 2.5 210 
21 0 0 0.8 30.4 87 2.5 240 
22 0 0 0.7 30.0 86 2.5 220 
23 0 0 0.7 29.3 88 2.5 250 
24 0 0 0.7 28.2 85 3.0 230 
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(v) Floor Plans for TAS 3-D Model showing Zones 

291 

(Floor height = 0.5 m) 

(Floor height = 0.75 m) 

(Floor height = 3.25 m) 



Nr 

FIRST FLOOR 

(Floor height = 3.1 m) 

SECOND FLOOR 

(Floor height = 3.1 m) 

(Floor height = 3.1 m) 

292 



(vi) Zones Names and Groups 

293 
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(vii) Building Elements and Schedules 



(viii) Aperture Types 
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(ix) Details of Elemental Constructions 

Element: Ground Floor 
Layer # Material Width (mm) Conductivity W/m K Density kg/M3 

1 (inside) Plastic Tiles 5 0.5 1050 
2 Concrete Screed 50 1.28 2100 
3 Concrete 3% m. c. 125 0.87 1800 
4 Crushed brick aggregate 75 0.55 1580 

5 (outside) Dry sand 1000 0.329 1515 

Overall thermal transmittance: 0.285 W/M2 K 

Element: Intermediate Floor/ceili 
Layer # Material Width (mm) Conductivity W/m K Density kq/mý' 

1 (inside) Acoustic tile panel 15 0.058 288 
2 200 mm Air gap 200 
3 Concrete 3% m. c. 200 0.87 1800 
4 Concrete screed 50 1.28 2100 
5 200 mm Air gap 200 
6 Steel 5 43 7800 

5 (outside) Carpet 10 0.06 186 

Overall thermal transmittance: 0.640 W/M2 K 

Element: Internal Wall 
Layer # Material Width (mm) Conductivity W/m K Density kg/mo 

1 (inside) Plaster 15 0.42 1200 
2 Clay brick 120 0.72 1790 

3 (outside) Plaster 15 0.42 1200 

Overall thermal transmittance: 2.119 W/M2 K 

Element: External Wall 
Layer# Material Width (mm) Conductivity W/m K Density kg/ma 

1 (inside) Plaster 20 0.42 1200 
2 Clay brick 180 0.72 1790 

3 (outside) Plaster 20 0.42 1200 

Overall thermal transmittance: 1.933 W/M2 K 

Element: Glazing (External wall, Main entrance doors, windows) 
Layer # Material Width (mm) Conductivity W/m K Solar Trans. 

1 (outside) 10 mm Clear float 10 1.0 0.70 

Overall thermal transmittance: 5.329 W/M2 K 

Element: Glass Block (External wall 
Layer # Material Width (mm) Conductivity W/m K Solar Trans. 

1 (inside) 6 mm Kappa float 6 1.0 0.63 

2 12 mm Air gap 12 

3 (outside) 6 mm Clear float 6 1.0 0.78 

Overall thermal transmittance: 1.778 W/M2 K 

296 



Element: Glazing (Atrium glazed roof) 
Layer # Material Width (mm) Conductivity W/m K Solar Trans. 

1 (outside) 10 mm Clear float 10 1.0 0.70 

Overall thermal transmittance: 6.227 WIM2 K 

Element: Glazed Roof with Internal Blinds 
Layer # Material Width (mm) Conductivity W/m K Solar Trans. 

1 (inside) Medium blind 1 999.0 0.07 
2 100 mm Air gap 100 

3 (outside) 10 mm Clear float 10 1.0 0.70 

Overall thermal transmittance: 3.939 W/M2 K 

Element: Glazed Wall[Winclow with Internal Blinds 
Layer # Material Width (mm) Conductivity W/m K Solar Trans., 

__ 
1 (inside) Medium blind 1 999.0 0.07 

2 100 mm Air gap 100 
3 (outside) 10 mm Clear float 10 1.0 0.70 

Overall thermal transmittance: 3.784 W/M2 K 

Element: Zone divide (/) -A slash on its own which is used as partition between zones when 
there is no physical barrier. Zone divides transmit solar and long-wave radiation but do not 

convect. 
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(x) Zonal Mass Flow Rate Specifications 

Air Movement to Zone: 1. of cortilel 
Duration Air (kg/s) Air (kg/s) Air (kg/s) Air (kg/s) 

Air (kg/s) Air (kg/s) 
(hrs) from zone from zone from zone from zone from outside to outside 1 2 3 4 

7 0.000 0.000 0.000 0.000 0.000 0.000 
17 0.000 0.000 0.000 0.000 0.320 0.000 

Air Movement to Zone: 2. gf receptionl 
Duration Air (kg/s) Air (kg/s) Air (kg/s) Air (kg/s) Air (kg/s) Air (kg/s) 

(hrs) from zone from zone from zone from zone from outside to outside 1 2 3 4 
7 0.000 0.000 0.000 0.000 0.000 0.000 
17 0.000 0.000 0.000 0.000 0.370 0.000 

Air Movement to Zone: 3. gf cortile2 
Duration Air (kg/s) Air (kg/s) Air (kg/s) Air (kg/s) Air (kg/s) Air (kg/s) 

(hrs) from zone from zone from zone from zone from outside to outside 1 2 3 4 
7 0.000 0.000 0.000 0.000 0.000 0.000 
17 0.000 0.000 0.000 0.000 0.480 0.000 

Air Movement to Zone: 4. gfE atriuml 
Duration Air (kg/s) Air (kg/s) Air (kg/s) Air (kg/s) Air (kg/s) Air (kg/s) 

(hrs) from zone from zone from zone from zone from outside to outside 1 2 3 4 
7 0.000 0.000 0.000 0.000 0.000 0.000 
17 0.000 0.000 0.000 0.000 0.380 0.000 

Air Movement to Zone: 5. gfW atriuml 
Duration Air (kg/s) Air (kg/s) Air (kg/s) Air (kg/s) Air (kg/s) Air (kg/s) 

(hrs) from zone from zone from zone from zone from outside to outside 1 2 3 4 
7 0.000 0.000 0.000 0.000 0.000 0.000 

17 0.000 0.000 0.000 0.000 0.470 0.000 

Air Movement to Zone: 6. gfS atriuml 
Duration Air (kg/s) Air (kg/s) Air (kg/s) Air (kg/s) Air (kg/s) Air (kg/s) 

(hrs) from zone from zone from zone from zone from outside to outside 1 2 3 4 

7 0.000 0.000 0.000 0.000 0.000 0.000 

17 0.000 0.000 0.000 0.000 0.200 0.000 

Air Movement to Zone: 8. gf reception2 

Duration 
Air (kg/s) Air (kg/s) Air (kg/s) Air (kg/s) Air (kg/s) Air (kg/s) 

(hrs) 
from zone from zone from zone from zone from outside to outside 1 2 3 4 

7 0.000 0.000 0.000 0.000 0.000 0.000 

17 0.000 0.000 0.000 0.000 1.230 0.000 
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Air Movement to Zone: 9. of cortile3 
Duration Air (kg/s) Air (kg/s) Air (kg/s) Air (kg/s) 

(hrs) from zone from zone from zone from zone 
Air (kg/s) Air (kg/s) 

1 2 3 4 from outside to outside 
7 0.000 0.000 0.000 0.000 0.000 0.000 
17 0.000 0.000 0.000 0.000 1.610 0.000 

Air Movement to Zone: 10. gfE atri=2 
Duration Air (kg/s) 

from zone 
Air (kg/s) 
from zone 

Air (kg/s) 
from zone 

Air (kg/s) 
from zone 

Air (kg/s) Air (kg/s) 
(hrs) 

1 2 3 4 from outside to outside 
7 0.000 0.000 0.000 0.000 0.000 0.000 
17 0.000 0.000 0.000 0.000 1.280 0.000 

Air Movement to Zone: 11. gfW atrium2 
Duration Air (kg/s) Air (kg/s) Air (kg/s) Air (kg/s) Air (kg/s) Air (kg/s) 

(hrs) from zone from zone from zone from zone from outside to outside 1 2 3 4 
7 0.000 0.000 0.000 0.000 0.000 0.000 
17 0.000 0.000 0.000 0.000 2.040 0.000 

Air Movement to Zone: 12. af cortilel 
Duration Air (kg/s) Air (kg/s) Air (kg/s) Air (kg/s) Air (kg/s) Air (kg/s) 

(hrs) from zone from zone from zone from zone from outside to outside 1 2 3 4 
7 0.000 0.000 0.000 0.000 0.000 0.000 
17 0.000 0.000 0.000 0.000 0.650 0.000 
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Appendix C: Dynamic Thermal Modelling JAS program) of the Representative 
Atrium Models (Side-lit and Top-lit Models) 

(i) Floor Plans for TAS 3-D Model showing Zones 

N 

wic. 

Zone 12 11 Zone 13 11 Zone 14 

Zone 16 
................... .............. .................. ........ Zone 36 

LZone 
36 

Zone 15 Zone 17 Zone 19 

Zone 36 
.... .i 

rZone 

36 
----------------------- ----------------- Zone 18 

Zone 20 11 Zone 21 11 Zone 22 

Typical First Floor Zones 

Zone 23 11 Zone 24 11 Zone 25 

Zone27 
. ......... I .......... 

0 

one 37 Zone 37 

---------- ......... : 
zo e 

Zone: 6 Zone 28 Zone 30 

nZone 

37 Zone 37 
.................................. Zone 29 

Zone 31 11 Zone 32 11 Zone 33 

Typical Second Floor Zones 
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Typical Ground Floor Zones 



N 

1ý 

Zone 3S 

Below Roqf'Area Zone (Side-lit Form) 

Hipped R(mf Zone (Side-4il Form) 

Zane 35 

flelowRooJ'Area Zone (Top-lit Form) 
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(ii) Zone Allocations and Names 

Zone 
No. 

Representative Models 
(Zone Name) 

Models without wall-to-roof void 
(Zone Name) 

1 Ground floor NW office Ground floor NW office 
2 Ground floor N office Ground floor N office 
3 Ground floor NE office Ground floor NE office 
4 Ground floor W atrium Ground floor W atrium 
5 Ground floor N atrium Ground floor N atrium 
6 Ground floor centre atrium Ground floor centre atrium 
7 Ground floor S atrium Ground floor S atrium 
8 Ground floor E atrium Ground floor E atrium 
9 Ground floor SW office Ground floor SW office 
10 Ground floor S office Ground floor S office 
11 Ground floor SE office Ground floor SE office 
12 First floor NW office First floor NW office 
13 First floor N office First floor N office 
14 First floor NE office First floor NE office 
15 First floor W atrium First floor W atrium 
16 First floor N atrium First floor N atrium 
17 First floor centre atrium First floor centre atrium 
18 First floor S atrium First floor S atrium 
19 First floor E atrium First floor E atrium 
20 First floor SW office First floor SW office 
21 First floor S office First floor S office 
22 First floor SE office First floor SE office 
23 Second floor NW office Second floor NW office 
24 Second floor N office Second floor N office 
25 Second floor NE office Second floor NE office 
26 Second floor W atrium Second floor W atrium 
27 Second floor N atrium Second floor N atrium 
28 Second floor centre atrium Second floor centre atrium 
29 Second floor S atrium Second floor S atrium 
30 Second floor E atrium Second floor E atrium 
31 Second floor SW office Second floor SW office 
32 Second floor S office Second floor S office 
33 Second floor SE office Second floor SE office 
34 Wall-to-roof void Below roof 
35 Below roof First floor toilets 
36 First floor toilets Second floor toilets 
37 Second floor toilets Hipped roof 
38 Hipped roof 
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(iii) Building Elements and Schedules 

(a) Side-lit Model 

III IN MrIM" 
ýBuilding Data File 

uilding Elements 

Building C -CAE Construction Name 
highlighted if used in building) (: /' for Zone Div, (highlighted If Building Element data 

q' to clear) matches database data) 

16. Int. D ... =A 1,, ooden door 

17. zone divl Zone Divide 

10. zone div2 Super transperant divide E=1 

Zone Divide 

18mm clear glass 

10mm clear glass 

10mm clear glass 

23. zone div4 Zone Divide 

21. Ext. D1 lomm clear glass 

25. Ext. D2 10mm clear glass 

26. Ventl 10mm clear glass 

27. vent2 10mm clear glass 

2B. ceiling3/hipped ri M. 4 0 Sloping tiled roof U 0.45 

29. W3 IMMMýs 
30. 

Iclear 
window gi, Lli,, T- 
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(b) Top-lit model 
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(iv) Aperture Types 

(b) Top-lit model 
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(v) Existing Weather Data for Subang, Kuala Lumpur: Day 80 (21sMarch) 

Hour 
Global Solar 

Radiation 
(W/M2) 

Diffuse Solar 
Radiation 

P/M 2 

Cloud 
Cover 
(0-1) 

Dry Bulb 
Temperature 

(C) 

Relative 
Humidity 

N 

Wind 
Speed 
(M/S) 

Wind Direction 
(deg. E of N) 

1 0 0 1.0 25.4 92 0.0 0 
2 0 0 1.0 24.9 93 0.0 0 
3 0 0 1.0 24.9 93 0.0 0 
4 0 0 1.0 24.9 93 0.0 0 
5 0 0 1.0 24.3 95 0.0 0 
6 0 0 1.0 24.0 96 0.0 0 
7 19 84 0.8 24.0 97 0.0 0 
8 198 112 0.0 26.3 85 1.0 0 
9 471 140 0.0 28.7 70 1.5 0 
10 723 243 0.0 31.2 59 2.7 0 
11 758 283 0.0 32.1 57 2.7 0 
12 516 248 0.5 32.2 57 2.6 0 
13 395 238 0.0 31.7 56 2.7 0 
14 757 179 0.0 34.0 54 4.5 0 

15 751 202 0.0 34.1 48 5.0 0 

16 580 138 0.0 33.7 48 5.6 0 

17 320 106 0.8 32.4 57 4.5 0 

18 60 26 1.0 30.8 61 3.7 0 

19 0 0 1.0 29.4 69 2.6 0 

20 0 0 1.0 27.7 77 1.0 0 

21 0 0 1.0 27.0 82 0.5 0 

22 0 0 1.0 27.0 80 1.5 0 

23 0 0 1.0 26.6 82 1.4 0 

24 0 0 1.0 25.8 87 0.0 0 
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(vi) Details of Typical Elemental Constructions 

Element: Ground Floor 
Layer # Material Width (mm) Conductivity W/m K Density kg/m 

1 (inside) Plastic Tiles 5 0.5 1050 
2 Concrete Screed 50 1.28 2100 
3 Concrete 3% m. c. 125 0.87 1800 
4 Crushed brick aggregate 75 0.55 1580 

5 (outside) Dry sand 1000 0.329 1515 

Overall thermal transmittance: 0.285 W/M2 K 

Element: Intermediate Floor/ceiling 
Layer # Material Width (mm) Conductivity W/rn K Density kg/M3 

1 (inside) Acoustic tile panel 15 0.058 288 
2 200 mm Air gap 200 
3 Concrete 3% m. c. 200 0.87 1800 
4 Concrete screed 50 1.28 2100 
5 200 mm Air gap 200 
6 Steel 5 43 7800 

5 (outside) Carpet 10 0.06 186 

Overall thermal transmittance: 0.950 W/M2 K 

Element: Internal Wall and Wall-to-roof void 
Layer # Material Width (mm) Conductivity W/rn K Density kg/M3 

1 (inside) Plaster 15 0.42 1200 
2 Clay brick 120 0.72 1790 

3 (outside) Plaster 15 0.42 1200 

Overall thermal transmittance: 2.119 W/M2 K 

Element: Clerestory Wall 
Layer # Material Width (mm) Conductivity W/m K Density kg/m3 

1 (inside) Plaster 15 0.42 1200 
2 Clay brick 120 0.72 1790 

3 (outside) Plaster 15 0.42 1200 

Overall thermal transmittance: 2.438 W/m 

Element: External Wall 
Layer# Material Width (mm) Conductivity W/m K Density kg/mo 

1 (inside) Plaster 20 0.42 1200 
2 Clay brick 180 0.72 1790 

3 (outside) Plaster 20 0.42 1200 

Overall thermal transmittance: 1.933 W/m 2K 
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Element: Hippe Roof/ceili 
Layer # Material VVidth (mm) Conductivity W/m K Density kg/mj 

1 (inside) Plasterboard 25 0.16 960 
2 Glass fibre 70 0.40 12 
3 20mm Air gap 20 
4 Roofing felt 5 0.41 960 

.5 
(outside) Slate roof tile 10 2.00 2700 

Overall thermal transmittance: 0.450 W/M2 K 

Element: Internal doors 
Layer# Material Width (mm) Conductivity W/m K Solar Trans. 

1 (outside) Softwood 20 0.14 1760 

Overall thermal transmittance: 2.655 W/M2 K 

Element: Glazing (External wall, Main entrance doors, windows and clerestory windows) 
Layer # Material Width (mm) Conductivity W/m K Solar Trans. 

1 (outside) 10 mm Clear float 10 1.0 0.70 

Overall thermal transmittance: 5.329 W/M2 K 

Element: Glazing (Atrium glazed roof: Top-lit model) 
Layer # Material Width (mm) Conductivity W/m K Solar Trans. 

1 (outside) 10 mm Clear float 10 1.0 0.70 

Overall thermal transmittance: 6.227 W/m 2K 

Element: Glazed Roof with Internal Blinds (Top-lit model) 
Layer # Material Width (mm) Conductivity W/m K Solar Trans. 

1 (inside) Medium blind 1 999.0 0.07 
2 100 mm Air gap 100 

3 (outside) 10 mm Clear float 10 1.0 0.70 

Overall thermal transmittance: 3.939 W/M2K 

Element: Clerestory Window (w4) with Internal Blinds (Side-lit model) 
Layer # Material Width (mm) Conductivity W/m K Solar Trans. 

1 (inside) Medium blind 1 999.0 0.07 
2 100 mm Air gap 100 

3 (outside) 10 mm Clear float 10 1.0 0.70 

Overall thermal transmittance: 3.784 W/rn2 K 

Element: Zone divide (/) -A slash on its own which is used as partition between zones when there is no 
physical barrier. Zone divides transmit solar and long-wave radiation but do not convect. 
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Appendix D: Computational Fluid Dynamics (CFD) Modelling of the 
Representative Atrium Models (Side-lit and Top-lit Models) 

Elemental Surface Temperatures (from TAS results at 1400 hours) 

(a) Side-lit Model 

Atrium Level Element Orientation / Surface temperature ('C) 
West North South East 

Floor 27.5 
Wall 33.5 27.2 26.8 33.0 
Ceiling 29.5 28.4 28.2 29.1 

Ground floor level Wall (corners): 
Southwest 28.5 28.3 
Northwest 28.8 28.6 
Southeast 28.2 27.9 
Northeast 28.5 28.2 

Floor (corridor) 28.9 27.9 27.8 28.7 
Wall 33.7 27.9 27.5 33.3 
Ceiling 30.2 29.7 29.5 29.9 
Wall (corners): 

First floor level Southwest 28.7 28.7 
Northwest 28.7 28.7 
Southeast 28.7 28.6 
Northeast 28.7 28.6 

Glazed balustrade 28.1 27.7 27.6 28.0 
Floor (corridor) 29.8 29.1 29.0 29.6 
Wall 33.9 28.9 28.4 33.5 
Ceiling 29.9 29.7 29.5 30.2 
Wall (corners): 

Second floor level Southwest 29.3 29.3 
Northwest 29.3 29.3 
Southeast 29.3 29.2 
Northeast 29.3 29.2 

Glazed balustrade 29.0 28.8 28.7 28.9 
Wall-to-roof void Wall 30.1 30.1 30.1 30.1 
level 

Wall 33.9 34.6 34.7 31.8 
Below roof level 

Ceiling 34.6 
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(b) Top-lit Model 

Atrium Level Element Orientation / Surface temperature ("C) 
West North South East 

Floor 28.3 
Wall 33.6 28.1 27.6 33.2 
Ceiling 30.9 28.6 28.5 30.1 

Ground floor level Wall (corners): 
Southwest 28.8 28.7 
Northwest 29.2 28.9 
Southeast 28.8 28.4 
Northeast 29.1 28.7 

Floor (corridor) 29.8 29.0 28.9 29.8 
Wall 33.8 28.9 28.4 33.5 
Ceiling 30.3 29.6 29.4 30.2 
Wall (corners): 

First floor level Southwest 29.3 29.3 
Northwest 29.3 29.3 
Southeast 29.6 29.3 
Northeast 29.6 29.3 

Glazed balustrade 28.7 28.4 28.3 28.7 
Floor (corridor) 30.9 30.7 30.6 31.0 
Wall 34.1 30.2 29.8 33.8 
Ceiling 31.3 31.3 31.2 31.2 
Wall (corners): 

Second floor level Southwest 30.1 30.1 
Northwest 30.1 30.1 
Southeast 30.7 30.3 
Northeast 30.7 30.3 

Glazed balustrade 29.8 29.7 29.6 29.9 
Wall-to-roof void Wall 32 1 32 1 32 1 33 0 level . . . . 

Wall 35.8 33.6 33.5 35.0 
Below roof level 

Glazed roof 34.3 

(ii) Average Indoor Air Temperature, Ti, for Both Representative Models (taken 

from TAS simulation results) 

Atrium Level Air Temperature, T, (OC) 
Side-lit Model Top-lit Model 

Ground floor level 24.41 24.57 
First floor level 25.64 25.96 
Second floor level 26.77 27.28 
Wall-to-roof void level 27.20 27.89 

Below roof level 28.14 28.77 

Average Air Temperature, Tj 26.43 26.89 
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Simulation Results for Verification of CFD Mo dels: Average Air Temperature 

(a) Grid Independence Test 

Air Temperature (OC) at 500 iterations 
xy-plane 105 x 48 x 63 (317520 cells) 164 x 60 x 82 (806880 cells) 178 x 64 x 89 (1013888 cells) 

Gnd f! 1st fl 2nd fl WRV B. Roof Gnd fl 1st fl 2nd f! WRV S Roof (, 'n(i fi 10 fl 2nd fl V%tRv R PAM 
Avg top 24.13 25.20 26.32 26.73 27.82 24.36 25.53 26.64 27.08 28.21 24.42 25.59 26.72 27.16 28,28 
Avg mid 23.90 24.86 26.11 26.66 27.17 24.13 25.20 26.44 27.02 27.51 24.18 25.25 26.51 27.09 27.57 
Avg low 23.68 24.55 25.73 26.57 26.94 23.89 24.83 26.03 26.92 27.27 23.95 24.87 26.09 27.01 27.34 

Avg all 1 23.90 24.87 26.05 26.65 27.31 1 24.13 25.19 26.37 27.01 27.66 1 24.18 25.24 26.44 27.09 27.73 

(b) Iteration (Convergence) Test 

Grid density (178 x 64 x 89): Air Temperature (OC) 
xy-plane 500 iterations 1000 iterations 1500 iterations 

Gnd fl lst fl 2nd fl WRV B. Roof Gnd fl lst fl 2nd fl WRV B. Roof Gnd fl lst fl 2nd fl WRV B. Roof 
Avg top 24.42 25-59 26.72 27.16 28.28 24.49 25.80 27.02 27.43 28.40 24.57 25.94 27.10 27.48 28.41 

Avg mid 24.18 25.25 26.51 27.09 27.57 24.27 25.48 26.65 27.36 27.81 24.36 25.60 26.72 27.42 27.97 

Avg low 23.95 24.87 26.09 27.01 27.34 24.11 25.07 26.36 27.28 27.62 24.21 25.16 26.39 27.35 27.71 

Avg all 1 24.18 25.24 26.44 27.09 27.73 1 24.29 25.45 26.68 27.36 27.94 1 24.38 25.57 26.74 27.42 28.03 

(iv) Simulation Results for Validation of CFD Models: Average Air and Resultant 

Temperatures 

(a) Side-lit Model 

Side-lit Model: (1 78x64x89 cells @ 1500 iterations) 

xy-plane Air Temperature (OC) Resultant Temperature (O C) 

Gnd f! 1st f! 2nd fl WRV B. Roof Gnd fi 1st fl 2nd fl WRV B. Roof 

Avg top 24.57 25.94 27.10 27.48 28.41 26.89 27.67 29.17 31.51 33.03 

Avg mid 24.36 25.60 26.72 27.42 27.97 26.62 27.53 28.93 31.31 32.81 

Avg low 24.21 25.16 26.39 27.35 27.71 26.12 27.26 28.66 31.09 32.65 

Avg all 1 24.38 25.57 26.74 27.42 28.03 1 26.54 27.49 28.92 31.30 32.83 

(d) Top-lit Model 

Top-lit Model: (1 78x64x89 cells @ 1500 iterations) 

xy-plane Air Temperature (OC) Resultant Temperature (OC) 

Gnd fl istfi 2nd fl WRV B. Roof Gnd fl Ist fl 2nd fl WRV B. Roof 

Avg top 24.76 26-37 27.72 28.27 29.00 27.52 28.75 30.74 33.34 35.24 

Avg mid 24.52 25.90 27.29 28.11 28.88 27.23 28.48 30.47 33.27 35.36 

Avg low 24.35 25.39 26.77 27.98 28.60 27.00 28.15 30.16 33.14 35.49 

Avg all 1 24.54 25.89 27.26 28.12 28.83 1 27.25 28.46 30.46 33.25 35.36 
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(v) Simulation Results Due to Different Area Ratios and Outlet's Arrangement: 
Average Air and Resultant Temperatures, Air Velocity and Pressure 

(a) Side-lit Model 

'Area 
Ratio, n=0.5 (A, =1.6 m2 and A2=3.2 m Outlet: vertical side vent 

n=0.5 (A2 = 3.2 m2): Vertical side vent 
xy-plane Air Temperature (OC) Resultant Temperature (OC) Air velocity (m/s) 

Gnd fl 1st fl 2nd f! WRV B. Roof Gnd f! ist fl 2nd fl WRV R Pnnf rnei fl 1 ef fl ". )ntl fl %AID%/ 

Avg top 24.53 25.97 27.10 27.37 28.56 26.70 27.71 29.15 30.98 33.01 0.1254 0.0398 0.04 14 0.04 23 0.12 41 
Avg mid 24.34 25.53 26.67 27.32 28.08 26.53 27.58 28.93 30.81 32.71 0.1229 0.0288 0.02 92 0.03 89 0.09 12 
Avg low 24.30 25.25 26.52 27.26 27.79 26.40 27.22 28.67 30.62 32.48 0.1238 0.0419 0.03 64 0.03 62 0.06 55 
Avg all 24.39 25.58 26.76 27.32 28.14 26.54 27.50 28.92 30.80 32.73 1 0.1240 0.0368 0.0357 0.0391 0.0936 

Area Ratio, n=1.0 (A, =1.6 rn 
2 

and A2=1 
.6 rn 

2) Outlet: vertical side vent 
n=1 (A2= 1.6 m2): Vertical side vent 

xy-plane Air Temperature (OC) Resultant Temperature ("C) Air velocity (m/s) 
Gnd fl 1st fi 2nd fl WRV B. Roof Gnd fl 1st f! 2nd f! WRV B. Roof Gnd fl 1st fl 2nd f! WRV B Roof 

Avg top 24.53 25.96 27.10 27.39 28.96 26.70 27.70 29.16 30.98 33.02 0.1251 0.0397 0.04 12 0.04 57 0.12 95 

Avg mid 24.34 25.51 26.66 27.33 28.16 26.53 27.58 28.94 30.81 32.76 0.1230 0.0288 0.02 87 0.04 14 0.09 78 

Avg low 24.30 25.24 26.51 27.27 27.44 26.40 27.22 28.67 30.64 32.48 0.1238 0.0417 0.03 60 0.03 75 0.07 17 

Avg all 1 24.39 25.57 26.76 27.33 28.19 1 26.54 27.50 28.92 30.81 32.75 1 0.1240 0.0367 0.0353 0.0415 0.0997 

Area Ratio, n=1.6 (A, =1.6 rn 
2 

and A2=1 
-0 

M2) Outlet: vertical side vent 
n=1.6 (A2= 1.0 M 2): Vertical side vent 

xy-plane Air Temperature (OC) Resultant Temperature (OC) Air velocity (m/s) 
Gnd f! 1st fl 2nd fl WRV B. Roof Gnd fl 1st fl 2nd fl WRV B. Roof Gnd fl lstfl 2nd fl WRV B. Roof 

Avg top 24.51 25.93 27.03 27.31 28.54 26.70 27.69 29.08 30.93 33.05 0.1255 0.0394 0.04 01 0.04 68 0.13 13 

Avg mid 24.32 25.49 26.59 27.25 28.02 26.53 27.57 28.87 30.76 32.67 0.1230 0.0285 0.02 82 0.04 23 0.09 91 

Avg low 
' 

24.28 25.21 26.44 27.18 27.71 26.40 27.21 28.60 30.60 32.38 0.1238 0.0411 0.03 58 0.03 81 0.07 30 

Avg all 24.37 25.54 26.69 27.25 28.09 26.54 27.49 28.85 30.76 32.70 1 0.1241 0.0363 0.0347 0.0424 0.1011 

Area Ratio, n=1.0 (A, =1.6 m2 and A2=1 
.6m2 Outlet: Horizontal top vent 

n=1 (A2= 1.6 m 2) : Horizontal top vent 
xy-plane Air Temperature (*C) Resultant Temperature ("C) Air velocity (m/s) 

r, nd f! Iqt f! 2nd fl WRV B. Roof Gnd fl 1st fi 2nd fl WRV B. Roof Gnd f! lstfl 2nd fl WRV B. Roof 

Avg top 24.52 25.98 27.13 27.37 28.76 26.68 27.72 29.16 30.98 33.12 0.1259 0.0396 0.04 12 0.04 15 0.15 46 

Avg mid 24.34 25.54 26.67 27.32 27.92 26.52 27.60 28.94 30.81 32.60 0.1222 0.0293 0.02 88 0.03 83 0.09 46 

Avg low 24.29 25.26 26.52 27.26 27.66 26.38 27.20 28.68 30.61 32.41 0.1235 0.0453 0.03 61 0.03 60 0.06 62 

Avg all 1 24.38 25.59 26.77 27.32 28.11 1 26.53 27.51 28.93 30.80 32.71 10.1239 0.0381 0.0354 0.0386 0.1051 

Vertical Pressure Gradient 

xy-plane 
Average Pressure (Pa) 

height (m) 
Outlet: Vertical side vent Outlet: Horizontal top vent 

n=0.5 n=1.0 n=1.6 n=1.0 

z=0.10 -12.9995 -9.2389 -2.6096 -9.3172 
5.10 -7.8340 -4.0793 2.5506 -4.1517 
8.50 -4.1389 -0.3865 6.2347 -0.4580 
11.00 -1.2992 2.4525 9.0708 2.3805 
13.95 2.0706 5.8134 12.4201 5.7456 
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(b) Top-lit Model 

, 
Area Ratio, n=0.5 (A, =1.6 m2 and A2=3.2 m2) Outlet: horizontal rooftop vent 

n=0.5 (A2 = 3.2 M2) : Horizontal rooftop vent 
xy-plane Air Temperature (OC) Resultant Temperature (OC) Air velocity (m/s) 

Gnd fl Ut fl 2nd fl WRV B. Roof Gnd f! Istf! 7nfi fl WPV R Pr%nf ('-nrl fl 1 at fi Inei fl IAIP%/ 

Avg top 24.71 26.41 27.71 28.30 29.19 27.38 28.72 30.65 33.17 35.39 0.1314 0.0475 0.04 91 0.05 15 0.22 70 
Avg mid 24.50 25.83 27.16 28.14 28.84 27.20 28-51 30.37 33.13 35.24 0.1277 0.0339 0.03 44 0.04 11 0.13 67 
Avg low 24.43 25-50 26.95 28.03 28.54 27.04 28.03 30.07 33.05 35.22 0.1295 0.0514 0.04 32 0.03 65 0 . 0869 
Avg all 

1 24.55 25.91 27.27 28.16 28.86 27.21 28.42 30.36 33.12 35.28 0.1295 0.0443 0.0422 0.0430 0.1502 

Area Ratio, n=1.0 (A, =1.6 rn 
2 

and A2=1 
.6 rn 

2) Outlet: horizontal rooftop vent 
n=1 (A2= 1.6 M2) : Horizontal rooftop vent 

xy-plane Air Temperature (OC) Resultant Temperature (OC) Air velocity (m/s) 
Gnd f! 1 St fl 2nd fl WRV B. Roof Gnd fl 1st f! 2nd fl WRV B. Roof Gnd f! lstfl 2nd fi WRV B. Roof 

Avg top 24.71 26.40 27.71 28.29 29.25 27.38 28.71 30.65 33.16 35.44 0.1314 0.0477 0.04 93 0.05 26 0 . 2300 

Avg mid 24.50 25.82 27.15 28.13 28.89 27.20 28.51 30.37 33.13 35.26 0.1277 0.0339 0.03 43 0.04 15 0.13 74 

Avg low 24.43 25.49 26.94 28.02 28.59 27.04 28.04 30.06 33.06 35.21 0.1294 0.0513 0.04 33 0.03 66 0.09 02 

Avg all 1 24.55 25.90 27.27 28.15 28.91 1 27.21 28.42 30.36 33.12 35.30 10.1295 0.0443 0.0423 0.0436 0.1525 

Area Ratio, n=1.6 (A, =1.6 rn 
2 

and A2=1.0 M2) Outlet: horizontal rooftop vent 
n=1.6 (A2 = 1.0 M2) : Horizontal rooftop vent 

xy-plane Air Temperature (OC) Resultant Temperature (11C) Air velocity (m/s) 
Gnd f! 1 St fl 2nd fl WRV B. Roof Gnd fl lstfl 2nd fi WRV B. Roof Gnd fl 1stfi 2nd fl WRV B. Roof 

Avg top 24.67 26.33 27.64 28.19 29.05 27.34 28.68 30.59 33.11 35.37 0.1312 0.0463 0.04 84 0.05 31 0.23 37 

Avg mid 24.47 25.78 27.09 28.05 28.78 27.19 28.49 30.34 33.09 35.21 0.1279 0.0325 0.03 19 0.04 20 0.13 82 

Avg low 24.43 25.46 26.88 27.93 28.49 27.02 28.04 30.03 33.01 35.16 0.1286 0.0483 0.04 11 0.03 68 0.09 06 

Avg all 1 24.52 25.86 27.20 28.06 28.77 1 27.18 28.40 30.32 33.07 35.25 10.1292 0.0424 0.0405 0.0440 0.1542 

Area Ratio, n=1.0 (A, =1.6 m2 and A2=1.6 m2) Outlet: vertical side vent 
n=1 (A2= 1.6 M2): Vertical side vent vent 

xy-plane Air Temperature (OC) Resultant Temperature (IC) Air velocity (m/s) 

Gnd fl 1st f! 2nd fl WRV B. Roof Gnd fl 1st fl 2nd fl WRV B. Roof Gnd f! 1st fl 2nd f! WRV B. Roof 

Avg top 24.72 26.39 27.71 28.37 29-60 27.38 28.70 30.65 33.05 36.11 0.1328 0.0478 0.04 94 0.06 88 0.09 47 

Avg mid 24.51 25.81 27.16 28.17 29.07 27.20 28.49 30.37 32.97 35.52 0.1293 0.0344 0.03 46 0.0529 0.12 71 

Avg low 24.46 25.49 26.95 28.03 28.81 27.04 28.01 30.06 32.93 35.31 0.1310 0.0526 0.04 37 0.04 21 0.10 84 

Avg all 1 24.56 25.90 27.27 28.19 29.16 1 27.21 28.40 30.36 32.98 35.65 1 0.1310 0.0449 0.0426 0.0546 0.1101 

Vertical Pressure Gradient 

xy-plane 
Average Pressure (Pa) 

height (m) 
Outlet: Horizontal rooftop vent Outlet: Vertical side vent 

n=0.5 n=1.0 n=1.6 n=1.0 

Z=0.10 -14.0268 -9.9381 -2.8104 -8.8834 
5.10 -8.8282 -4.7423 2.3765 -3.6846 
8.50 -5-0728 -0.9888 6.1197 0.0689 

11.40 -1.7041 2.3769 9.4736 3.4356 

14.70 2.0619 5.9852 12.8607 7.3883 
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