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Abstract 

 In recent years Computational Fluid Dynamics (CFD) has been extensively used in the 

study of the indoor environment and the thermal comfort conditions for the design of modern 

buildings, however, there remains the need to thoroughly evaluate the accuracy of the results 

given by CFD methods. In the present work, numerical investigations of the indoor thermal 

environment in the atria of two existing buildings and in a simple three-storey atrium building 

design have been undertaken using CFD techniques.  

 The initial work involved the evaluation of various turbulence models and a radiation 

model used in CFD simulations for the prediction of the thermal environment in atria of different 

geometrical configurations in two buildings for which experimental data is available. The airflow 

patterns and temperature distributions were determined, under both forced and hybrid ventilation 

conditions and thermal comfort conditions were evaluated. The numerical predictions were 

compared with the available experimental measurements and, in general, good agreement was 

obtained between the numerical and experimental results.   

 After the evaluation of the adequacy of available turbulence models and the validation of 

the accuracy of the CFD model used, a simple full-scale three-storey atrium building was 

modeled to explore the potential of using buoyancy-driven natural ventilation. The validated CFD 

model was used to determine the ventilation flow rates, airflow patterns, and temperature 

distributions in the building. The dynamic effect of the thermal mass of the external walls on the 

performance of the building was also investigated using transient CFD simulations.  

 Atria with various geometrical configurations were studied in order to investigate the 

effect of atrium design changes on the air flow and temperature distributions in the simple atrium 

building considered. A parametric study was carried out to assess the sensitivity of the ventilation 

performance to the change in various geometric and solar parameters. On the basis of this 

parametric study, a few changes were carried out in the design of the building to examine their 
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effect on ventilation performance. Finally, the use of night ventilation in the atrium building was 

explored and it was found that night ventilation can be increased by using hot water circulation in 

the chimney walls.  
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Chapter 1 

Introduction 

1.1 Overview 

In recent years energy demands and environmental concerns have prompted building 

designers to reconsider the energy-efficient design features in buildings to reduce energy 

consumption. Highly glazed atria are currently being incorporated into the design of many large 

modern buildings in order to take advantage of daylighting, solar heating, and buoyancy-driven 

natural ventilation. Atrium spaces, when properly integrated with the building design, 

complement the building‟s functionality, provide vibrant space, admit daylighting deep into the 

building interior, and save energy. There have been several studies that support this view (e.g.,  

Anne et al. 2001, Aldawood and Clark 2008, Altan et al. 2009). In the present study, numerical 

investigations have been conducted to examine the nature of the indoor environment in atria of 

two existing buildings, and to explore the use of solar-assisted buoyancy-driven natural 

ventilation in a simple three-storey atrium building in order to reduce energy consumption during 

the summer. Computational Fluid Dynamics (CFD) modeling has been used as a design tool for 

the numerical investigations and the accuracy of CFD predictions was validated against the 

experimental data available. 

An atrium is usually defined as a large open space in a multi-storey building with large 

glazed areas that improves the indoor climate by admitting daylight, maximizes the benefit from 

direct solar gain, provides a means for using buoyancy-driven natural ventilation, and increases 

interaction and socialization of the people. It acts as a filter of undesirable effects of outdoor 

environmental factors such as rain, snow, or wind and retains the desirable effects of outdoors 

such as sunshine, fresh air and visual comfort (Saxon, 1983). Atria through psychological and 

physiological effects increase the morale of the occupants (Abdelaziz and Atif, 1999). In addition, 
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atria are reported to increase the market value of many buildings. Figure 1.1 shows examples of 

typical modern atria buildings.  

 

 

Figure 1-1    Typical modern atria in buildings. 

 

 An atrium has energy-saving potential associated with providing buoyancy-driven natural 

ventilation during the summer because of the stack effect. Using the stack effect, an atrium and 

adjacent occupied zones can be naturally ventilated without using any mechanical system or by 

using a hybrid system that combines natural and mechanical ventilation. With the increasing 

awareness of the need to reduce greenhouse gas emissions and to develop cost-effective and 

energy-efficient building ventilation systems, natural ventilation techniques have become more 

attractive in recent years. Compared to mechanically ventilated buildings, naturally ventilated 

buildings use much less energy because of the reduced electricity needed for fans and air-

conditioning units. Despite these advantages, the atrium large glazing surfaces have some 

disadvantages associated with high energy consumption which can cause excessive solar heat 

gain in summer and heat loss in winter, and also air stratification especially in the summer which 

can affect user comfort and energy performance of atrium buildings.  
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  The estimation of the thermal and energy performance of an atrium building is difficult 

because of the complex thermal phenomena and air stratification involved. The large size of the 

atrium space, the large area fenestration, and the three-dimensional buoyancy-driven flows 

resulting from the solar heat gain and internal heat sources such as lighting and people (see Figure 

1.2) give rise to complex airflow and temperature distribution patterns and cause air stratification. 

These phenomena are less significant in conventional buildings.  

 

 

Figure 1-2     Solar heat gains and internal heat sources in the atrium space. 

 

Existing empirical methods for predicting the phenomenon that occur in atria are poor 

and no accurate theoretical analysis has been reported until now. Through simulation programs 

and experiments (e.g., Alexandra and Zhiqiang 2008, Cook et al. 2003, Ji et al. 2007), there has 

been an attempt to identify the flow characteristics and the parameters that affect them, as well as 

to predict temperature distribution in ventilated enclosures. A considerable number of studies 

(e.g., Kondo and Niwa 1992, Kuznik and Rusaouen 2006, Kwang and Richard 2009, Liu et al. 

2009) are oriented towards improving temperature and airflow predictions by modifying or 

coupling simulation methods and identifying certain limitations that exist in simulation programs. 
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In the past some research has been done on monitoring the thermal performance of passively 

designed buildings, addressing issues such as energy consumption, thermal comfort, and control 

strategies. Simulations have thus been used as a practical way to evaluate the performance of 

these buildings under different conditions. 

 While a large number of atria buildings have been constructed in recent years, some have 

proved to be very successful whereas a number of others have been unsuccessful for a variety of 

reasons (Oosthuizen and Lightstone 2009). These failures all point to the need for a detailed 

analysis of the thermal environment in atria and the need for an evaluation of thermal comfort 

conditions for the occupants. Some of the problems that can arise with the integration of atria 

features into buildings are thermal discomfort, associated with high temperature regions and 

thermal stratification resulting from solar heating, strong buoyant flows, glare, and potentially, 

the rapid spread of a fire and smoke. Designing an atrium should involve minimizing these 

problems and maximizing the desirable features that arise from the use of an atrium. To do this 

normally requires the calculation of airflows and temperature distributions in a proposed atrium 

during its design. Computational Fluid Dynamics (CFD) methods are now being quite widely 

used for this purpose (Oosthuizen and Lightstone 2009).  

The three-dimensional computational fluid dynamics modeling approach enables analysis 

of velocity, temperature and turbulence fields with good accuracy and reliability.  CFD modeling 

is a detailed airflow modeling technique that solves the governing equations of air motion and 

energy to give predictions of, primarily, pressure, velocity, turbulence level and temperature at 

many locations throughout the geometry under consideration. CFD methods have the potential to 

noticeably affect atrium building design strategies because the air stratification, the heat transfer, 

the radiation exchange, and other aspects of the building environment can be relatively easily, 

rapidly, and accurately calculated. The flow field and radiation field are closely correlated and 

thus constitute a complex indoor climate system. Therefore, these fields should be analyzed with 



5 
 

coupled numerical simulations of convective, conductive, and radiation heat transfer (Chikamoto 

et al., 1992, Kato et al., 1995). In recent years some numerical studies of the flow and 

temperature distribution in atria have been undertaken in support of the design of a particular 

building, but more general numerical investigations of the effect of atrium design changes on the 

performance of the atrium building are also needed. The main problem in modeling such a large 

open space is to obtain accurate results, especially in the near wall regions, without creating 

excessive computational demands.  

The present research work was undertaken with the aim of numerically investigating the 

indoor thermal environment in atria of different geometrical configurations and using the results 

to evaluate features that can potentially reduce energy consumption and improve thermal comfort. 

Among the aims of the numerical investigations was to explore the potential of using solar-

assisted buoyancy-driven natural ventilation in atria buildings and to evaluate the thermal comfort 

conditions for the occupants. Most existing atria have been designed with daylighting, natural 

circulation and aesthetic considerations in mind, but unfortunately often insufficient attention has 

been given to energy use considerations. Atria have energy-saving potential and to explore this 

potential was the major consideration in the present study.   

This research work has been completed in four stages. The first stage of the study 

involved a review of the relevant literature and an evaluation of the various turbulence models 

used in the CFD simulations for the prediction of the thermal environment under forced 

ventilation conditions in atria with different geometrical configurations of two existing atria 

buildings for which experimental data was available. A commercial CFD solver FLUENT
©
 was 

used in order to solve the Reynolds Averaged Navier-Stokes (RANS) equations under steady-

state conditions that govern the mean flow and temperature distributions in an atrium building. 

Numerical predictions were compared against the experimental measurements and, in general, a 

good agreement was obtained between the numerical and experimental results. From the results 
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of the CFD simulations, it was found that overall, the shear stress transport (SST) k-ω turbulence 

model performed relatively better than the other turbulence models considered.  

The second stage of the study involved numerical investigation of the thermal 

environment in an atrium space under hybrid ventilation conditions in order to predict the airflow 

patterns, turbulence intensity, and temperature distributions. Numerical predictions were 

validated against the experimental measurements available and, in general, a good agreement was 

obtained between the numerical and experimental results. Finally, thermal comfort conditions in 

the atrium were evaluated for the occupants. It was found that the thermal comfort conditions 

determined in the occupied region of the atrium space are in the comfort zone (see discussion of 

thermal comfort in chapter 2).  

 In the third stage of the study, a simple full-scale three-storey atrium building was 

modeled using an analytical design approach found in the literature in order to investigate the 

potential of using buoyancy-driven natural ventilation in the building during summer. The CFD 

model validated during the first two stages was used to determine the ventilation flow rate, air 

flow patterns and temperature distributions in the building. The numerical predictions were 

compared with the analytical results from the literature. A good agreement was found between 

the CFD model and the analytical models developed by others for simple geometry atrium 

buildings. The effect of the thermal mass of external walls on the airflow patterns, temperature 

distributions, and ventilation airflows in the building were investigated using transient CFD 

simulations under unsteady-state conditions.  

In the final stage of the study, various geometrical configurations of the atrium space of 

the building mentioned in the above paragraph were considered to investigate the effect of atrium 

design changes on the air flow and temperature distributions in the building. After the evaluation 

of the ventilation performance of various atrium configurations in the atrium building, an atrium 

design with better performance than other designs considered was selected and a parametric study 
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was carried out to assess geometric and solar parameters that have an influence on the 

performance of the building. The effect of each parameter was analyzed in terms of the volume 

flow rate, temperature distributions, and thermal comfort indices. The night ventilation potential 

in the building was also explored as a part of a passive ventilation strategy. Finally, the 

performance of the night ventilation was assessed in terms of the thermal comfort indices in the 

occupied regions of the building. It was found that most of the occupied regions on each floor are 

in the comfort zone. While in some regions of the atrium space, thermal discomfort did exist but 

these regions constituted only a small part of the atrium building. The study found that night 

ventilation can be increased using hot water circulation in the chimney walls with a heated central 

plate and other heat sources present in the atrium building. 

1.2 Thesis Outline   

In this section, the problems considered are defined, the objectives and motivation are 

discussed, the numerical methodologies are explained, the contributions of the present study are 

considered, and the format and organization of this thesis are outlined. 

1.2.1 Problem Definition and Motivation 

  Energy use in a building can be decreased significantly using an atrium space. 

Unfortunately little attention has been given to energy use considerations in the design of many of 

the atria buildings now in use. The need for improved design of natural ventilation strategies in 

atria buildings has been the motivation for some studies. One approach that has been used 

successfully in the design of an atrium space is the adoption of Computational Fluid Dynamics 

techniques which have the potential to accurately predict the flow field and temperature 

distributions inside the atrium space in detail. The findings can then be used to estimate energy 

use and to evaluate the thermal comfort conditions for the occupants. Similarly, the effects of the 

atrium design changes and of other parameters on the energy performance of the building can be 

investigated effectively using CFD simulations.  



8 
 

The motivation behind the present numerical investigations conducted was first to 

examine the capabilities of CFD techniques for predicting the thermal conditions in atria and the 

validation of the numerical predictions, and secondly to explore the use of buoyancy-driven 

natural ventilation in atria buildings of different geometrical configurations using validated CFD 

methods. For this purpose, two atria of different geometrical design in different locations for 

which experimental measurements were available were studied numerically and the numerical 

predictions were validated by comparing with the experimental data. After the evaluation of 

various turbulence models and the validation of numerical predictions of the thermal environment 

in atria of the two existing atrium buildings, the study considered the numerical predictions of the 

flow rate, airflow patterns, temperature distributions, thermal mass effects, sensitivity to 

important geometric and solar parameters, and thermal comfort conditions in a simple three-

storey atrium building with different geometrical configurations of the atrium space. The results 

obtained can be useful in the development of the preliminary design and thermal management of 

atria buildings. 

1.2.2 Objectives 

  As discussed above, it is evident that the flow situations in atria are very complex and 

have received relatively little detailed attention in the past. Previous studies have generally 

considered a relatively narrow range of governing parameters. The goal of the present work was 

to study numerically many complex features of the turbulent and recirculation flows such as 

forced, natural and mixed convection, complex radiation-convection interaction, and thermal 

storage effects in walls of the enclosed space to predict the flow patterns and temperature 

distribution in an atrium space of different geometrical configurations at different locations.  

 A number of different cases have been studied numerically. The objectives of the present 

work were as follows: 
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1. Evaluate the performance of various turbulence models and a radiation model for the 

 prediction of air flow field and temperature distributions under forced and hybrid 

 ventilation conditions in the atrium space of the Engineering building at Concordia 

 University, Montreal, Canada, for which experimental data has recently become 

 available; 

2. Numerically study the air flow field and thermal phenomenon in another atrium 

 space of different geometrical configuration in an atrium building located in Ottawa, 

 Canada, for which experimental data is available in literature; 

3. Validate the accuracy of CFD model predictions of the thermal phenomena in atria 

considered against the experimental measurements available; 

4. Evaluate the thermal conditions in an atrium space of the Engineering building of 

 Concordia University to ascertain thermal comfort and determine whether thermal 

 discomfort problems are likely to exist with the specified design;  

5. Model a simple full-scale three-storey atrium building (shown schematically in 

 Figure 1-3) and examine the potential of using buoyancy-driven natural ventilation to 

 reduce energy consumption in different geographical locations in Canada; 

 

Atrium 
Rooms

rium 

Air 

Flow 

Solar 

Radiation 

 

Figure 1-3     Natural ventilation in an atrium building. 
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6. Study the effect of the thermal mass on the transient thermal performance of the   

building in the prediction of ventilation airflows and temperature distribution in the 

atrium building;  

7.  Investigate the influence of different atrium arrangements and operation parameters 

on the prediction of airflow and temperature distributions in a full-scale simple 

atrium building; 

8. Study the particular design of the atrium space in a simple atrium building to 

examine the sensitivity of its ventilation performance to different geometric and 

climatic parameters, and evaluate the thermal comfort conditions in the building; and 

9. Examine the potential of using buoyancy-driven night ventilation for energy saving 

using hot water and heat sources present in atrium building, and evaluate the thermal 

comfort conditions for the occupants.   

1.2.3 Contributions 

The work described in this thesis has made the following contributions:  

1. Developed a Computational Fluid Dynamics (CFD) model to analyze the complex 

features of the three-dimensional turbulent flow field and thermal phenomena inside 

the atrium space in the Engineering building at Concordia University, Montreal and 

in the Ottawa building, Ottawa. 

2. Evaluated different turbulence models and a radiation model for the prediction of 

flow patterns, flow rate, and temperature distributions in atria of different geometry 

under forced and hybrid ventilation input conditions. 

3. Used the CFD model to analyze the thermal environment under hybrid ventilation 

conditions in an atrium space in the Engineering building at Concordia University, 

Montreal, and evaluated the thermal comfort conditions for the occupants. 
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4. Validated the accuracy of CFD predictions against the experimental measurements 

available in both atrium buildings.  

5. Modeled a simple three-storey atrium building using an analytical approach and 

investigated numerically the potential of using buoyancy-driven ventilation in the 

building during summer for energy use reduction. 

6.  Determined the sizes and locations of the air flow inlets and outlets of the simple 

atrium building to have the same flow rate of buoyancy-driven ventilation in each 

storey using the analytical design curves from literature, and compared the CFD 

predictions against the analytical results available in literature for a simple geometry 

atrium building. 

7. Determined the effect of the thermal mass of the building envelope on the transient 

thermal performance of the building for the prediction of buoyancy-driven flow rate 

and temperature distributions. 

8. Examined the conditions under which outside temperature variation and changes in 

solar intensity affect the inside thermal environment of an atrium building in different 

locations. 

9. Investigated the effects of atrium design changes on the flow rate and temperature 

distributions in the building by considering different geometrical configurations of 

the atrium space of the simple atrium building shown in Figure 1-4.   
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 Figure 1-4     Typical arrangements of the atrium space in a simple atrium building. 

 

 

10. Evaluated the effects of various important geometric and climatic parameters to 

assess the sensitivity of each parameter on the flow rate, temperature distributions, 

and thermal comfort conditions in the atrium building.   

11.  Improved the design specifications of the building on the basis of the parametric 

study, and evaluated the thermal comfort conditions in the atrium building. 
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12.  Investigated the potential of using night ventilation induced by buoyancy-driven 

flow using hot water circulation in the chimney walls with a central heated plate and 

other heat sources present in the building and evaluated the thermal comfort 

conditions in the atrium building. 

13. Highlighted important issues to be considered in the development and design of the 

atrium  buildings at the preliminary design stage, examples of these being: 

a) Use of the Reynolds Averaged Navier-Stokes (RANS) modeling approach 

with a turbulence model and a radiation model for the complete analysis of 

the airflows, temperature distributions and thermal comfort conditions using 

expected boundary conditions at the preliminary design stages of the atrium 

building; 

b) Use of design curves in the selection of sizes of inlets and outlets of the 

building;  

c) Effect of geographical locations and orientation of the building on thermal 

performance of the building; 

d) Effect of various geometrical configurations of the atrium space on the 

ventilation airflows and temperature distributions in the building; 

e) Effect of the various geometric and climatic parameters on the performance 

of the building;  

f) Importance of the effect of the thermal mass of the building on its 

performance; 

g) Effect of climatic boundary conditions, i.e. ambient temperature variation 

and solar intensity on the thermal comfort conditions of the building;  

h) Potential of using passive night-ventilation and its effect on the performance 

of the building; and 
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i) In terms of the CFD analysis, preparation of the energy-efficient design 

specifications of the building to enhance its performance and reduce energy 

consumption.  

1.2.4 Computational Methodology    

The present research study involves CFD modeling utilizing the commercial ANSYS-

FLUENT
© 

Software. In the numerical work the flow was assumed to be incompressible, three-

dimensional, single phase and turbulent. Fluid properties were assumed constant except for the 

density change with temperature which gives rise to the buoyancy forces, this having been treated 

by using the Boussinesq approach. The solution was obtained numerically by solving the full 

three-dimensional form of the governing equations using the Reynolds Averaged Navier-Stokes 

(RANS) modeling approach with a turbulence model and a radiation model. The governing 

equations subject to appropriate boundary conditions were numerically solved using the CFD 

model. The CFD model was developed and applied to the following flow situations: 

1. Numerical study of the flow in an atrium space of the Engineering building at 

Concordia University was undertaken for which experimental data recorded by 

Mouriki (2009) was available. The evaluation of different turbulence models was 

carried out by comparing the numerical predictions with the experimental 

measurements to select the most suitable turbulence model for subsequent numerical 

simulations to predict the indoor thermal environment in the simple three-storey 

atrium building.    

2. Numerical study of the flow situation in another atrium of different geometrical 

configuration in the Ottawa building was undertaken for which experimental data 

recorded by Abdelaziz and Atif (1999) was available. The evaluation of different 

turbulence models was carried out by comparing the numerical predictions with 

experimental measurements to validate the numerical predictions. 



15 
 

3. Numerical study of the flow situation in a simple three-storey atrium building was 

undertaken using the validated CFD model and the numerical predictions were 

compared with the analytical results obtained by Holford and Hunt (2003).  

4. Numerical study of the flow situation in typical atrium arrangements in a simple 

three-storey building shown in Figure 1-4 was undertaken to investigate the effects of 

various design changes on the performance of the building.   

1.2.5 Format and Thesis Organization          

 The thesis format used here follows the Queen's University, School of Graduate Studies  

Research Manuscript Format. In this thesis form, the chapters of the thesis consist of published, 

publishable or submitted manuscripts followed by a general discussion of the results. Some of the 

manuscripts considered similar situations and used similar solution procedures. Therefore to 

avoid excessive repetition and to maintain consistency in this thesis, all the manuscripts were 

modified and, in some cases, presented in separate sections of the same chapter. The format of the 

papers was changed so that the thesis would be more easily followed by the reader. 

The thesis is arranged and organized as follows: 

Chapter 1  provides a background on the air flow field and thermal phenomena in the atrium 

buildings and outlines the scope and objectives of the work. 

Chapter 2  presents a review of previous research that is relevant to the present study.  

Chapter 3 presents the evaluation of various numerical turbulence models along with a radiation 

model used for the prediction of airflows and temperature distributions in atria of different 

geometry at different locations under forced ventilation input conditions. The numerical results 

are compared with the experimental measurements available. This chapter is part of the main 

body of this thesis and is based on three published papers as follows:  

1. Shafqat Hussain and Patrick H. Oosthuizen, Evaluation of various turbulence models for 

the prediction of the airflow and temperature distributions in an atrium, Proceedings of 
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the 18
th
 Annual Conference of the CFD Society of Canada, London, Canada, May 18-19, 

2010, 8 pages. 

2. Shafqat Hussain and Patrick H. Oosthuizen, Validation of numerical study of flow and 

temperature distribution in an atrium space, Proceedings of the 19
th
 Annual Conference 

of the CFD Society of Canada, Montreal, Canada, April 27-29, 2011, 8 pages.  

3. Shafqat Hussain, Patrick H. Oosthuizen, Abdulrahim Kalendar, Evaluation of various 

turbulence models for the prediction of the airflow and temperature distributions in atria, 

Energy and Buildings, Vol. 48 (2011) pp.18-28.  

Chapter 4 presents a numerical study of the thermal environment and evaluation of thermal 

comfort conditions in an atrium space under hybrid ventilation conditions for which experimental 

data is available. This chapter is based on two published papers as follows: 

1. Shafqat Hussain and Patrick H. Oosthuizen, Numerical study of an atrium integrated with 

hybrid ventilation system, Proceedings of the 23rd Canadian Congress of Applied 

Mechanics, Vancouver, BC, Canada, June 5-9, 2011.  

2. Shafqat Hussain and Patrick H. Oosthuizen, Validation of numerical modeling of 

conditions in an atrium space with a hybrid ventilation system, Buildings and 

Environment, Vol. 52 (2012) pp.152-161. 

Chapter 5 describes the numerical study of the buoyancy-driven natural ventilation flow rate and 

temperature distribution in a simple three-storey atrium building. Attention is given to the 

development of buoyancy-driven natural ventilation flow and temperature distributions induced 

by solar radiation and heat sources present on each floor of the building, the effect of solar 

intensity, the geographical locations on the flow rates and the effect of thermal mass on the 

transient performance of the building. This chapter is based on two published manuscripts as 

follows: 
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1. Shafqat Hussain and Patrick H. Oosthuizen, Numerical modeling of buoyancy-driven 

natural ventilation in a simple three-storied atrium building, Proceedings of the 20
th
 

Annual Conference of CFD Society of Canada Alberta, Canada May 9-11, 2012, 6 pages 

2. Shafqat Hussain and Patrick H. Oosthuizen, Numerical modeling of the effect of thermal 

mass on the transient thermal performance of a simplified atrium building, Proceedings 

of the 10
th  International Conference on Heat Transfer ASME Conference 2012 SUMMER 

July 8-12, Puerto Rico, USA, 10 pages.  

Chapter 6 describes the numerical studies of the effect of atrium design changes on the volume 

flow rate and temperature distributions in the simple three storey atrium building. The purpose 

was to investigate numerically the effects of different atrium configurations on the buoyancy-

driven natural ventilation rate and thermal behavior of the building and ultimately to select the 

dimensions of the atrium space and evaluate the thermal comfort conditions in the selected 

design. This chapter is part of the main body of this thesis and is based on one published paper, 

one accepted and one submitted manuscript as follows: 

1. Shafqat Hussain and Patrick Oosthuizen, Numerical study of the effect of atrium design 

changes on the flow rate and temperatures distributions in a simple atrium building and 

thermal comfort evaluation, Applied Thermal Engineering, Vol. 40 (2012) pp. 358-372. 

2. Shafqat Hussain and Patrick Oosthuizen, Numerical modeling of buoyancy-driven natural 

ventilation and thermal comfort performance in a simple three-storey atrium building, 

International Mechanical Engineering Congress & Exposition November 9-15, 2012, 

Houston, Texas (USA), IMECE2012-93040. 

3. Shafqat Hussain and Patrick Oosthuizen, Numerical study of the night ventilation and 

thermal comfort conditions in a simple three-storey atrium building, International Journal 

of Heat and Fluid Flow, Ms. Ref. No.: HFF-D-12-00108 (under review).  
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Chapter 7 Presents overall conclusions and recommendations based on the studies described in 

preceding chapters, and gives recommendations for future studies in the areas of research 

considered in the thesis. 

 Appendices A, B and C present more detailed information about the numerical 

approaches, input values for FLUENT
©
 CFD-simulations and analytical approach used in this 

study. 
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 Chapter 2 

       Literature Review 

2.1 Air Flow and Temperature Distributions in Atria  

In the present research work, several aspects of the application of the Computational 

Fluid Dynamics methods to determine airflow and temperature distributions in atria buildings 

were considered. Aspects considered include turbulence modeling, thermal radiation modeling, 

natural convection, forced ventilation, buoyancy-driven ventilation, the effect of atrium design 

changes, the effect of thermal mass, the effect of geometric and climatic parameters, and the 

effect of geographical locations. 

A review of the literature revealed that many authors have investigated the application of 

CFD techniques to the study of building environments over the past 20 years. The studies that are 

directly related to the present work will be reviewed in the following sections. 

2.1.1 CFD Modeling Applied to Atria Buildings 

Computational Fluid Dynamics (CFD) is a branch of fluid dynamics that deals with the 

prediction of fluid flow, temperature, heat and mass transfer rates by numerically solving the set 

of governing conservation equations, i.e., conservation of mass, conservation of momentum, and 

conservation of energy. The solution of these equations predicts, primarily, pressure, velocity, 

and temperature distributions at many locations throughout the geometrical solution domain 

under consideration. The details of the governing equations are given in Appendix A.  

In recent years, CFD methods have started to be used in the design and operation of 

buildings and building systems. Nielsen et al. (1974) was one of the first to investigate airflow 

and heat transfer in a room of a building using a CFD approach, the standard k-ε turbulence 

model being used in the study. The numerical predicted velocity profiles in the room were 

compared with experimental results. Since the publication of this paper, more research papers on 
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the application of CFD modeling in the building systems field have become available. Oosthuizen 

and Lightstone (2009) reviewed the use of CFD methods in studies of buildings incorporating 

atria and discussed the selection of turbulence models. These authors pointed out that CFD 

models applied to the determination of airflow within buildings had the potential to predict the 

details of the velocity and temperature distributions from which interpretations relating to the 

thermal comfort and energy use could be made. These authors emphasized the use of CFD 

methods in studying the effects of design changes in atria buildings to reduce energy use could be 

fruitful. Some available measurements of the flow and temperature distribution in atria were 

compared with CFD predictions. These comparisons indicated that CFD methods can adequately 

predict the conditions in an atrium space.  

Pan et al. (2008) studied a highly glazed atrium space in the waiting hall of the Shanghai 

South Railway Station, China. The waiting hall is 30 m high and roofed with transparent glass. 

The authors measured indoor vertical temperature stratification, supply air temperature and 

velocity, and recorded weather data, on July 27
th
 and 28

th
, 2007- a typical summer period in 

Shanghai. They used two types of software - STAR_CD and IVSVE to build the CFD model and 

the daylight model respectively. Measured data including outdoor air temperature, solar radiation, 

supply air temperature, and velocities were used as boundary conditions in the simulation model. 

The standard k-ε turbulence model was used in the simulations and compared the CFD 

predictions with field measurements of temperature distributions. It was noted that the simulation 

results agreed well with the measured values. Lau and Niu (2003) investigated the indoor thermal 

environment in a 25 m high exhibition atrium located in Hong Kong and measured air 

temperatures at six different heights. CFD simulations of the conditions in the atrium were then 

carried out for a variety of cases and the numerical results were compared with the measurements. 

The authors obtained good agreement between numerical predictions and experimental results.  
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Kato et al. (1995) studied an atrium space with a height of 130 m using CFD simulations. 

The atrium was sandwiched between two adjacent buildings and its glazing surfaces were in the 

east and west directions. Corridors and offices on thirty levels were open to the atrium airflow 

and these spaces were air conditioned for thermal comfort. The authors attempted to assess the 

design of the atrium from an energy usage view-point for a number of typical scenarios with 

varying solar gain, HVAC, and outdoor temperature. Using a CFD model they were able to 

predict realistic results for temperature and velocity distributions. The researchers concluded that 

the atrium design can be comfortable if appropriate settings for HVAC are chosen and if natural 

ventilation is used to relieve the high temperatures in the upper levels.  

The International Energy Association (IEA) Annex-26 Yokohama Atrium was built to 

understand and test the airflow and heat transfer characteristics in the atrium. This atrium was 

investigated by many researchers as a validation study to test the accuracy of their atria modeling 

codes. Heiseberg et al. (1998) and Hiramatsu et al. (1996) modeled the Yokohama Atrium for 

various cases of outdoor conditions, solar radiation, HVAC, and different types of glazing. 

Murakami (1992) studied a few experimental cases in the Yokohama Atrium and discussed how 

these cases should be modeled. The author provided particular emphasis on the selection of 

turbulence models, grid discretization, and definition of boundary conditions.  

Basarir (2009) carried out a numerical investigation of the flow and temperature 

distribution under forced ventilation conditions in the atrium situated in the Concordia University 

Engineering building, Montreal. The author used the commercial CFD solver FLUENT
©
 to solve 

the equations that govern the flow in the atrium utilizing the realizable k-ε turbulence model with 

the discrete transfer radiation model (DTRM). The author compared the numerical predictions 

with experimental measurements available and in general, good agreement was obtained between 

the numerical and experimental results. Lin and Zmeureanu (2008) developed a three-

dimensional airflow and thermal (3D-TAF) model to predict the variation of the dimensionless air 
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temperature inside a large dome-covered house located in Montreal, Canada. It was shown that 

the zonal airflow model results compared well with those obtained using a CFD model.  

Stavrakakis et al. (2008) examined natural cross-ventilation in a test chamber experimentally and 

numerically using CFD techniques. To calculate the airflow and temperature distribution within 

the enclosed space, the authors used steady state application of three Reynolds-Averaged Navier-

Stokes (RANS) models. It was emphasized by the author that reliable predictions could be 

obtained using numerical simulations using relatively modest computer resources.   

Aldawoud and Clark (2008) investigated the energy performance of a central atrium in a 

building using two computer models. Weather data from four cities representative of climatic 

conditions of cold, temperate, hot-humid and hot-dry were used in the analysis. The authors 

observed that with the increase of building height the enclosed atrium exhibited a better energy 

performance depending on different factors like glazing and climate parameters. Tahir and 

Osman (2005) investigated the use of natural ventilation as a passive cooling system numerically 

using FLUENT
©
 software in new building designs in Kayseri, Turkey. It was suggested from the 

simulations that natural ventilation can be used to provide a thermally comfortable indoor 

environment during the summer season.  

Kuznik and Rusaouen (2006) used experimental and CFD methods using Reynolds 

Averaged Navier-Stokes equations (RANS) modeling and large eddy simulation (LES) modeling 

to investigate the velocity and temperature fields in a mechanically ventilated enclosure. The 

authors measured detailed airflow characteristics in three cases of ventilation: an isothermal case, 

a hot case and a cold case. It was found that the RANS model provided results that were in better 

agreement compared to the experimental data and that the LES model under-estimated the 

expansion of the jet indicating that the use of the LES model is not suitable for the prediction of 

the flow field in ventilated rooms.   
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The above mentioned studies all concluded that CFD is an acceptable tool in simulating 

atria indoor thermal conditions because of its ability to provide a detailed analysis for air flow and 

temperature distributions in the atrium.  

2.1.2 Evaluation of Turbulence Models for the Prediction of the Thermal Environment in 

Atria  

As noted in the previous section, a survey of the literature indicated that CFD is proving 

to be an extremely valuable tool in the design of buildings and building systems. The application 

of CFD to atrium type buildings has received more attention in recent years but because of the 

complexity of the flows involved, there remain some concerns about the accuracy of the results 

obtained. Comparison between CFD results and experimental results would aid with these 

concerns. Direct numerical simulation (DNS) of the flow, which is normally turbulent, is in 

practice at this time is not feasible because of the cost and the long computer run times required 

due to the size of most atria. Therefore a turbulence model together with the Reynolds averaged 

equations is normally used for the study of atrium buildings. However, because of the complex 

characteristics of the flow in an atrium space, it is often not clear which turbulence model should 

be used. Further, the lack of extensive experimental measurements in atria makes the selection of 

a turbulence model and the estimation of the accuracy of numerical results difficult.  

Numerous turbulence models have been developed in the past decades. It is important to 

evaluate the generality and robustness of the turbulence models for various indoor airflow 

scenarios. In the past some researchers have given attention to the evaluation of various 

turbulence models used in the CFD analysis of the indoor airflows in simple geometries.         

Zhai et al. (2007) reviewed the primary turbulence models that have been used for indoor 

environment modeling. Their study identified a few turbulence models that showed great 

potential for accurate modeling of airflows in enclosed environments. It was noted that each 
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turbulence model has its own pros and cons and there is no universal turbulence model that is best 

for all indoor airflow simulations.  

Zhang et al. (2007) evaluated the performance of eight turbulence models for four indoor 

airflows in simple geometries and compared the numerical predictions with available 

experimental data from literature. It was concluded that Large Eddies Simulations (LES) provides 

the most detailed flow description of features while the computing time is much higher than that 

required with RANS models. Among the RANS models, the renormalization-group (RNG) k-ε 

and a modified -f model showed better performance for the four cases studied. It was noted 

that each model gave results of good accuracy in certain flow categories, each flow type 

favouring a different turbulence model and the selection of a suitable model depended mainly on 

the accuracy needed and computing time that could be afforded. Gebremedhin and Wu (2003) 

used five RANS models to simulate a ventilated animal facility and concluded that the RNG k-ε 

model was the most suitable for modeling the flow field. Coussirat et al. (2008) evaluated the 

performance of six different turbulence models for the CFD simulations of free and forced 

convection in double-glazed ventilated façades. Fluid and solid surface temperatures were 

compared with experimental results available in literature. It was concluded that the RNG k-ε 

turbulence model seemed to perform better than the other turbulence models tested for predicting 

thermal phenomena when there were zones of low velocities within the façade configuration.  

Walsh and Leong (2004) carried out numerical modeling of the thermal environment   

inside an air filled cubic cavity using several commonly used turbulence models. It was found 

that the standard k-ε model was the most effective model to use. Arun and Tulapurkara (2005) 

simulated the turbulent flow inside an enclosure with central partition with three turbulence 

models, i.e., the RNG k-ε, a Reynolds stress model, and the shear stress transport (SST) k-ω 

model. It was concluded that SST k-ω model is better in the prediction of flow features like exit 

of flow with swirl, flow in the reverse direction and the movement of vortices. Rohdin and 
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Moshfegh (2007) investigated the use of CFD as a tool for the prediction of the flow pattern and 

temperature distributions in a large and complex packaging facility and presented a comparison 

between three turbulence models, i.e. the standard k-ε, the RNG k-ε, and the realizable k-ε, and 

compared the predictions with field measurements. It was found that the RNG k-ε model gave the 

best agreement with the measured values. Stamou and Katsiris (2006) used four turbulence 

models to predict air velocity and temperature distributions in a model office room with 

ventilation and compared the predictions with the experimental measurements. It was found that 

all the models predicted the main qualitative flow features satisfactorily with a slightly better 

performance obtained using the SST k-ω model. Chen (1999) simulated various convective 

airflows and an impinging flow using five turbulence models. From these results it was shown 

that the RNG k-ε model had the best overall performance in terms of accuracy, numerical 

stability and computing time.  

Stavrakakis et al. (2008) studied natural cross-ventilation in a test chamber with openings 

at non-symmetrical locations both experimentally and numerically. The computational part of the 

study assumed a steady-state situation and used three Reynolds-Averaged Navier-Stokes (RANS) 

turbulence models: the standard k-ε, the RNG k-ε and the Realizable k-ε models.  It was 

concluded that the numerical predictions obtained by turbulence models were generally in 

acceptable agreement with the experimental measurements. The RNG k-ε model performed 

relatively better, especially for temperature predictions. Cable and Oosthuizen (2007) investigated 

the use of several turbulence models for predicting the velocity and temperature distributions for 

three flow situations in simple geometries. The numerical predictions were compared with the 

experimental measurements. The authors concluded that all the turbulence models gave 

satisfactory results and the choice of model will depend upon the time and computational power 

restraints.  
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Kuznik and Rusaouen (2007) predicted velocity and air temperatures in a mechanically 

ventilated room with a strong jet inflow using four RANS turbulence models and compared the 

results with experimental measurements. It was noted that all the turbulence models could 

accurately predict the velocity and temperatures for the isothermal and hot cases but that the k-ω 

model appeared to give the best results. Some other researchers have also given attention to the 

evaluation of the use of various turbulence models in the CFD analysis of buildings, e.g., Menter 

(1994), Wilcox (1998), Cook and Lomas (1998).  

  From the literature survey, it was observed that the RANS turbulence models have been 

widely used for modeling convective indoor airflows in simple geometries due to the lower 

computational cost involved. Most of these comparative studies concluded that k-ε models were 

capable of simulating indoor airflows but that the RNG k-ε model was slightly better than the 

other models in terms of the overall simulation performance. The k-ω models have been recently 

used for a few indoor airflow simulations e.g., Wilcox (1998), Hussain and Oosthuizen (2010), 

Rundle et al. (2011). These studies indicated that the k-ω models have the potential to model 

indoor environments with quite good accuracy and numerical stability. The authors pointed out 

that the SST k-ω model had a better overall performance than the k-ε models due to more 

accurate wall treatment and high quality temperature predictions.   

2.1.3 CFD Modeling of an Atrium Space Operating under Hybrid Ventilation Conditions  

  Hybrid ventilation can be described as a combination of different features of both natural 

and mechanical ventilation systems. The main purpose of using hybrid ventilation is to use as 

much fresh and clean air to bring the room temperature down for thermal comfort and to reduce 

energy consumption. Hybrid ventilation system integrated with atria represents an area of 

significant interest in building design. The open space concept of atria, with high ceilings, 

promotes temperature stratification, and hence enhances the thermal stack effect which helps in 

inducing the buoyancy-driven natural ventilation. The stack effect can be used to draw cooler air 
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from the exterior – near the bottom or sides of the building and vent it after it has warmed from 

convective heat exchange with the internal space. The air is normally vented at the top of the 

building.  

 The proper design of the hybrid ventilation systems must be based on the detailed 

understanding of airflow within enclosed spaces governed by pressure differences due to wind 

and buoyancy forces. In the recent years many researchers have studied the use of hybrid 

ventilation as a part of passive cooling system in new building designs, e.g., Jiang et al (2004), 

Stanou and Katsiris (2006), Kevin (2007), Xin et al. (2009), Alexandra and Zhiqiang (2008), 

Anne et al (2001), Hussain and Oosthuizen (2011), Kwang and Richard (2009). 

 Xin et al. (2008) developed a numerical model to predict the vertical temperature 

distribution in an atrium building with hybrid ventilation in Shanghai Research Institute of 

Building Sciences. It was found that numerical results agreed well with the experimental results. 

The authors highlighted the fact that the air temperature i.e., the temperature of the air entering 

the inlet and the position of the inlet had significant effects on the energy saving potential with 

hybrid ventilation. It was also noted that hybrid ventilation was better than forced ventilation for 

removing excessive heat existing in the upper zone of an atrium building and to reduce the 

average air temperature. The authors also discussed the effect of ambient air temperature and 

upper-opening location on the performance of the hybrid ventilation.  

 Previous studies have shown that modeling and simulation of hybrid ventilation systems 

face considerable challenges to accurately predict the flow pattern and thermal phenomena in an 

atrium space. The present work was undertaken to examine the use of a CFD model for the 

analysis of the thermal conditions in an atrium space under hybrid ventilation conditions in the 

Engineering building at Concordia University. Measurements in the atrium were conducted by 

Mouriki (2009) with blinds open and the blinds closed. The numerical results obtained were 

validated against the experimental data available.  
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2.2 Buoyancy-driven Natural Ventilation in an Atrium Building 

 Conventional mechanical ventilation systems consume electric power. Due to the     

worldwide energy crisis, the need to reduce energy use in buildings has redeveloped an interest in 

natural ventilation. The wind field over a building is often thought as the main driving force for 

the natural ventilation but, in fact, buoyancy-driven natural ventilation is also of major 

importance. There are many architectural features that can enhance buoyancy-driven stack 

effect such as tall solar chimneys, light wells and atria.  These structures potentially increase 

the height of the column of warm air inside the buildings and, as a result, increase the stack 

driving force which draws larger amounts of cooler air from the exterior near the bottom or sides 

of the building and vent it after it has warmed by heat exchange in the internal space. The heated 

air is normally vented at the top of the building.  

Advanced stack-ventilated atria buildings have the potential to consume much less 

energy for space conditioning than typical mechanically ventilated buildings. The proper design 

for natural ventilation must be based on a detailed understanding of airflow within enclosed 

spaces governed by pressure differences due to wind and buoyancy forces. At the design stage, 

CFD modeling techniques can be utilized to investigate the possible ventilation flow rates, 

temperature distributions and thermal stratification within the ventilated space. Simple building 

geometries such as a single ventilated enclosure with openings connected to the exterior have 

been the subject of considerable research in order to gain a deeper understanding of the 

features influencing natural ventilation.  

  Ji et al (2007) studied the flow characteristics (thermal stratification and airflow rates) of 

buoyancy-driven ventilation in an atrium connected to single storey space by using a CFD model. 

The numerical results were compared with predictions of analytical models and small-scale 

experiments. It was observed that the airflow patterns, temperature distribution and ventilation 

flow rates predicted by the CFD model agreed favorably with the analytical models and the 
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experiments. Gan (2006) studied solar heated open cavities including solar chimneys for 

enhancing the natural ventilation of buildings using a commercial CFD package to predict 

buoyant air flow rates in cavities. The CFD model was validated by comparing the numerical 

results against the measured data from the literature and good agreement between the predictions 

and measurements was reported.  

Walker and Glicksman (2006) predicted airflow patterns and indoor temperatures 

experimentally and numerically for buoyancy-driven ventilation, wind-driven ventilation and for 

a combination of both using reduced-scale models. The simulation results were validated by 

comparing them with the measurements. Liu et al. (2009) evaluated buoyancy-driven natural 

ventilation in atrium buildings with a reduced scale (1/20) model both experimentally and 

numerically. A small heater was used to simulate a heat load on the floor and air inflow was 

introduced through small openings in the adjacent spaces. A series of experiments and 

simulations were performed using a number of configurations of vents at the ceiling of the atrium. 

The author noted that for buoyancy-driven ventilation to be effective, an atrium should be of 

significant height.  

Bassiouny and Koura (2008) studied analytically and numerically the use of a solar 

chimney for improving the natural ventilation. This study investigated the effect of various 

geometrical parameters such as chimney inlet size and width on the buoyancy-driven ventilation. 

It was shown that there is an optimum inlet size beyond which the room air change per hour 

(ACH) would decrease. Josef et al. (2008) investigated the characteristics of the turbulent airflow 

and heat flux in a buoyancy-driven naturally ventilated enclosure experimentally and noted the 

effect of the interaction between the ventilation modes on the airflow through the upper vent. It 

was observed by these authors that the contribution of the turbulence to the total (mean and 

turbulent) heat flux through the vent decreased as ventilation changes from the forced to the 

buoyancy-driven ventilation mode. Similar studies have been carried out by some researchers 
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e.g., Linden et al. (1990), Hunt and Kaye (2001), and Cook et al. (2003). Presently CFD methods 

are being increasingly employed for predicting building airflows and testing natural ventilation 

strategies e.g., Anne et al. (2001), Josef et al. (2008), Kevin (2007), Tahir and Osman (2005).  

Allocca et al. (2003) investigated the effect of single sided natural ventilation for a stack 

of rooms sharing a vertical ventilation space. A CFD model was used to assess the effects of 

buoyancy and wind on the ventilation flow rate and the indoor conditions. Predicted results were 

compared with empirical and analytical solutions for the buoyancy-driven flow. The authors 

considered heat sources from the rooms but no air-conditioning was considered. The CFD results 

were within 10% of analytical solutions for buoyancy-driven flow. Cook and Lomas (1998) 

showed comparisons between analytical, experimental and CFD modeling of natural convection 

flow for a single space with a localized point heat source and openings connected to the ambient 

environment. Holford and Hunt (2003) studied the fluid flow in a single ventilated space 

connected to a tall atrium and developed simple analytical models and validated the results given 

by these results using small-scale salt bath experiments. It was shown that at the design stage 

these techniques could be useful for understanding the flow characteristics, including the likely 

ventilation flow rates and temperature distributions.  

  In the present research work, a simple three-storey atrium building was modeled to 

investigate the potential of using buoyancy-driven natural ventilation and will be explained latter. 

The CFD model results were compared with the design curves developed by Holford and Hunt 

(2003) who considered more general cases for these types of buoyancy-driven natural ventilation 

flows using experimental and an analytical modeling approach mentioned briefly in the     

Appendix C. 
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 2.2.1 Effect of Thermal Mass on the Transient Thermal Performance of the Atrium 

Building      

 A thermal mass is a material that absorbs thermal energy from a heat source, and then 

releases it slowly. This can be used to help regulate the heat in a space by increasing the amount 

of energy required to change its temperature. Concrete and bricks are often employed as thermal 

masses in a structure. It is a function of material density (ρ) and specific heat (cp) which is a 

measure of the heat storage capacity of the material. In a building, the effective use of thermal 

mass can significantly reduce the diurnal temperature swings making the conditions within the 

building more comfortable. Thermal mass is, therefore, an essential element of passive solar 

design primarily because of the need to store the solar energy received by the building during the 

day and then to gradually release it overnight. This can be achieved through the choice of 

appropriate building materials. Therefore to understand the building envelope performance, 

thermal mass is important because of the construction of low energy buildings and because 

thermal mass can reduce peak cooling loads and indoor air temperature swings in buildings.  

  In the past some researchers have carried out studies to investigate the effect of the 

thermal mass of walls on the energy performance of buildings e.g., Feng (2002), Roucoult (1999), 

Bojic et al. (2001), Li and Xu (2006), Yam et al. (2003), Zhou et al. (2008), Yang and Li (2005). 

These authors noted that climatic conditions in the most parts of the world involve significant 

diurnal (day to night) temperature swings. The use of thermal mass in such situations offers 

considerable benefits in thermal comfort and energy savings in buildings.  

  Aste et al. (1996) investigated the influence of thermal mass of external walls on the 

energy performance of buildings. The authors noted that the use of high thermal mass walls 

usually results in a reduction in the energy requirements both for heating and cooling in buildings. 

The difference between the heating and cooling demand with low thermal mass walls and high 

thermal mass walls may reach about 10% to 20%. It was shown that the role of the thermal mass 
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becomes more significant when the thermal mass was coupled with other energy saving measures 

and with an efficient and rational use of the buildings. Barmpas et al. (2009) studied the transient 

thermal behaviour of a simplified building envelope under various external flow conditions using 

CFD techniques. It was observed that the transient three-dimensional calculations provided 

important information about the effect of the external flow temperature, velocity, and direction on 

the thermal behaviour of the building envelope. In addition, it was pointed out that the numerical 

methodology is capable of taking into account the effects of the thermal mass on the transient 

thermal performance of the building. 

  Kalogirou et al. (2002) numerically studied the effect of the building thermal mass on the 

heating and cooling load using the TRNSYS program and investigated the possible benefits 

resulting from thermal mass. It was found that the thermal mass offered some advantages and 

should be used whenever buildings are erected provided that the temperature variations at the site 

are large. The impact of thermal mass on the thermal performance of various Australian 

residential buildings was examined numerically by Katherine et al. (2008) using the commercial 

AccuRate energy rating tool. It was found that the thermal mass had a significant impact on the 

thermal behaviour of the buildings studied, particularly in those where the thermal mass was 

within a protective envelope of insulation. The factors determining the affect of thermal mass on 

the cooling load of buildings were reviewed by Balaras (1996). A number of simplified design 

tools for calculating the cooling load and indoor air temperatures of a building, which also 

account for thermal mass effects, were identified and classified by the author. The models were 

categorized in terms of their inputs, outputs and restrictions on their level of accuracy in treating 

thermal mass effects, type of loads or other design limitations.  

  Shaviv et al. (2001) studied the effect of the thermal mass and the night ventilation as a 

passive cooling design strategy and calculated the influence of thermal mass and night ventilation 

on the maximum indoor temperature of the building during summer. It was noted that the 
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maximum indoor temperature depends linearly on the temperature difference between that in the 

day and that in the night at the site. It was shown that in a hot humid climate it was possible to 

achieve a reduction of 3-6 
o
C in the indoor temperature in a heavily constructed building without 

operating the air-conditioning unit, the exact reduction depends on the amount of thermal mass, 

the rate of night ventilation and the temperature swing at the site between day and night.  

 Jiang et al. (2004) studied both wind-driven and buoyancy-driven natural ventilation by 

using three CFD models: steady-state Reynolds Averaged Navier-Stokes equation (RANS) 

model, unsteady-state RANS model, and large eddy simulation (LES) model. It was found that 

the fluctuating flow field played a more important role in determining ventilation flow rates for 

wind-driven natural ventilation than for buoyancy-driven natural ventilation. There was no 

significant difference between the mean ventilation rate and the average instantaneous ventilation 

flow rate in the buoyancy-driven ventilation. 

  In the present research work, CFD techniques have been used to investigate the effect of 

the thermal mass of external walls, with and without insulation covering, on the airflow patterns, 

temperature distributions and buoyancy-driven ventilation flow rates in a simple three-storey 

atrium building under transient climatic conditions.   

 2.2.2 Effect of Atrium Design Changes on the Performance of the Atrium Building  

   

  Because the airflows in atria are complex, they create unique inter-relationships between 

fundamental elements that must be understood and accounted for in the final design of an atrium 

space. Good atrium design will improve the indoor environment and reduce the energy 

consumption. Atria can be configured in a number of ways, but atrium configurations should 

always be a reasoned response to the defined climatic and life safety goals. An atrium can be 

totally surrounded by building elements or be partially enclosed. It may be top lit, side lit or a 

combination of both. The shape and geometry of an atrium depends on the nature of the adjoining 

occupied portions of the building. There are several simple and several complex basic 



34 
 

configurations of atrium space. Which configuration is utilized by an individual designer is a 

function of among other issues, personal taste, fire-safety issues, proposed uses of both the atrium 

and the adjoining spaces, and the desired impact of the atrium climatically.  

  Natural ventilation in atria buildings can be achieved with solar-driven buoyancy-induced 

airflow through the use of a solar chimney and an atrium space. Research on solar chimneys has 

covered a wide range of topics, yet study of the integration of a solar chimney or an atrium space 

in multi-storey buildings has been performed in relatively few numerical studies, e.g., Kevin 

(2007), Tahir and Osman (2005), Walker and Gliksman (2006), Liu et al. (2009), Cook et al. 

(2003), Zhai and Chen (2006), Cook and Lomas (1998).    

Bassiouny and Koura (2008) carried out an analytical and numerical study of the solar 

chimney to improve room natural ventilation. Their study showed that geometrical parameters, 

such as chimney inlet size and width, had a significant effect on space ventilation. It was noted 

that the chimney width had more effect on the room air change per hour (ACH) than chimney 

inlet size. Lee and Strand (2006) carried out simulations to investigate the enhancement of natural 

ventilation in buildings using a solar chimney. From the results it was shown that chimney height, 

solar absorptance and solar transmittance had more influence on the buoyancy-driven natural 

ventilation than the chimney width. The authors noted that higher thermal chimneys with greater 

wall solar absorptance or glass cover transmittance resulted in higher building natural ventilation 

enhancement. It was observed that the use of a solar chimney could significantly reduce energy 

consumption in buildings. 

  Rundle et al. (2011) carried out a systematic validation of a commercial CFD code 

against experimental measurements and concluded that CFD can be used successfully to simulate 

the heat transfer and fluid flow in atria geometries and provided recommendations regarding 

turbulence and relative heat transfer modeling. Altan et al. (2009) examined the indoor thermal 

conditions in a naturally ventilated building designed for Sheffield University, UK.  Indoor air 
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temperatures were recorded for the time period between the 17
th
 and 23

rd
 November 2005 and 

thermal comfort conditions were evaluated. It was noted that there were obvious advantages in 

the use of passive solar designs with various techniques such as glazed façade to both derive the 

natural ventilation and maximize the daylighting in buildings. Joseph et al. (2008) examined the 

sensitivity of the energy performance of office buildings in Hong Kong and indentified the input 

design parameters and the annual building energy consumption. It was noted that building 

simulations are useful for assessing the thermal response of buildings under different conditions.  

  Gan (2006) studied solar heated open cavities including solar chimneys for enhancing 

natural ventilation of buildings. A commercial CFD package FLUENT
©
 was used for the 

simulation of turbulent airflow and heat transfer in open cavities. Air turbulence was represented 

by the standard k-ε and RNG k-ε turbulence models. The authors found that with an optimum 

cavity width, the maximum buoyancy-induced flow rate was between 0.55 and 0.6 m
3
/s for a 

solar chimney that was 6 m high.  

2.2.3 Night Ventilation in an Atrium Building 

From a literature survey of the night ventilation in an atrium building it was noted that 

night ventilation has been applied successfully in many passively-cooled or low-energy office 

buildings. Night ventilation has been shown to be an effective cooling method, especially in 

regions where there are a large temperature variations between day and night. To create a 

comfortable indoor climate during summer, the building must be cooled at night in order to 

achieve the correct temperature at the start of the following working day. Night ventilation of 

buildings can be incorporated as a part of the passive ventilation strategy to purge the building of 

warm air that has accumulated during the day (Figure 2.1) and, thereby, to cool the building in 

order that it may act as a heat sink during the following day. Several studies have shown night 

ventilation to be effective in improving thermal comfort and reducing cooling demand during 

daytime e.g.,  Artmann et al. (2008), Finn et al. (2007), Wang et al. (2009), Zhou et al. (2008). 
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                 Figure 2-1     Internal heat sources inside the atrium space. 

 Kubota and Chyee (2010) investigated the potential of using passive cooling techniques 

for modern houses in Malaysia with the aim of reducing air-conditioning usage. A full-scale field 

experiment was carried out to determine the details of the indoor thermal environment with 

various ventilation strategies. Night ventilation was found to be better than daytime ventilation in 

terms of air temperature reductions during the day and night time. Yang and Li (2005) studied the 

effect of thermal mass on energy consumption in office buildings with air-conditioning in the 

day-time and natural ventilation in the night-time to quantify the hourly and overall variation of 

air-conditioning cooling load. It was found that an increase of night cooling could effectively 

reduce the overall cooling load.  

 Geros et al. (1999) investigated the potential of night ventilation strategies applied to full-

scale buildings under different structural design, ventilation and climatic conditions using both 

experimental and simulation tools. It was shown that the efficiency of night ventilation is strongly 

related to three main parameters: the relative difference between indoor and outdoor temperature 
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mainly during the night, the useful air flow rate observed during the night period, and the thermal 

capacity of the building. The optimum values for each of these parameters were proposed for the 

night ventilation design process. It was noted that the night ventilation techniques could 

contribute to a significant decrease in the air-conditioning cooling load and improve the thermal 

comfort levels in the buildings. The exact contribution of night ventilation for a specific building 

is a function of the building structure and design characteristics, the climatic conditions and the 

building layout, the applied forced air flow rate, the efficient coupling of air flow with thermal 

mass of the building, and the operational conditions. Santamouris et al. (2010) presented the 

analysis of the energy data from 214 air-conditioned residential buildings using night ventilation 

techniques and calculated the specific energy contribution of night ventilation to the buildings 

cooling load.  

2.2.4 Evaluation of Thermal Comfort Conditions in Atrium Buildings 

CFD techniques can provide much more detailed information about the airflow and 

temperature distribution in a building than can normally be obtained experimentally and by 

approximate analytical procedures (Oosthuizen and Lightstone 2009). CFD provides spatial 

information about velocities and temperature distributions in the flow field that allows thermal 

comfort analysis to be performed in the occupied areas of the buildings. The analysis of thermal 

comfort in buildings and the application of CFD to analyze the thermal comfort conditions have 

been studied by some researchers. Some studies have been published on the fundamentals of 

thermal comfort e.g., ASHRAE Handbook Fundamentals (1997), Fanger (1970), ASHRAE 

Standard 55-1992R and ISO 7730.  Thermal comfort is defined in ISO 7730 as "the condition of 

mind that expresses satisfaction with the thermal environment". Presently, the thermal comfort 

indices Predicted Mean Vote (PMV) and Predicted Percentage of Dissatisfied (PPD) of Fanger 

(1970) are adopted in ISO 7730 and are calculated by empirical equations given in ISO 7730. The 
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PMV equation is based on steady-state heat balance for the human body and the result is 

expressed as follows: 

          PMVtrad = [0.303 exp (– 0.036 M ) + 0.028] L                                                     (2.1) 

where PMVtrad is the traditional PMV (for air-conditioned buildings), M is the metabolic rate 

(W/m
2
) and L is the thermal load on the body expressed as follows: 

L = internal heat production – heat loss to the actual environment 

L = M – W– {3.96 x 10
-8 

fcl [(Tcl +273)
4

 – (Tr+273)
4 
] + fcl hc (Tcl –T) + 3.05 x 10

-3 
[5733 – 6.99 (M 

–W ) – Pv ] + 0.42 (M – W – 58.15) + 1.7 x 10
-5

M (5867 – Pv) + 0.0014M  (34 – T )]}         

                                                                               (2.2) 

where W stands for active work or shivering (W/m
2
) and fcl is the garment insulation factor  

(1 clo = 0.155 m
2 
K/ W) expressed as  

        fcl = { 1.05 + 0.645 Icl       for  Icl  > 0.078.  and 1 + 1.291 Icl       for   Icl  < 0.078}                  (2.3) 

The term Icl stands for the resistance to sensible heat transfer provided by a clothing ensemble 

(clo).  The Tcl (
o
C) term is defined as the cloth temperature and is determined below as: 

Tcl  = 35.7 – 0.028 (M –W) – Icl { 3.96 x 10 x 10
-8  

fcl  [(Tcl  +273)
4
  – (Tr+273)

4
] + fcl hc (Tcl –T)} 

                                                        (2.4) 

In Equations 2.2 and 2.4, T (
o
C) is local air temperature, hc, is the heat transfer coefficient between 

the cloth and air (W/m
2
-k) and Tr (

o
C) is the mean radiant temperature. The heat-transfer 

coefficient is given by: 

hc = 2.38 (Tcl –T)
0.25

    for  2.38 (Tcl –T)
0.25

 > 12.1 u
0.5     

and  

 

hc = 12.1 u
0.5                     

for 2.38 (Tcl –T)
0.25

 < 12.1 u
0.5

                                                       (2.5)                                                          

 

where u  is the local velocity. 

 

  However, it has been proven that the traditional PMV index is inadequate for naturally 

ventilated buildings, and an optional thermal comfort model, also known as „„adaptive comfort 

standard‟‟ is implemented in the new revised American Society of Heating, Refrigerating and 
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Air-conditioning Engineers (ASHRAE) Standard 55. This model is used to determine thermal 

comfort in exclusively naturally ventilated spaces. However, it has limitations (Fanger and 

Toftum, 2002) such as that it is only applicable to mean monthly temperatures from 10
o
C to 33

o
C 

and that only information of global thermal discomfort in large spaces is provided.  

Fanger and Toftum (2002) introduced an extended PMVNV (natural ventilation PMV) 

comfort model more suitable for naturally ventilated buildings which can be considered 

consistent with the traditional PMV model. The PMVNV index represents an extension of the 

traditional PMV model to account for the occupants „expectancy factor‟ according to their 

habitat, as well as to the estimated activity, i.e., the metabolic rate is reduced for every scale unit 

of PMV above neutral, a PMV of 1.5 corresponds to a reduction in the metabolic rate of 10% 

under hot and humid conditions. The expectancy factor is multiplied by the traditional PMV to 

give the mean thermal sensation vote of the occupants of a naturally ventilated building in a warm 

climate. The expectancy factor is estimated to vary between 1 and 0.5. If the weather is warm all 

year or most of the year, expectancy factor may be 0.5. In regions with only brief periods of 

warm weather occur during the summer, the expectancy factor may be 0.9 - 1.0. It is 1.0 for the 

air-conditioned buildings. In this model, PMV and PPD (%) for natural ventilation are determined 

as follows: 

 

PMVNV = e [0.303 exp (– 0.036 Mred ) + 0.028] L                                                          (2.6) 

  

 PPD (%) = 100 – 95 exp [– 0.03353 (PMVNV)
4 
– 0.2179 (PMVNV)

2
                   (2.7)     

where, e , is the expectancy factor and Mred is reduced metabolic rate.  

 The PPD equation indicates the variance in the thermal sensation of a group of persons 

exposed to the same thermal conditions. Dissatisfaction with the thermal environment, discomfort 

was defined by participants using the 7 point scale: cool (–2), cold (–3), warm (+2) or hot (+3). 
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Under optimal thermal conditions (PMV = 0), 5% of persons will be dissatisfied assuming 

identical activity level, clothing, and environmental conditions.  

The PMV and PPD are calculated from six basic variables: activity, clothing, air 

temperature, air velocity, mean radiant temperature (MRT), and relative humidity. The values of 

the variables for the activity (metabolic rate) and clothing (ensemble insulation) are determined 

from ASHRAE Fundamentals. In order to quantify thermal comfort in naturally ventilated 

buildings, the models discussed above may be integrated into a CFD model.  

For draft assessment, the Percentage Dissatisfied (PD) index may be used to calculate the 

risk of thermal discomfort due to draft. The thermal comfort empirical equation for Percentage of 

Dissatisfied (PD) of Fanger (1970) adopted in ISO 7730 is normally used and is given below: 

              (2.8)                         

This equation requires the values of three parameters; velocity, V, air temperature, Ta, and 

turbulence intensity, Tu (%).  

Some other studies have developed models which could enhance the study of thermal 

comfort in the indoor environment, e.g., Stavrakakis et al. (2008), Fanger and Toftum (2002), 

Dear and Brager (1998). Stamou et al. (2007) used a CFD code CFX to calculate the airflow and 

temperature fields for the evaluation of the thermal comfort conditions in the indoor Galatsi 

Arena. The calculated mean velocities and temperatures were used to determine the thermal 

comfort indices PMV and PPD and to evaluate the thermal conditions in the various regions of 

the Arena. It was found that the thermal conditions in the Galatsi Arena were satisfactory.  

 Kavgic et al. (2008) evaluated the thermal comfort and indoor air quality in a 

mechanically ventilated theatre based on monitoring air speed, temperature, relative humidity and 

heat flux by using CFD modeling. It was shown that for most of the monitored periods, the 

environmental parameters were within the standard limits of thermal comfort. The authors 

pointed out that the theatre was over-ventilated and the ventilation system employed led to higher 
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complaints of cold discomfort. Li and Pitts (2006) carried out thermal comfort and environmental 

modeling in atrium buildings and developed a tool for the evaluation of thermal comfort level in 

atrium spaces. The temperature field was obtained from CFD modeling and a code was developed 

based upon the combination of solar radiation and radiant heat transfer from the walls to 

calculate mean radiant temperature (MRT).   

Cheong et al. (2003) evaluated the thermal comfort conditions of an air-conditioned theatre 

in a tertiary institution using CFD modeling and subjective assessment. It was found that the 

predicted results showed good distributions of air flow characteristics and temperature gradients 

and were in fair agreement with empirical measurements. The overall comfort vote, predicted 

mean vote and predicted percentage dissatisfied indices found that the occupants were slightly 

uncomfortable and dissatisfied.  

From the literature survey it is noted that the thermal sensation experienced by the 

occupants in a building space is known to be affected by four environmental factors: air 

temperature, air velocity, mean radiant temperature (MRT) and relative humidity. Modern 

buildings performance standards create a need for accurate and flexible simulation models that 

can contribute to a better design and increased use of low energy, naturally driven cooling 

systems. The ultimate aim of the evaluation of thermal comfort conditions inside a building is to 

provide a comfortable and healthy indoor environment for the occupants.  
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Summary 

 From the literature review, it was noted that due to the complex and distinctive 

characteristics of the environment inside relatively large buildings, experimental information is 

often used in the design of an atrium building but normally this information is vague and general. 

Specific experimental data is available for a limited number of buildings but the use of this data 

in the design of new buildings is often not possible.  

  CFD modeling of the indoor environment has advantages despite the fact that this   

approach requires relatively large computational resources. The use of CFD allows more detailed 

numerical modeling of cases with complex geometries and highly interactive physical 

phenomenon. Commercial CFD codes allow coupled thermo-fluid dynamic problem to be solved 

for complex geometries, and plays an important role in design of buildings but more code 

verification and validation with experimental data is necessary. Therefore, CFD can be a good 

choice if the modeller knows suitable sub-models for describing the phenomenon involved. CFD 

is a particularly useful tool for modeling an atrium because of its ability to produce highly 

detailed information by solving the governing equations on a finely discretized grid.  

It should be noted that modeling the fluid flow and heat transfer phenomena in atria is a 

challenging problem because of the numerous physical phenomena that are involved. For 

example, radiation heat transfer from solar gains and from radiation exchange between internal 

surfaces are coupled with turbulent natural convection flow in the interior. Furthermore, flows 

from the HVAC system introduce another level of complexity to the modeling of atria. As such, 

careful validation of CFD simulations must be done in order to have confidence in the predicted 

internal environmental conditions. 
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     Chapter 3 

 Evaluation of Turbulence Models for the Prediction of Indoor 

Environment in Atria  

 

3.1 Overview  

 In this chapter, the numerical study of the airflow and temperature distributions under 

forced ventilation conditions in the atria of two existing atrium buildings for which experimental 

data is available is presented. Attention is focused on the evaluation of various turbulence models. 

The numerical predictions with various turbulence models were validated against the 

experimental measurements available. 

3.2 Evaluation of Turbulence Models for the Prediction of Flow and Temperature 

Distributions in an Atrium Space  

3.2.1 Introduction 

 From the literature survey it was found that most of the studies that have been performed 

for the evaluation of turbulence models in buildings deal with the prediction of indoor airflows in 

relatively simple geometries. Some studies have dealt with complex situations but did not 

consider the interactions of solar radiation with convective airflows. The numerical modeling of 

the airflow and temperature distribution in an atrium is complex and requires CFD users to 

consider all of the physical phenomena occurring within the atrium, i.e., surface to surface 

radiation, solar heat gain, natural convection effects and the ventilation system must all be 

modeled correctly in order to obtain accurate results. The present work was undertaken to 

evaluate the various conventional turbulence models in combination with a radiation model for 

the prediction of airflow and temperature distributions in atria of different geometrical 

configurations. The numerical results have been compared with the available experimental 
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measurements allowing an assessment to be made of the accuracy of the numerical results. The 

experimental data discussed in the present part of the study for the validation of the numerical 

predictions were those obtained by Mouriki (2009) in the atrium of the Engineering building at 

Concordia University. 

 As mentioned earlier the airflow in an atrium space can involve many complex features 

such as forced, mixed, natural convective flows and complex radiation-convection interactions. 

As a result, it is often not clear which turbulence model should be used in analyzing the airflow 

and temperature distributions in an atrium space. Furthermore, the lack of extensive experimental 

measurements in atria makes the selection of a turbulence model and the estimation of the 

accuracy of numerical results rather more difficult. Quite extensive measurements undertaken in 

part of the atrium that spanned the 14
th 

to
 
16

th
 floors of the Engineering building at Concordia 

University, Montreal, Canada (Figure 3-1) have recently become available. The numerical results 

obtained for the Concordia atrium using steady-state Reynolds Averaged Navier Stokes (RANS) 

modeling approach with various turbulence models have therefore been compared with the 

experimental data available allowing an assessment to be made of the accuracy of the results 

obtained.  

The performance of the turbulence models considered for numerically calculating indoor 

airflow and temperature distributions in an atrium space were evaluated. The investigation tested 

these models for representative airflows with forced convection and temperature gradients in the 

atrium space. The results were initially obtained for a particular day at a particular time of the day 

for the conditions existing when the experimental results for this day and time were obtained in 

the Concordia atrium. Based on the performance of the turbulence models, four two-equation 

turbulence models were selected for the simulations at different times of the day and the 

numerical results obtained were compared against the remaining experimental results. Relatively 
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good agreement between the experimental measurements and numerical predictions was 

generally obtained.  

 A detailed literature review has been already described in Chapter 2. The present study is 

an extension of the previous studies carried out by Cable and Oosthuizen (2007), and Basarir and 

Oosthuizen (2009). The details of the present work are presented in the following sections. 

3.2.2 Experimental Data Available  

 The experimental data used in the present work for validation purposes, were obtained by 

Mouriki (2009) for the atrium space (14-16
th
 floors) in the EV building at St. Guy and                 

St. Catherine, Concordia University located in Montreal, Canada. The atrium is a part of a larger 

system of five vertically connected atria shown in Figure 3-1. 

    

  Figure 3-1     Outside view of the Concordia atrium building. 

Each atrium is three storey high and can be connected to adjacent atria by floor grills. 

The volume of the atrium space considered is 1345 m
3
. The geometric arrangement of the atrium 

is shown in Figure 3-2. The recorded experimental data includes the temperature measurements 

on the glass façade surface and inside air temperatures within the atrium space at different points 

obtained using strings of thermocouples arranged in vertical lines shown in Figure 3-3 and Figure 

3-4. The results were obtained when the atrium was isolated from the lower atria.  

Atrium (14th to 16th) floors 
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Figure 3-2     Geometric representation of the atrium. 

 

(a)      (b) 

Figure 3-3     Schematic showing the thermocouple locations for air temperature readings,  

  top view (a) side view (b), Mouriki (2009). 
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Figure 3-4     Schematic showing the thermocouple locations on the façade glazing surface,  

  Mouriki (2009). 

3.2.3 Numerical Solution Procedures 

 This section describes the numerical models utilized in obtaining the solution with the 

commercial software FLUENT
©
 (version 6.3.26) for representing the transfer of momentum and 

heat, buoyancy effects, turbulence, solar radiation, boundary conditions, and fluid properties. In 

the numerical modeling it has been assumed that (i) the flow is steady, turbulent and three-

dimensional, (ii) the flow is single phase, i.e., the effects of dust particles and water vapor are 

neglected, (iii) the flow at any inlet vent is uniform, (iv) the air properties are constant except for 

the density change with temperature that gives rise to the buoyancy forces, this being treated 

using the Boussinesq approach, and (v) external ambient conditions are steady.  

 The general form of the momentum, turbulent kinetic energy, turbulent energy 

dissipation, and energy (temperature for constant heat capacity) equations in the steady-state form 

can be expressed in the general form as follows:      

                                                                                             (3.1)                                                                                    

where variable ( ) is ( ) = (u), (v), (w), (k), (ε), (h, T) , respectively,  is diffusion 

coefficient of variable ( ) and Sφ represents the source terms including pressure terms, thermal 
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source terms, etc., as appropriate for the variable ( ) being solved. The details of the governing 

equations and input values for the FLUENT
© 

CFD simulations are given in Appendices A and B 

respectively. The solution has been obtained by solving the governing equations using the 

Reynolds Averaged Navier Stokes (RANS) modeling approach. Six RANS turbulence models 

were tested in this study. These being (1) Spallart-Allamaras (2) standard (STD) k-ε (3) 

renormalization-group (RNG) k-ε (4) realizable k-ε (5) standard k-ω and (6) shear stress transport 

(SST) k-ω models in combination with a discrete transfer radiation model (DTRM) for the 

assessment of indoor thermal environment. The details of the turbulence models used are given in 

Appendix A.  

 To get a converged solution, the equations for mass and momentum conservation have 

been iteratively solved until the sum of the absolute normalized residuals for all the cells in the 

flow domain became less than 10
-4

 while the energy equation has been iterated until the 

residual fell below 10
-6

, the solution then being considered to be converged. Under-relaxation 

factors 0.3, 1, 2, 0.8, 0.8, 1, 0.9 for pressure, density, momentum, turbulence kinetic energy, 

turbulence dissipation rate, turbulent viscosity, and energy, respectively were used. No 

convergence problem was observed during simulations. The pressure-based solver was used 

with a second-order upwind scheme for the convective terms in the momentum and energy 

equations. For pressure discretization, the body force weighted scheme has been employed while 

the SIMPLE algorithm was used for pressure-velocity coupling discretization.    

3.2.3.1 Geometrical Model  

 For CFD simulations, a geometrical model was prepared based on a simplified model of 

the atrium interior space; this being shown in Figure 3-2. The general dimensions of the atrium 

were followed but for convenience, the staircase, furniture and openings to the corridor adjacent 

to the atrium were ignored, as were small nooks in the design. The atrium has an overall size of 
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12.05 m x 9.39 m x 13.01 m. The floor plan, the area of the supply vent and return vent are shown 

in Figures 3-5 and 3-6 respectively. The mesh was generated using the GAMBIT software.   

      

  Figure 3-5      Plan view of the Concordia atrium.            

 

Figure 3-6   Concordia atrium side wall containing supply vent and return vent, Mouriki  

 (2009). 
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3.2.3.2 Boundary Conditions   

  The boundary conditions were set to match conditions existing when the experimental 

data were obtained. The wall surfaces, interior to the building, were assumed to be adiabatic 

except for the façade glazing surface. The glazing wall was known to be argon filled double 

glazing (6 mm glass/12 mm air space/ 6 mm glass) with a low e-coating on the outer surface the 

interior pane. Mixed thermal boundary conditions were used for the façade glazing surface. The 

solar transmissivity and absorptivity of the façade glazing surface used in the Concordia atrium 

were selected 36% and 17.5%, respectively as assumed in earlier studies, e.g., Basarir and 

Oosthuizen (2009). In the modeling of the façade glazing surface it was treated as a single glazing 

surface. To capture the thermal effects of the air space between the double glazing, the 

corresponding heat transfer coefficient, h, value for the air space between the glazing was 

assumed to be 2.7 W/m
2
-K. (ASHRAE, 2009). The thermal conductivity of the 2 panes was 

calculated of value 0.917 W/m-K. This resulted in an effective thermal conductivity of 0.0628 

W/m
2
-K for the glazing with a total overall thickness of 24 mm. The heat transfer on the outside 

of the glazing surface due to the convection from the wind was determined using the measured 

outside air temperature and wind velocity. The façade glazing surface is at angle of 35
o
 west of 

south and was assumed to be a windward surface. The external heat transfer coefficient was 

calculated to be 31.84 W/(m
2
-K) using the Palyvos (2008) correlation for windward surfaces, i.e., 

hw = 7.44 + 4Vw. A wind speed velocity (Vw) of 6.1m/s was assumed. The radiation exchange 

between the façade glazing surface and the sky was also taken into account using the Mills (1999) 

correlation, Tsky = [εsky T
4
out]

1/4
 where the emissivity of the sky (εsky) for the daytime was 

calculated using the relation, εsky = 0.727 + 0.0060Tout with an ambient temperature (Tout) of 

25
o
C.  

  The net area of the air supply vent from the air-conditioning system was chosen to 

account for the presence of the vanes across the vent. Experimental data was available for the 
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velocity and temperature values of the air entering the atrium from the supply vent. The velocity 

was set equal to 4.5 m/s while the temperature was 15
o
C. The calculated Reynolds number was 

approximately 146600 based on the conditions at the supply inlet vent and a hydraulic diameter 

(2xLW/ (L+W) where L is the length and W is the width of the inlet vent) indicating the flow is 

turbulent. The return vent near the top of the east wall was modeled as an outflow, satisfying the 

condition that the mass flow rate out of this vent was equal to the mass flow rate into the atrium 

from the supply vent. 

3.2.3.4 Radiation Model 

To account for radiation, the radiation intensity transport equations (RTEs) are solved. 

FLUENT
©
 offers five radiation models: Discrete Transfer Radiation Model (DTRM); P-1 

Radiation Model; Rosseland Radiation Model; Surface to Surface (S2S) Radiation Model; and 

Discrete Ordinates (DO) Radiation Model. Previous studies (e.g. Basarir and Oosthuizen (2009)) 

show that the DTRM radiation model is more suitable than the other radiation models for 

situations such as those being considered here.  The main assumption in the DTRM model is that 

radiation leaving a surface element in a specific range of solid angles can be approximated by a 

single ray. It uses a ray-tracing algorithm to integrate radiant intensity along each ray. The model 

is described in detail in Appendix A. A solar calculator available in FLUENT
©
 was used to 

calculate the beam direction and irradiation of the sun. The solar calculator can be used to find the 

sun location with given inputs of time, date, and global position.      

3.2.3.5 Mesh Design   

  The purpose of the computational mesh is to allow the solution of the flow variables by 

tracking transport of mass, momentum and enthalpy. To do this accurately, it is important to 

place more grid nodes in areas where there may be large gradients in the flow variables, such as 

near solid boundaries and openings, in relation to other areas where the flow gradients are 

relatively low.  
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In the present study hexahedral cells were created with fine mesh near the walls using 

GAMBIT software. For a simple shape the hexahedral elements is the best because it usually 

results in less numerical diffusion (Fluent, Inc. 2006). A non-uniform grid distribution was used. 

Close to the walls and supply vent area, the number of grid points or control volumes was 

increased to enhance the resolution and accuracy. An appropriate modeling of the turbulence 

phenomena involved in the atrium space implies that the mesh should be designed properly to 

define minimum cell size to compute the turbulent mixing appropriately with the proposed 

geometry. Mesh density depends on the near-wall modeling strategy adopted for resolving the 

problem under turbulent flow conditions, and is determined by the characteristic parameter. 

The parameter, termed as the dimensionless wall distance, and defined by the relation 

, where y represents the distance of the cell center to the wall and 

, was used to find a suitable correct grid size near the walls where 

represents shear stress near the wall. 

Nielsen et al. (2007) provided a correlation for choosing the initial cell count for the 

mesh. The correlation used is N = 44400 x V
0.38 

where N is the number of cells and V is the 

volume in m
3
. It is important to emphasize that there can‟t be a truly universal correlation of 

volume and cell count, due to the fact that complexities of the flows in buildings can greatly 

differ and therefore influence the number of cells required. The volume of the atrium considered 

is 1345 m
3
 which according to Nielsen‟s correlation, corresponds to roughly 686,000 cells. 

Keeping in view this correlation, y
+
 requirements near walls and computational capability of 

available computers, the cell count in the range of 800,000 - 900,000 cells was used for the CFD 

simulations in the present study. As explained above, the required  values in the range of 30 - 

300 for the k-ε turbulence models and 
 
≤ 5 for the k-ω turbulence models were used. To obtain 

the required 
 
values, the wall adjacent cells had to be very small. To avoid excessive 
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computational effort a fine mesh near the walls and coarser mesh away from wall was generated 

shown in Figure 3-7 in the x and y coordinate directions. 

 

                                                                 

Figure 3-7     Schematic of the grid chosen for the initial simulations with expanded view  

 being shown on the left. 

3.2.3.6 Mesh Sensitivity of the Numerical Results  

 To ensure the accuracy of the numerical results, a grid independence study was carried 

out using different grid sizes in the x, y and z-coordinate directions to determine the effect of the 

grid size on the results. A mesh sensitivity test was performed to examine the mesh independence 

of the numerical results. Three mesh densities were investigated: Mesh 1 (433,224 cells), Mesh 2 

(858,800 cells, Figure 3-7) and Mesh 3 (1,235,055 cells). Typical effect of grid density on the 

average predicted temperatures (
o
C) at different heights using the SST k-ω turbulence model with 

the DTRM radiation model applied to the conditions existing at the Concordia University at 16:00 

h on August 1, 2007 is shown in Table 3-1. The velocity profiles along the height of the atrium at 

x = 3 m and z = 4.5 m for three mesh densities are shown in Figure 3-8. It will be seen that there 

            

Y 
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is a difference of less than 1% between the results obtained using the three Meshes which 

indicates that the results are essentially mesh independent.                    

    Table 3-1     Typical effect of grid density on predicted temperatures (
o
C).  

 

Mesh 

 

Cell Count 

Average air 

temperature 

at 

height  

2.1 m 

Average air 

temperature 

at 

height 

 6.16 m 

Average air 

temperature at 

height 

 10.25 m 

Mesh-1 433,224 22.18 23.25 25.79 

Mesh-2 858,800 22.31 23.36 25.85 

Mesh-3 1,235,055 22.37 23.39 25.99 

 

 

Figure 3-8     Velocity profiles along the height of the atrium at x = 3 m and z = 4.5 m for  

 three mesh densities. 
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3.2.4. Results  

 A series of CFD simulations were run using a mesh with cell numbers in the range of 

800,000 - 900,000 cells and the numerical results were obtained when the convergence criteria 

were met after approximately 10,000 iterations. The results are presented here in two sections. In 

Sub-section 3.2.4.1 the performance of six turbulence models (both one-equation and two-

equation models) were evaluated based on the comparison of the numerical predictions with the 

temperature measurements in the atrium at 16:00 h on August 1, 2007. In Sub-section 3.2.4.2 the 

numerical results obtained at 13:00, 14:00, 15:00 and 16:00h at three levels of the Concordia 

atrium using four turbulence models (two - equations models) are presented and compared with 

the experimental data available.  

3.2.4.1 Performance of the six turbulence models 

  The performance of the six turbulence models in predicting airflow and temperature 

distributions in the Concordia atrium is presented here. A series of simulations were run using the 

Spallart-Allamaras, the standard k-ε, the RNG k-ε, the realizable k-ε, the standard k-ω and the 

SST k-ω models. In these simulations, the average air and façade temperatures along the height of 

the atrium were calculated at 16:00 h on August 1, 2007 and compared with the experimental data 

obtained by Mouriki (2009). A comparison of the air temperatures predicted by various 

turbulence models and the measured temperature values at different locations in atrium space is 

shown in Tables 3-2 (a), (b) and (c). The difference between the predictions and measurements 

has been expressed in terms of percentage error (%).  
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 Tables 3-2 a, b, c     Comparison of the numerical predictions and experimental  measurements  

  of indoor air temperatures using different turbulence models. 

     (a) At x = 5.96 m and z = 7 m. 

 

 

y (m) 

Temperature  T (
o
C) 

 

Experimental 

Turbulence Model 

 

SST 

k-ω 
STD 

k-ω 

STD 

k-ε 

 

RNG 

k-ε 
Realizable 

k-ε 

 

Spalart -

Allmaras 

2.1 24 22.87 21.87 22.94 22.38 22.67 21.76 

6.16 24.5 24.55 23.17 23.83 23.54 24.23 23.12 

10.25 26.2 26.52 25.81 25.27 25.91 25.34 24.74 

y (m) Experimental % error 

2.1 24 4.7 8.8 4.4 6.7 5.5 9.3 

6.16 24.5 0.2 5.4 2.7 3.9 1.1 5.6 

10.25 26.2 1.1 1.4 3.5 1.1 3.2 5.5 

 

     

      (b) At x = 5.78 m and z = 1.05 m 

 

 

y (m) 

Temperature T (
o
C) 

Experimental Turbulence Model 

SST 

k-ω 

STD 

k-ω 

STD 

k-ε 

RNG 

k-ε 

Realizable 

k-ε 

Spalart -

Allmaras 

2.1 22.3 22.37 22.77 22.03 21.91 23.43 23.45 

6.16 25.1 24.47 22.4 23.93 23.34 23.43 22.9 

10.25 26.1 26.20 25.88 25.96 25.84 25.5 25.07 

y (m) Experimental % error 

2.1 22.3 0.3 2.1 1.2 1.7 5.0 5.3 

6.16 25.1 2.5 10.7 4.6 7.0 6.6 8.7 

10.25 26.1 0.4 0.8 0.5 0.9 2.2 3.9 

 

  

     (c) At x = 8.81 m and z = 4.44 m 

       

 

y (m) 

Temperature T (
o
C) 

Experimental Turbulence Model 

SST 

k-ω 

STD 

k-ω 

STD 

k-ε 

RNG 

k-ε 

Realizable 

k-ε 

Spalart -

Allmaras 

2.1 23 22.71 22.12 23.27 22.42 23.04 22.12 

6.16 24.6 24.72 23.1 24.45 23.36 23.66 23.07 

10.25 26.3 26.55 25.8 26.08 25.17 25.64 25.08 

y (m) Experimental % error 

2.1 23 0.5 3.8 1.1 2.5 0.1 3.8 

6.16 24.6 0.4 6.0 0.6 5.0 3.8 6.2 

10.25 26.2 0.3 1.9 0.4 4.2 2.5 4.6 
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 From the results it can be seen that the percentage difference between predictions and 

measurements is relatively higher (4 to 10%) for the Spallart-Allamaras turbulence model and 

lower (0.1 to 5%) for the SST k-ω turbulence model.  

 A comparison of the air temperature profiles along the height of the atrium at x = 0.24 m 

and z = 4.22 m predicted using the various turbulence models and the experimental measurements 

obtained at 16:00 h on August 1, 2007 by Mouriki (2009) is shown in Figure 3-9 while the 

comparison of the predicted average temperature profiles on the façade glass surface and the 

experimental measurements is shown in Figure 3-10.   
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Figure 3-9    Comparison of the air temperature profiles along the height of the atrium at      

 x = 0.24 m and z = 4.22 m predicted using the various turbulence models and  

 the experimental measurements obtained at 16:00 h on August 1, 2007 by   

 Mouriki (2009).   
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Average Facade Glass Temperatures vs Height of the Atrium
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Figure 3-10     Comparison of the façade temperature profiles along the height of the atrium  

  predicted using the various turbulence models and the experimental   

  measurements obtained at 16:00 h on August 1, 2007 by Mouriki (2009).   

 From the results, it will be seen that all of the turbulence models considered gave results 

that were in good agreement with the experimental results. The accuracy indicates that any of the 

models can be used in, at least, the preliminary design of atria. However, the two-equation k-ε 

and k-ω turbulence models gave results that are relatively better than those given by the one-

equation turbulence model (the Spallart-Allamaras).  

 The possible reason for the discrepancy between the predictions and measurements 

particularly at low height, can be attributed to the experimental error, the error caused by the 

assumptions adopted in the numerical modeling, i.e., that the thermal mass of the walls was 

important but in the model the walls were assumed to be adiabatic and that the façade properties 

were not accurately known.  

 Figures 3-11 a, b show the velocity contours (a) and temperature contours (b) along three 

horizontal and two vertical planes respectively in the atrium using the SST k-ω turbulence model.  
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                             (a) 

Figure 3-11a   Velocity (m/s) contours along three horizontal and two vertical planes   

 respectively in the Concordia atrium.    

 

                 

              (b) 

Figure 3-11 b   Temperatures (
o
C) contours along three horizontal and two vertical planes  

  respectively in the Concordia atrium.    
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 It was noted that temperature variations exist in the atrium space, increasing from the 

lower level to the top level of the atrium space. The overall temperature values from the floor to 

the mid-height of the atrium varied from 22 - 26
o
C. At the very top of the atrium hot air at 30-

32
o
C exists. The temperatures noted in the occupied area of the atrium are in the comfortable 

zone (22-24
o
C). 

3.2.4.2 Performance of four selected turbulence models 

 After the initial comparison of the predicted and the measured results discussed above, 

four turbulence models: the STD k-ε, RNG k-ε, realizable k-ε, and SST k-ω models were selected 

to run the further simulations of the Concordia atrium at times of 13:00, 14:00, 15:00 and 16:00 h 

on August 1, 2007. Figures 3.12 a, b, c show the comparison of the predicted and the measured 

mean air temperatures at high, middle, and low levels of the atrium at the various times 

considered.  

 

    

Average air temperatures at high level of the atrium

16

18

20

22

24

26

28

30

32

13:00 14:00 15:00 16:00

Time (h)

T
e
m

pe
ra

tu
re

 (
oC

)

Measured

SST-k-omega 

STD-k-epsilon

RNG-k-epsilon

Realizable-k-epsilon

 

Figure 3-12 a     Comparison of the predicted and the measured mean air temperatures at   

   top level in the atrium at 13:00, 14:00, 15:00 and 16:00 h on August 1, 2007. 
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Average air temperatures at middle level of the atrium 
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 Figure 3-12 b     Comparison of the predicted and the measured mean air temperatures at   

       middle level in the atrium at 13:00, 14:00, 15:00 and 16:00 h on August 1,  

    2007.  
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 Figure 3-12 c    Comparison of the predicted and the measured mean air temperatures at   

  low level in the atrium at 13:00hr 14:00, 15:00 and 16:00 h on August 1,   

  2007. 
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 From the results obtained, it can be seen that numerical results are in fairly good 

agreement with the experimental results. The deviation between the numerical and experimental 

results was greater before 1500 h. The difference may be attributed to the thermal mass effect of 

the walls and floors which were assumed adiabatic in the simulations.  

 The performance of SST k-ω turbulence model is slightly better than the k-ε turbulence 

models.  

3.3 CFD Modeling of the Airflow and Temperature Distributions in Atrium Space 

of the Ottawa Building  

 3.3.1 Introduction 

 This section presents the validation of the CFD model used to study the flow and 

temperature distributions in an atrium space of a building located in a suburb of Ottawa, Canada 

for which the experimental results are available in literature. The selected atrium is an enclosed 

three-storey space with a pyramidal skylight. The atrium is fully air-conditioned and has open 

corridors at each storey connecting it to adjacent spaces. The atrium selected was studied in 1995 

by Abdelaziz and Atif (1999) both numerically (using zonal method) and experimentally. In the 

present study the numerical modeling of the selected atrium space has been undertaken using 

three RANS turbulence models: the k-ε STD, the k-ε RNG and the k-ω SST turbulence models 

along with the DTRM radiation model under forced ventilation conditions. It has been assumed 

that the Prandtl number is 0.71 and that the air properties are constant except for the density 

change with temperature which has been treated using the Boussinesq approximation. The 

resultant steady state governing equations were solved using the commercial CFD solver 

FLUENT
©
. The results given by this CFD model were validated against the field measurements 

of the temperature distribution in the atrium space obtained by Abdelaziz and Atif (1999).   
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3.3.2 General Description 

 The selected atrium in the centre of the building is at latitude 45° and longitude 70°east. 

The atrium has an octagonal shape with a pyramidal skylight and is surrounded by walkways that 

lead to adjacent meeting or interview rooms and office spaces. Adjacent spaces are not designed 

to receive daylight from the atrium. Figure 3-13 shows the plan and cross-sectional view of the 

atrium. A circular corridor at each floor connects the rooms to a large three-storey atrium.   
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Figure 3-13     Plan and cross-section view of the atrium. 

  

 

 

 

 

 

 

          

  

 

Figure 3-14     Thermocouple positions in the atrium. 
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 The first floor houses the main building entrance, conference or meeting rooms and the 

reception desk, with a floor area of 380 m
2
. The second and third floors are identical and are 

surrounded by offices and conference rooms, with floor areas of 108 m
2
 each. The principal 

access to the outside is through three doors, one of which is revolving door, at ground level. The 

first floor is ventilated through four separate supply ducts, two of which supply the perimeter of 

the building through ceiling diffusers and other two ducts supply the offices and the open space 

surrounding the atrium. The second and third floors of the atrium are ventilated through sets of 24 

high velocity supply jets located on the edge of the ceiling. These jets have diagonal throws 

shooting downwards into the atrium core to prevent temperature stratification. The fenestration 

dome is not ventilated. On the second and third floors there are four ventilation ducts that supply 

the offices. On the first floor, the return air is drawn through the ceiling tiles in the areas 

surrounding the atrium. On the second and third floors, there are four perforated ceiling panels for 

exhaust air. Further details of the building are given in the reference, Abdelaziz and Atif (1999). 

3.3.3 Field Measurements 

The field measurements recorded by Abdelaziz and Atif (1999) are briefly described 

here. Measurements were conducted during June 1995, to address summer conditions, and during 

December 1995, to address winter conditions. Measured parameters included indoor temperatures 

in the atrium space, outdoor temperature, outdoor solar radiation, indoor solar radiation, supply 

air flow rate. The atrium temperature was measured with three thermocouple trees dropping from 

an I-beam into the atrium core with a standard uncertainty of ± 0.1°C. The thermocouple 

placements are shown in Figure 3-14. In order to identify the impact of the mechanical system on 

temperature stratification, the mechanical ventilation system was turned off over the weekends of 

June 10–11, December 2–3 and December 9–10, 1995. To stop air flowing into the atrium space 

from the rest of the building, panels were installed to block the corridors leading out of the 
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atrium. Outdoor and indoor solar radiation was measured on site. Other outdoor parameters were 

collected at a meteorological station. Averaging tubes and pressure transducers were installed in 

each supply duct to measure the velocities of the air injected into the atrium space. The amount of 

the air injected into the whole atrium space was 2257 litres/s with a supply temperature of 21°C 

in June 1995, and 1760 litres/s with a supply temperature of 23°C in December 1995. 

3.3.4 Numerical Solution Procedures 

  The numerical solution procedure and flow model discussed in Section 3.2.3 were used to 

predict the thermal environment in the atrium. The governing equations were solved numerically 

using the commercial CFD solver FLUENT
©
 utilizing three turbulence models: (1) the k-ε STD, 

(2) the k-ε RNG, and (3) the k-ω SST with the DTRM radiation model. In obtaining the 

numerical solution the program GAMBIT was used to generate the computational mesh and 

FLUENT
©
 was used to solve the governing equations using the generated mesh. The boundary 

conditions were set to match the experimental data available. To predict temperature stratification 

inside the atrium space, it was assumed that all interior adjoining spaces to the atrium space were 

held at a constant temperature of 21°C. This assumption was derived from the measurements of 

temperatures of the adjacent spaces by Abdelaziz and Atif (1999).  Figures 3-15 a, b show the 

simulated atrium space and a schematic of the grid used. The pyramidal volume was meshed with 

the hexahedron/map scheme and rest of the enclosure was meshed with hexahedron/cooper. For a 

simple shape the hexahedral elements with the map scheme is the best because it usually results 

in less numerical diffusion. A non-uniform grid distribution was used in the plane perpendicular 

and parallel to the main flow direction. Close to the supply vent, the number of grid points was 

increased to enhance the resolution and accuracy. The air supply vent and return vent are shown 

in the Figure 3-15a.  
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  To obtain convergence, the equations for mass and momentum have been iterated until 

the sum of the absolute normalized residuals for all the cells in the flow domain became less 

than 10
-4

 while  energy equation has been iterated until the residual became less than 10
-6

, the 

solution was then considered converged. Under relaxation factors 0.3, 1, 2, 0.8, 0.8, 1, 0.9 for 

pressure, density, momentum, turbulence kinetic energy, turbulence dissipation rate, turbulent 

viscosity, and energy, respectively. The pressure-based solver was used with a second-order 

upwind scheme for convective terms in the mass, momentum and energy equations. For pressure 

discretization, the body force weighted scheme has been employed while the SIMPLE-algorithm 

was used for pressure-velocity coupling discretization. 

                                  

               Figure 3-15 a      Simulated atrium space.          Figure 3-15 b      Schematic of the  

            grid chosen.  
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3.3.4.1 Mesh Sensitivity of the Numerical Results 

 Mesh independence testing was carried out to examine the mesh independence of the 

numerical results. Three different meshes were used for the present mesh independence testing. 

The average air temperatures along the floors of the atrium were used to evaluate the effect of the 

mesh size using the SST k-ω turbulence model with the DTRM radiation model applied to the 

conditions existing at 12:00 pm on June 11, 1995. The results obtained with the three meshes are 

given in Table 3-3. It was concluded from the predicted temperatures values that Mesh 2 with 

821,280 cells provided a good balance between the required computational resources and the 

accuracy of the results.      

  Table 3-3      Effect of mesh density on predicted temperature (
o
C). 

 

 

 

3.3.5 Results  

 The results are presented here in two sections. In Sub-section 3.3.5.1 the performance of 

three turbulence models is presented and the results are validated by comparing with the 

experimental measurements available. In Sub-section 3.3.5.2 the numerical results obtained using 

the SST k-ω turbulence model with the DTRM radiation model are presented and compared with 

the measured and computed results obtained by Abdelaziz and Atif (1999).  

 

 

 

 

Mesh 

 

Cell 

Count 

 

Average air 

temperature 

at floor 1 

 

Average air 

temperature 

at floor 2 

 

Average air 

temperature 

at floor 3 

Mesh 1 485432 22.13 23.38 24.78 

Mesh 2 821280 22.12 23.32 24.70 

Mesh 3 1268912 21.93 23.38 24.64 
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3.3.5.1 Performance of three turbulence models 

 On the basis of the study of the Concordia atrium and the evaluation of the performance 

of various turbulence models, three turbulence models, the standard k-ε, RNG k-ε, and SST k-ω 

models, were selected to run the simulations for the Ottawa atrium. The numerical results 

obtained were compared with the experimental measurements in order to validate the numerical 

procedure. Figure 3.16 shows a comparison of the measured and predicted indoor temperatures in 

the atrium on the three floors using the three turbulence models at 12:00 pm on June 11, 1995. 

The comparison shows a good agreement between the measured and predicted indoor 

temperatures.  
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Figure 3-16       Comparison of the measured and predicted indoor mean temperatures at three  

  levels in the atrium using the three turbulence models, the STD k-ε, RNG k-ε and 

  SST k-ω models at 12:00 pm on June 11, 1995. 
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3.3.5.2 Performance of the SST k-ω turbulence model 

 In this section, CFD results obtained using the SST k-ω turbulence model with the 

DTRM radiation model were compared with the measured and computed (using zonal method) 

results obtained by Abdelaziz and Atif (1999). The numerically predicted velocity contours and 

vectors in the atrium space for the conditions existing at 12:00 pm on June 11, 1995 are shown in      

Figures 3.17 a, b. The temperature contours obtained for the conditions existing at 12:00 pm on 

June 11 and on December 10, 1995 are shown in Figure 3.18 and Figure 3.19 respectively.  

 

       

 (a)                                                  (b)        

Figure 3-17       Predicted velocity (m/s) contours (a) and vectors (b) in the atrium space using  

  SST k-ω turbulence model at 12:00 pm on June 11, 1995. 
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Figure 3-18      Predicted temperature (
o
C) contours in the atrium space at 12:00 pm on June 11,  

 1995.      

             

Figure 3-19     Predicted temperature contours in the atrium space using at 12:00 pm on   

 December 10, 1995. 

 From these results temperature stratification can be observed from the bottom to top level 

of the atrium space. Figures 3.20 a, b, c and 3.21 a, b, c show a comparison of the measured and 

computed results by Abdelaziz and Atif (1999) and present predicted results of the average 

temperature values in the atrium space at three floors on June 10-11 and December 9-10,  1995 

respectively.  
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Figure 3-20 a     Comparison of the measured and computed (Abdelaziz and Atif (1999)) and  

   resent predicted average temperature values on the first floor of the atrium on  

   June 10-11, 1995. 

                

       

Figure 3-20 b     Comparison of the measured and computed (Abdelaziz and Atif (1999)) and  

    resent predicted average temperature values on the second floor of the atrium  

    on June 10-11, 1995. 
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Figure 3-20 c    Comparison of the measured and computed (Abdelaziz and Atif (1999)) and  

    present predicted average temperature values on the third floor of the atrium on  

       June 10-11, 1995. 

 

   

Figure 3-21 a      Comparison of the measured and computed (Abdelaziz and Atif (1999)) and  

     present predicted average temperature values on the first floor of the atrium on  

    December 9-10, 1995.  
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Figure 3-21 b    Comparison of the measured and computed (Abdelaziz and Atif (1999)) and  

   present predicted average temperature values on the second floor of the atrium  

  on December 9-10, 1995. 

 

         

Figure 3-21c    Comparison of the measured and computed (Abdelaziz and Atif (1999)) and  

  present predicted average temperature values on the third floor of the atrium on  

  December 9-10, 1995. 
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 From these results it can be seen that a good agreement between the measurements and 

the CFD predictions was obtained. It was noted that the temperature stratification in the summer 

was very pronounced. The maximum predicted temperature of the atrium space was roughly the 

same as the maximum measured temperature (29°C) reported by Abdelaziz and Atif (1999). The 

predicted and measured temperatures of the atrium floors showed the same trend and are in good 

agreement. Comparison between zonal and CFD models show that the latter could lead to more 

accurate predictions of recirculation regions even with coarse grids. In the zonal method, the 

solution domain is divided into few zones and it is assumed that in each zone temperature remains 

uniform. From the results it was noted that the CFD model predicted the temperature values better 

than the computed values obtained by Abdelaziz and Atif (1999) using ESP-r code (zonal 

method).  

 Summary  

  The study presented in this chapter evaluated the overall performance of various 

commonly used turbulence models in combination with a DTRM radiation model for modeling 

complex airflow and temperature distributions under forced ventilation conditions in atria in two 

existing buildings. The model accuracy has been analyzed in terms of the average temperatures at 

various heights in the atria by comparing their predicted values with the experimental data. In the 

present study the relative error between prediction and measurement at the points where 

measurements were obtained has been used as a major criterion for the evaluation of the 

performance of the turbulence models tested.  

 From the results, it was noted that the relative percentage error between predictions and 

measurements was less than 10% for all the models used. The present research indicates that all 

the turbulence models tested satisfactory predict the main qualitative features of the flow and 
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temperature distributions in the atria with a slightly better performance being obtained with the 

SST k-ω model. The research provides more evidence that the CFD method using the RANS 

modeling approach is a reliable method for simulating the thermal environment in an atrium 

space. Finally it is concluded based on the results obtained in the present study and on existing 

results in the literature that the use of the SST k-ω turbulence in combination with DTRM 

radiation model is the best option to simulate the thermal environment in an atrium space due to 

its accuracy and its computing efficiency.   
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    Chapter 4 

Indoor Environment in Concordia Atrium under Hybrid 

Ventilation Conditions 

4.1 Overview 

 In this chapter, numerical investigations of the thermal conditions in the atrium space of 

the Engineering building at Concordia University under hybrid ventilation conditions are 

presented. The purpose is to validate the accuracy of the numerical predictions obtained with 

various turbulence models and to evaluate the thermal comfort conditions in the occupied region 

of the atrium with blinds fully open or closed.  

4.2 Validation of the Numerical predictions of the Thermal Environment in the 

Concordia Atrium under Hybrid Ventilation Conditions 

4.2.1 Introduction 

 A solar-assisted hybrid ventilation system in an atrium building can be utilized as an 

effective cooling system to significantly reduce energy consumption used by the air-conditioning 

system. Hybrid ventilation can be described as two-mode ventilation system using both 

buoyancy-driven ventilation and mechanical cooling systems. The balance between the two 

systems varies with time of the day or season. The main purpose of the hybrid ventilation system 

is to transfer fresh and clean air into the space which brings the room temperature down for 

thermal comfort. Atria integrated with hybrid ventilation system represent an area of significant 

interest in building design. The open space concept of atria, with high ceilings, lends itself well to 

the generation of temperature stratification and hence enhances the stack effect which induces the 

natural ventilation. A detailed literature review related to this topic has been described in   

Chapter 2.  
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 In the present study the thermal conditions in the atrium that spanned the 14
th
-16

th
 floors 

of the Engineering building at Concordia University (Figure 4-1) were investigated using CFD 

techniques. Extensive measurements in the atrium undertaken by Mouriki (2009) have recently 

become available. Based on the performance of the turbulence models mentioned in the previous 

chapter, four two-equation turbulence models were used in the present simulations. The 

investigation tested these models for representative airflows under hybrid ventilation conditions, 

i.e., a combination of natural and mechanical ventilation. The numerical results were obtained for 

the conditions existing when measurements were taken in the Concordia atrium on typical clear 

days with the blinds either fully open or fully closed and with the natural ventilation system (NV) 

ON or OFF. The CFD predictions were validated by comparison with the experimental 

measurements available. Relatively good agreement between the experimental measurements and 

numerical predictions was obtained. The details are presented in the subsequent sections.  

4.2.2 Building Description 

 The basic hybrid ventilation design concept of the Engineering building of Concordia 

University consists of five 3-storey atria (separated from each other by a floor slab) connected 

with floor grills having motorized dampers to achieve buoyancy driven flow and inlet corridor 

grilles with motorized dampers (opening area about 1.4 m
2
) located at the end of the corridors in 

the South and North façade of each floor. Figure 4-1 shows an exterior view of the atrium. In the 

atrium space there is a mechanical air supply vent and return system shown in Figure 4-2. The 

natural ventilation system operates when the outdoor temperature is between 15
o
C and 25

o
C and 

the relative humidity is less than 60%. The inlet corridor grilles and the floor grills connecting the 

atria are controlled by the building automation system and based on weather monitoring data they 

open or close simultaneously. The atria are located on the southwest façade of the building           
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35 degrees west of south and they are equipped with inside motorized blinds. More information 

on the design approach that was followed can be found in Mouriki (2009).  

 Important areas and dimensions of the atrium are given in Table 4-1. When the building 

is in the natural ventilation mode: (i) the corridor inlet grills located on the South and North 

façade and the floor grills connecting the atria open simultaneously, (ii) the mechanical supply 

flow rate to the atrium is reduced to a minimum value, (iii) the atrium exhaust located on the 

highest point in the atrium (Figure 4-2) opens, and (iv) the supply vents located in the corridors 

close.  

 

               

 

 

 

Table 4-1      Dimensions and Areas of the Atrium.  

Dimensions in m (Areas in m
2
) 

Atrium Height 13.02 Façade Glazing Area 97.00  Floor Grills(net) Area 1.97 

Atrium Width 9.39 Façade Blind Area 82.00 Corridor Grills(net) Area 1.40 

Atrium Depth 12.05 Air Supply (net) Area 0.40 Air Exhaust(net) Area 5.40 

  Air Return(net) Area 7.44 Floor Grills(net) Area 1.97 

                                 

Air return 

Air supply 

vent 

Floor grills 

Atrium exhaust 

Figure 4-2       Atrium sketch and locations  

 of thermocouples,  Mouriki (2009). 

Figure 4-1      Exterior view of the atrium in the 

 Engineering building at Concordia 

 University. 
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4.2.3 Experimental Data Available 

 The experimental data obtained by Mouriki (2009) that were used to validate the present 

numerical predictions are briefly described here. Mouriki (2009) measured glazing / blinds 

surface temperatures and air temperatures at various locations in the top atrium (14
th 

–16
th
 floors) 

of the building, for different positions of the blinds, i.e., open or closed, focusing mostly on 

results for clear days. Thermocouples with an accuracy of ≤ 0.5 °C were mounted at different 

locations (Table 4-2) around the atrium to measure glass, blind and air temperatures. A schematic 

of the atrium indicating the location of the thermocouples is shown in Figure 4-2.  

 Four velocity sensors were installed at the atrium air supply and exhaust vents, as well as 

the corridor grills to monitor the air velocity in the range 0.05 – 10 m/s with an accuracy of 0.03 ± 

1% m/s. The air velocity at the floor grills in the atrium was measured for different conditions 

with an accuracy of 0.1 ± 3% m/s. Temperatures, air supply and exhaust velocities were recorded 

every one minute while air velocity and pressure drop at the corridor grills were recorded every 

five seconds. Transmitted solar radiation in the atrium was also measured and representative 

weather conditions (temperature and humidity) were obtained through the weather data station 

located on the roof of the building. The only wind speed data that were available were taken at 

the Dorval airport weather station. Because the wind speed and pattern at the site of atrium are 

expected to be significantly different from these airport measurements, a wind speed of 6.1m/s 

was assumed in all the present calculations. Details on the experimental measurements for 

different cases considered can be found in the reference, Mouriki (2009). 
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Table 4-2      Air and surface temperature thermocouples mounted on the atrium façade  

  and space, Mouriki (2009).  

Left 

Façade 

Middle Façade Right Façade 

Height (m) Number of t/c Height (m) Number of t/c Height (m) Number of t/c 

10.25 3 (glass, blind, 

room air) 

10.9 4 (glass, blind, cavity, 

room air) 
10.25 3 (glass, blind, 

room air) 

9.35 4 (glass, blind, cavity, 
room air) 

6.16 3 (glass, blind, 

room air) 

6.9 4 (glass, blind, cavity, 

room air) 
6.16 3 (glass, blind, 

room air) 

5.2 4 (glass, blind, cavity, 

room air) 

    2.1 3 (glass, blind, 

room air) 

3.05 4 (glass, blind, cavity,  
room air) 

 

2.1 3 (glass, blind, 

room air) 

1.35 4 (glass, blind, cavity,   
room air) 

Total 9  24  9 

 

 

 

Height 

(m) 

East 

Wall 

t/c 

West 

Wall 

t/c 

East Corridors 

t/c 

West Corridors 

t/c 

Staircase 

t/c 

Air 

supply 

t/c 

Exhaust 

t/c 

10.25 1 1 1 1 1  

1 

 

1 
6.16 1 1 1 1 1 

2.1 1 1 1 1 1 

Total 3 3 3 3 3 1 1 

 

4.2.4 Numerical Solution Procedures 

 A CFD model was utilized to simulate the thermal environment inside the atrium shown 

in Figure 4-2, the solution being obtained by using the commercial CFD software, FLUENT
©
 

(version 6.3.26). The airflow patterns and temperature distributions in the atrium are governed by 

the conservation laws of mass, momentum and energy. Because the natural ventilation is a 

phenomenon of random nature due to the constant changes of external weather conditions, any 

mathematical model applied for the prediction of natural ventilation should include the dynamic 

nature of the external conditions. Assuming that the rate of change with time of the conditions in 

the atrium is relatively small, steady state solutions were obtained. 

 In order to determine the time-averaged values of temperatures and velocities, the 

solution was obtained using the Reynolds averaged governing equations for steady, 
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incompressible, three-dimensional, turbulent flow. In dealing with the buoyancy forces in the 

momentum equations the Boussinesq approach was adopted, i.e., it was assumed that the fluid 

properties are constant except for the density change with temperature which gives rise to the 

buoyancy forces, these being dealt with assuming a linear relation between the density change 

and the temperature change. In addition, the dissipation term in the energy equation was 

neglected due to the low velocities involved.  

Four turbulence models (1) standard k-ε, (2) RNG k-ε (3) realizable k-ε (4) SST k-ω 

models with the discrete transfer radiation model (DTRM) were tested. To get a converged 

solution, the equations for mass and momentum conservation were iteratively solved until the 

sum of the absolute normalized residuals for all the cells in flow domain became less than 10
-4

 

while the energy equation was iteratively solved until the residual fell below 10
-6

, the solution 

then being considered to be converged. Under-relaxation factors 0.3, 1, 2, 0.8, 0.8, 1, 0.9 were 

used for pressure, density, momentum, turbulence kinetic energy, turbulence dissipation rate, 

turbulent viscosity, and energy, respectively. The pressure-based solver was used with a second-

order upwind scheme for the convective terms in the momentum and energy equations. For 

pressure discretization, the body force weighted scheme has been employed while the SIMPLE-

algorithm was used for pressure-velocity coupling discretization.    

4.2.4.1 Geometrical model 

  The simulations were run based on a somewhat simplified geometrical model of the 

atrium interior space. The general dimensions of the atrium were followed but for convenience 

the staircase, furniture and openings to the corridor adjacent to the atrium were ignored as were 

small nooks in the atrium. The general dimensions of the geometrical model used are shown in 

Figure 4-3.  

 



83 
 

             

Figure 4-3      Model Geometry of the Concordia atrium.  

4.2.4.2 Boundary conditions 

 The boundary conditions were set to match conditions existing when the experimental 

data was obtained. Appropriate boundary conditions were determined using the experimental data 

available and weather information was obtained from Environment Canada (2008). The indoor 

and outdoor conditions measured by Mouriki (2009) and used in the present CFD simulations on 

typical clear days are shown in Table 4-3.  

Table 4-3    Indoor and outdoor conditions on days considered, Mouriki (2009). 

 

 The wall surfaces interior to the building were assumed to be adiabatic except for the 

façade glazing surface. Mixed thermal boundary conditions, explained in the Chapter 3, Section 

3.2.3.3, were used for the façade glazing surface.  

Cases 
Date/Time 

(16:00 h) 

Outdoor Air 

Temperature 

(°C) 

Solar 

Radiation 

(W/m³) 

Natural 

Ventilation 

Mechanical Air 

Blinds 
Temp. 

(°C) 

Flow 

Rate 

(m3/s) 

Case A September 23, 2007 20 250 ON 17 0.20 Closed 

Case B September 1, 2007 20 205 ON 17 0.12 Open 

Case C July 25, 2007 26 130-180 OFF 14 1.60 Closed 

Case D November 2, 2007 6 280 OFF 14 1.20 Open 
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  The net area of the supply vent was chosen to account for the presence of the vanes 

across the vent. Experimental data was available for the velocity and temperature values for the 

air entering the atrium from the supply vent. The turbulence parameters such as the turbulence 

intensity at the inlet were specified using the approach discussed in Chapter 3. The flow was 

assumed to be uniformly distributed over all supply openings with constant normal velocity. The 

exhaust opening near the top of the atrium was modeled as an outflow, satisfying the condition 

that the mass flow rate out of this vent was equal to the mass flow rate into the atrium from the 

inlet vents.  

4.2.4.3 Mesh sensitivity test 

 A mesh sensitivity test was carried out to examine the mesh independence of the 

numerical results obtained. Three mesh densities were investigated: Mesh 1(402,191 cells),     

Mesh 2 (808,500 cells, Figure 4-4) and Mesh 3 (1,202,960 cells).   

 

 

     + 

Figure 4-4      Mesh structure for CFD simulations (Mesh 2) with expanded view being shown on 

 the left. 
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 The simulation results given in this section were obtained using the SST k-ω turbulence 

model with the DTRM radiation model applied under the conditions existing when the 

experimental measurements were obtained. The predicted average air temperatures for the three 

mesh densities at different heights in the atrium are given in Table 4-4 and temperature values at 

various heights along the vertical line at the centre the atrium using the three mesh densities are 

shown in Figure 4-5. It was noted from the predicted temperature distributions that the meshes 

used resulted in mesh-independent solutions and provided a good balance between the required 

computational resources and the accuracy of the results.   

Table 4-4      Typical effect of mesh density on predicted temperatures (
o
C). 

 

Mesh 

 

Cell 

Count 

Average air 

temperature at 

height 2.1 m 

Average air 

temperature at 

height 6.165 m 

Average air 

temperature at 

height 10.25 m 

Mesh 1 402191 26.93 (
o
C) 28.63 31.06 

Mesh 2 808500 26.76 28.61 30.81 

Mesh 3 1202960 26.69 28.59 30.76 

           

                    

 Figure 4-5      Predicted temperatures at various heights along the vertical line at the  

            centre of the atrium for three mesh densities. 
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4.2.5 Results  

 The results obtained are presented here in two sub-sections: Section 4.2.5.1 discusses the 

numerical results for the different cases considered. In Section 4.2.5.2 the numerical results 

obtained were validated against the experimental measurements available.   

4.2.5.1 Cases Considered for Simulations 

  The four different cases shown in Table 4-3 were simulated to study the effect of the 

hybrid ventilation with blinds fully open or fully closed using four turbulence models: the 

standard k-ε, RNG k-ε, realizable k-ε, and SST k-ω turbulence model with the DTRM radiation 

model. These cases are briefly described below:  

 Case A: with natural ventilation ON, blinds closed and supply airflow (0.2 m
3
/s). 

 Case B:  with natural ventilation ON, blinds open and supply airflow (0.12 m
3
/s). 

 Case C: with natural ventilation OFF, blinds closed and supply air flow (1.6 m
3
/s). 

 Case D: with natural ventilation OFF, blinds open and supply airflow (1.2 m
3
/s). 

 The numerical results obtained for the Case A at 16:00 h on September 23, 2007 with 

blind open and natural ventilation ON are shown in Figures 4-6 to 4-8. Figures 4-6 and 4-7 show 

the velocity and temperature contours along the planes parallel to the façade surface near the 

inlets at distances of 1, 3, and 11 m from the façade inner surface of the atrium (floor grills, 

supply inlet, corridor inlets) of the atrium space respectively while Figure 4-8 shows the velocity 

and temperature contours along the middle vertical plane perpendicular to the façade glazing 

surface of the atrium. It will be seen that temperature stratification layers exist in the atrium space 

and that the temperature increases from the bottom to the top level of the atrium. The 

temperatures found in the occupied area of the atrium space are in the range 26-27
o
C which are 

within the comfortable zone. It will be noted that there are identifiable flow zones within the 

domain under consideration (e.g., high-speed flow zones near the inlets and a quasi-stagnated 
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flow zone near the outlets). Free and forced convection effects on the flow pattern will also be 

observed. It can be seen that in the presence of solar radiation, free convection effects result in the 

formation of air plumes moving upward in the atrium space.  

    

Figure 4-6      Velocity contours near the inlets at distances of 1, 3, and 11 m from the façade  

           inner surface of the atrium with blinds closed and natural ventilation ON   

           (velocities in m/s) at 16:00 h on September 23, 2007. 

 

  

Figure 4-7    Temperature contours near the inlets of the atrium along the vertical planes parallel      

          to the façade glazing surface (temperature in 
o
C) 
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Figure 4-8      Velocity and temperature contours along the middle vertical plane perpendicular to 

           the façade glazing surface of the atrium. 

 From these results it can seen that the air temperature stratification in the atrium typically 

ranges from 2-7
o
C from the bottom to top level of the atrium with the natural ventilation system 

ON and blinds closed. The value depends on the weather conditions and the cooling levels. The 

velocity varies from 0.01 to 0.40 m/s from lower to top level in the centre of the atrium space. 

Maximum temperatures are typically found in the upper part of the atrium while the lowest 

temperatures are in the lower levels near the floor in the occupied area of the atrium. The same 

observations were reported in the experimental study by Mouriki (2009).           

 Figures 4-9 and 4-10 show the temperature and velocity profiles along the central vertical 

lines at x =1, 2, 3, 4 and 5 m and z = 4.5 m along the height of the atrium. As observed above, 

from these figures it can be seen that the air temperatures vary from 2-7
o
C from lower to top level 

of the atrium with the natural ventilation system ON and blinds closed depending on weather 

conditions and cooling levels. The air velocity varies from 0.01 to 0.75 m/s from lower to top 

level in the centre of the atrium space.  

y 

x                

                  

          x 
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Figure 4-9      Predicted vertical temperatures profiles on central vertical lines at distances of 1, 2, 

           3, 4 and 5 m from the façade inner surface of the atrium. 

 

 

 

Figure 4-10       Predicted velocity profiles on central vertical lines at distances of 1, 2, 3, 4 and 

                5 m from the façade inner surface of the atrium. 
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4.2.5.2 Comparison between measured and predicted results 

 This sub-section presents a comparison between the measured and predicted temperature 

values for all the cases considered using four turbulence models: the standard k-ε, the RNG k-ε, 

the realizable k-ε, the SST k-ω. The aim was not only to validate the CFD model but also to 

compare the performance of the different turbulence models to capture the airflow pattern and 

temperature distribution within the atrium space under hybrid ventilation conditions. Average 

values of temperatures at the top, middle and low levels of the atrium were used for the 

comparison of measured and predicted results and are shown in Tables 4-5 to 4-8 along with the 

percentage error between predicted values and the measured ones. Figures 4.11 a, b, c and d show 

the predicted and measured averaged air temperature profiles along the height of the atrium at 

16:00 h on typical clear days for the four cases considered with the blinds fully open or fully 

closed and with the natural ventilation system ON or OFF. The corresponding indoor and outdoor 

conditions are summarized in Table 4-3  

Table 4-5      Comparison of measured and predicted average values of temperatures for Case A. 

 

 

 

 

 

 

 

 

 

Height 

(m) Measured 

T(
o
C) 

SST  

k-ω 

T(
o
C) 

%   

error 

STD    

k-ε 

T(
o
C) 

%    

error 

RNG  

k-ε- 

T(
o
C) 

%  

error 

Realizable 

k-ε 

T(
o
C) 

%    

error 

10.90 31.00 29.99 3 31.39 1 31.63 2 31.45 1 

10.25 30.50 31.02 1 30.97 1 30.86 1 30.92 1 

9.35 29.50 28.43 3 30.36 3 30.74 4 29.98 1 

6.90 28.00 27.32 2 27.89 0.3 27.5 1 27.76 0.8 

6.16 28.50 28.01 1 28.61 0.4 28.07 1 28.52 0.07 

5.20 28.80 27.03 6 27.14 5 28.18 2 26.98 6 

3.05 27.90 26.98 3 26.89 3 28.05 0.5 26.87 3 

2.10 27.80 26.55 4 26.93 3 26.68 4 26.79 3 

1.35 28.20 27.22 3 27.01 4 26.28 7 26.87 4 
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Table 4-6      Comparison of measured and predicted average values of temperatures for Case B. 
 

Height 

(m) Measured 

T(
o
C) 

SST  

k-ω 

T(
o
C) 

%   

error 

STD    

k-ε 

T(
o
C) 

%    

error 

RNG  

k-ε- 

T(
o
C) 

%  

error 

Realizable 

k-ε 

T(
o
C) 

%    

error 

10.90 30.00 28.74 4 28.34 5 27.92 7 28.07 6 

10.25 29.20 28.44 2 28.18 3 27.98 4 28.22 3 

9.35 29.10 27.64 5 27.88 4 27.56 5 28.05 3 

6.90 28.10 27.24 3 27.76 1 27.30 3 27.84 1 

6.16 28.00 27.24 2 27.40 2 27.20 3 27.35 2 

5.20 27.90 27.5 1 27.46 1 26.92 3 27.17 2 

3.05 27.70 27.39 1 26.93 2 27.01 2 26.83 3 

2.10 27.40 26.69 2 26.63 3 26.78 2 26.50 3 

1.35 27.00 27.73 2 27.02 0.07 27.04 0.1 27.17 0.6 
 

  

Table 4-7      Comparison of measured and predicted average values of temperatures for Case C. 

 

Height 

(m) Measured 

T(
o
C) 

SST  

k-ω 

T(
o
C) 

%   

error 

STD    

k-ε 

T(
o
C) 

%    

error 

RNG  

k-ε- 

T(
o
C) 

%  

error 

Realizable 

k-ε 

T(
o
C) 

%    

error 

10.90 28.00 26.48 5 26.03 7 25.97 7 27.58 1 

10.25 27.80 26.26 5 25.91 6 25.56 8 27.37 1 

9.35 27.20 25.44 6 25.12 7 25.05 8 26.61 2 

6.90 25.80 23.97 7 23.73 8 23.85 7 25.14 2 

6.16 25.50 23.47 8 22.72 10 22.17 13 24.49 4 

5.20 25.30 22.94 9 23.21 8 22.68 10 24.40 3 

3.05 23.00 21.50 6 21.58 6 21.34 7 23.27 1 

2.10 22.00 20.88 5 22.72 3 20.84 5 22.50 2 

1.35 21.70 20.68 4 21.04 3 20.39 6 23.32 7 
 

  

Table 4-8      Comparison of measured and predicted average values of temperatures for Case D. 

 

Height 

(m) Measured 

T(
o
C) 

SST  

k-ω 

T(
o
C) 

%   

error 

STD    

k-ε 

T(
o
C) 

%    

error 

RNG  

k-ε- 

T(
o
C) 

%  

error 

Realizable 

k-ε 

T(
o
C) 

%    

error 

10.90 29.60 30.34 2 30.66 3 32.28 9 32.07 8 

10.25 29.00 29.73 2 30.45 5 31.84 9 31.40 8 

9.35 27.60 29.00 5 29.60 7 31.00 12 30.64 11 

6.90 26.50 27.08 2 26.71 0.8 28.67 8 28.40 7 

6.16 26.00 26.30 1 26.15 0.5 27.89 7 27.6 6 

5.20 25.50 25.74 1 25.18 1 27.07 6 27.07 6 

3.05 25.00 23.30 6 23.12 7 25.91 3 25.01 0.04 

2.10 24.50 23.18 5 22.55 8 24.36 0.5 24.16 1 

1.35 24.00 21.69 1 22.72 5 23.38 2 23.22 3 
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Case A 

                         

Average Air Temperature Profiles-Blinds Closed-Natural Ventilation 

ON (23/9/2007)
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Figure 4-11 a      Air temperature profiles in the atrium space with the blinds fully closed and   

    with the natural ventilation system ON (September 23, 2007). 

Case B 

  

Average Air Temperature Profiles-Blinds Open-Natural Ventilation ON 

(01/09/2007)
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Figure 4-11 b      Air temperature profiles in the atrium space with the blinds fully open and with  

     the natural ventilation system ON (September 01, 2007). 
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Case C 

     

Average Air Temperature Profiles-Blinds Closed-Natural Ventilation OFF 

(25/07/2007)
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Figure 4-11 c      Air temperature profiles in the atrium space with the blinds fully closed and     

     with the natural ventilation system OFF (July 25, 2007). 

 Case D 

 

 

Figure 4-11 d       Air temperature profiles in the atrium space with the blinds fully open and with 

      the natural ventilation system OFF (November 2, 2007). 

Average Air temperature Profiles-Blinds Open-Natural Ventilation OFF 
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 From the results it was noted that all the turbulence models gave results that are in good 

agreement with the temperature measurements for all the cases considered. The resulting average 

temperatures for the Case B, with natural ventilation ON and blinds open, varies from 27.5 
o
C at 

the floor to about 29.5
 o

C in the proximity of the ceiling. At the low and middle levels the 

predicted values of temperatures are very close to the measured values but at the top level there is 

a discrepancy between about 0.2 to 2
o
C which may be attributed to the thermal mass of the 

ceiling which was assumed adiabatic in simulations. In Case C with natural ventilation OFF and 

blinds closed during summer, the resulting temperature varies from 20.5
o
C at floor level to about 

26
o
C near the ceiling. The difference between predicted and measured values of temperatures at 

the middle and high levels as compared to the low level can be again contributed to the thermal 

mass of the building. For Case D, with natural ventilation OFF and blinds open during the winter 

season, the temperature varies from 22
o
C at the floor level to about 28

o
C near the ceiling. In this 

case the calculated values are under-predicted at the low-level and over-predicted at the top level 

by about 2
o
C which can also probably be contributed to the effects of the thermal mass of floor 

and ceiling which were assumed to be adiabatic in the simulations. 

 It will be seen that the numerical predictions obtained were generally in fair agreement 

with the experimental measurements. The average difference between the predicted and measured 

air temperatures was in the range 1 to 8%. The possible reason for the discrepancy can be 

attributed to experimental error, the error caused by the assumptions adopted in the numerical 

model, i.e., the thermal mass of the walls, floors and ceiling which were assumed insulated in 

simulations and other heat sources in the atrium that were not considered in simulations.    
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4.3 Evaluation of Thermal Comfort Conditions in an Atrium Space under Hybrid 

Ventilation Conditions 

4.3.1 Introduction 

 

 Thermal comfort conditions in the atrium of the Concordia Engineering building with a 

solar-assisted hybrid ventilation system have been evaluated numerically. The values of airflow 

velocities and temperatures calculated by applying CFD simulations were used to determine the 

thermal comfort indices Predicted Mean Vote and Predicted Percentage of Dissatisfied for the 

evaluation of the thermal comfort conditions in the occupied area of the Atrium. In this work the 

effect of changes in humidity on thermal comfort were not considered. 

4.3.2 Calculation of the Thermal Comfort Indices  
 

 As mentioned earlier in Chapter two, thermal comfort is defined in ISO 7730 as "the 

condition of mind that expresses satisfaction with the thermal environment". It is now normal 

practice to express the thermal comfort conditions in term of indices Predicted Mean Vote (PMV) 

and Predicted Percentage of Dissatisfied (PPD) of Fanger are adopted in ISO 7730 and are 

calculated by empirical equations described already in Chapter two, Section 2.2.4. 

 In the present work, the PMV and PPD values in the occupied region of the atrium were 

calculated from six basic variables: activity, clothing, air temperature, air velocity, mean radiant 

temperature (MRT) and humidity. The values of the activity (metabolic rate) and clothing 

(ensemble insulation) were determined using ASHRAE Fundamentals (1997). The thermal 

comfort requirements can be less stringent for places that are not occupied throughout the whole 

day. This is the case for the atrium as well, since it tends to be used mostly by students for short 

periods of time between classes. Figure 4-12 shows the plane at a height of 1.1m from floor for 

standing activity that was used to investigate thermal comfort conditions since only this part of 

the atrium is frequently occupied, serving as a workspace for students.  
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Figure 4-12      Region of occupied plane for investigation of thermal comfort. 

 

 Mean radiant temperatures were calculated using the relationship between dry bulb 

temperature (DBT) and mean radiant temperature (MRT). Figure 4-13 shows the relationship of 

mean radiant and dry bulb temperature graphically. The mean values of the air temperatures and 

velocities (V) in the area of interest were determined from the CFD simulations.  
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 Figure 4-13      Relationship between mean radiant and dry bulb temperature. 

       (ASHRAE Fundamentals Handbook (2009))  
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The values of the PMV and PPD (%) were calculated at various points in the occupied region for 

the four cases considered using the JAVA applet ISO 7730.  The values of activity, metabolic rate 

(W/m
2
), clothing (clo) and relative humidity (%) were selected as 0, 70, 0.7 and 55, respectively 

in the calculations of PMV and PPD. The results are shown in Table 4-9. 

 Table 4-9     Calculated values of the PMV and PPD indices at various coordinates at a  height  

          of 1.1 m for different cases considered. 

Case A     Natural ventilation ON and blinds closed (September 23, 2007). 

Z 
m 

x  = 1 m x = 3 m x = 5 m 

DBT 
oC 

MRT 
oC 

V 
m/s 

 
PMV 

 
PPD 

DBT 
oC 

MRT 
oC 

V 
m/s 

 
PMV 

 
PPD 

DBT 
(oC) 

MRT 
(oC) 

V 
m/s 

 
PMV 

 
PPD 

1 25.6 17 0.02 - 0.46 9.5 25.6 17 0.04 - 0.47 9.6 25.9 17 0.04 - 0.54 11.2 

3 25.5 17 0.11 - 0.49 10.1 25.5 17 0.03 - 0.49 10.0 25.7 17 0.08 - 0.51 10.5 

5 26.8 16 0.25 - 0.41 8.5 26.9 16 0.22 - 0.56 11.7 26.0 16 0.28 - 0.61 12.9 

7 26.9 16 0.12 - 0.41 8.6 26.4 16 0.09 - 0.48 9.9 26.4 16 0.34 - 0.55 11.4 

    

Case B     Natural ventilation ON and blinds open (September, 2007).  

Z 
m 

x  = 1 m x = 3 m x = 5 m 

DBT 
oC 

MRT 
oC 

V 
m/s 

 
PMV 

 
PPD 

DBT 
oC 

MRT 
oC 

V 
m/s 

 
PMV 

 
PPD 

DBT 
(oC) 

MRT 
(oC) 

V 
m/s 

 
PMV 

 
PPD 

1 26.2 16 0.05 - 0.51 10.4 26.2 16 0.07 - 0.51 10.5 26.3 16 0.04 - 0.49 10.1 

3 25.3 17 0.13 - 0.55 11.2 26.1 16 0.05 - 0.52 10.8 26.1 16 0.04 - 0.51 10.5 

5 25.5 17 0.10 - 0.48 9.8 26.4 16 0.16 - 0.51 10.4 26.1 16 0.21 - 0.57 11.7 

7 25.9 16 0.20 - 0.60 12.6 26.2 16 0.15 - 0.53 11.0 26.2 16 0.08 - 0.48 9.9 

 

Case C     Natural ventilation OFF and blinds closed (July 25
th
, 2007). 

Z 
m 

x  = 1 m x = 3 m x = 5 m 

DBT 
oC 

MRT 
oC 

V 
m/s 

 
PMV 

 
PPD 

DBT 
oC 

MRT 
oC 

V 
m/s 

 
PMV 

 
PPD 

DBT 
(oC) 

MRT 
(oC) 

V 
m/s 

 
PMV 

 
PPD 

1 19.9 23 0.44 -1.27 38.7 19.9 23 0.33 - 1.1 30.7 20.4 22 0.26 - 1.02 26.8 

3 20.2 23 0.41 -1.17 33.9 20.3 22 0.13 - 0.71 15.6 20.2 22 0.12 - 0.66 14.2 

5 20.4 22 0.43 -1.27 38.6 20.5 22 0.21 - 0.89 21.6 20.5 22 0.15 - 0.74 16.6 

7 20.6 22 0.30 -1.03 27.6 20.8 21 0.18 - 0.76 17.1 21.3 22 0.18 - 0.86 20.4 
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Case D     Natural ventilation OFF and blinds open (November 2, 2007). 

Z 
m 

x  = 1 m x = 3 m x = 5 m 

DBT 
oC 

MRT 
oC 

V 
m/s 

 
PMV 

 
PPD 

DBT 
oC 

MRT 
oC 

V 
m/s 

 
PMV 

 
PPD 

DBT 
(oC) 

MRT 
(oC) 

V 
m/s 

 
PMV 

 
PPD 

1 34.1 15 0.39 1.00 26.0 31.9 15 1.1 0.80 18.6 35.2 15 0.20 0.96 24.6 

3 34.5 15 0.31 0.99 25.9 32.8 15 0.79 0.95 24.1 36.1 15 0.13 0.94 23.7 

5 34.5 15 0.37 1.06 28.8 35.3 15 0.06 0.72 16.0 35.9 15 0.11 0.85 20.3 

7 34.7 15 0.27 0.98 25.3 35.2 15 0.24 1.04 27.7 35.8 15 0.21 1.1 30.6 

  

 For the Cases C and D with natural ventilation OFF and blinds fully closed or open 

respectively under forced ventilation conditions with a supply air temperature of 14
o
C, higher 

values of the PMV and PPD (%) were obtained which indicate that the thermal comfort 

conditions are not satisfactory. The low-negative values and high positive values of PMV indicate 

that the air temperatures are lower or higher than the desired values. The percentage of the 

occupants who are expected to express dissatisfaction ranges from 14 to 40%.  For cases C and D, 

it is suggested that if the blinds are kept half-open, the PPD values can be lowered to give 

comfortable conditions. For Cases A and B with natural ventilation ON, the temperatures 

calculated were found in the range 24-26
o
C which is the desired range of temperatures to have 

comfortable thermal conditions. The calculated values of PPD indicate that less than 12% of the 

occupants are expected to express dissatisfaction.  

4.3.3 Discomfort Due to Draft 
 

 To calculate the risk of the thermal discomfort due to draft, the thermal comfort empirical 

Equation 2.8 is used to calculate the Percentage of Dissatisfied (PD) factor of Fanger (1970) 

which is adopted in ISO 7730. This equation requires the values of three parameters; velocity, air 

temperature and turbulence intensity be known. These parameters were evaluated at a height of 

1.1 m for standing activity. Figure 4.14 shows contours of the three required parameters over a 
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horizontal plane at a height of 1.1 m in the occupied area of the atrium for all the cases 

considered.   

 

              

 (a)               (b)                                               (c) 

Figure 4-14       Air temperature (
o
C) (a), velocity (m/s) (b) and turbulence intensity (c) contours  

  over a horizontal plane at a height of 1.1 m in the occupied area of the atrium for  

  all the cases considered. 

 

 

         

  (a)                                              (b)                                              (c)  

Figure 4-14       Air temperature (
o
C) (a), velocity (m/s) (b) and turbulence intensity (c) contours  

  over a horizontal plane at a height of 1.1 m in the occupied area of the atrium for  

  all the cases considered. 

 

z 

Case B 

Case A 
x 
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   (a)                                           (b)                                              (c) 

Figure 4-14       Air temperature (
o
C) (a), velocity (m/s) (b) and turbulence intensity (c) contours  

  over a horizontal plane at a height of 1.1 m in the occupied area of the atrium for  

  all the cases considered. 

 

 

 

   (a)                                          (b)                                              (c) 

Figure 4-14       Air temperature (
o
C) (a), velocity (m/s) (b) and turbulence intensity (c) contours  

  over a horizontal plane at a height of 1.1 m in the occupied area of the atrium for  

  all the cases considered. 

 

 

 Using the values of the thermal comfort parameters shown in Figure 4-14 in Equation 2.8 

the contours of PD factor over the plane considered were obtained and are shown in Figure 4-15. 

 

Case D 

  Case C 
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Figure 4-15       Prediction of percentage dissatisfied due to draft contours over a horizontal plane 

  at a height of 1.1 m in the occupied area of the atrium for all the cases   

  considered. 

 

  Due to both low temperatures and high velocities near the façade and west wall for the 

Cases A and B with natural ventilation ON, the PD values are below 4%. However, in the region 

away from the walls towards the middle of the atrium, the values of PD in the range 4 to 13 % 

were obtained. These calculated values of the PD factor indicate that for cases A and B the 

occupied area of the atrium ventilated by the hybrid ventilation system is in a comfortable zone.  

Case A Case B 

Case C Case D 
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  For the cases C and D with natural ventilation OFF, the calculated PD values near the 

façade and west wall are higher being close to 40% but in the region away from the wall towards 

the middle of the atrium, values of 6 to 15 % are obtained which show that thermal conditions 

due to drafts in most of the occupied area of the atrium under these conditions are satisfactory; 

only less than 12% of the occupants are expected to be slightly uncomfortable. 

4.3.4 Vertical Air Temperature Difference 

 Another cause of thermal discomfort is the vertical air temperature differences that the 

occupants experience. For all the Cases considered, the temperature difference between the 

temperatures at the ankles and the head, in most of the space is less than 2 
o
C, which corresponds 

to a PD of less than 5%. This demonstrates that vertical air temperature differences are moderate 

and will not cause major thermal comfort issues for the occupants. 

  

Summary 

 

 The work described in this chapter involved the validation of the CFD model for the 

prediction of air flow patterns and temperature distributions in the three-storey atrium space of an 

existing building under hybrid ventilation conditions. The numerical results were compared with 

the available experimental results. The numerical results obtained indicate that all the turbulence 

models tested gave results that agreed relatively well with the experimental results and indicated 

that the numerical model can be adopted in the preliminary design of atria. However, the SST k-ω 

model gave results that were more close to the measurements than the results given by the other 

turbulence models.   

 Higher air temperature stratification in the three-storey atrium was observed in the case 

where the natural ventilation system was OFF and the blinds were closed. Lower temperature 

stratifications were seen with the natural ventilation system ON and were due to the strong 
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convection created in the atrium. Strong stack effect created inflow on lower floors and resulted 

in higher air flows at the floor grills and in the exhaust of the upper atrium.  

CFD calculations for thermal comfort analysis demonstrated that the hybrid ventilation 

system has the ability to provide satisfactory thermal conditions for the occupants. The calculated 

thermal comfort measures, i.e., PMV, PPD, and PD values, in the occupied area of the atrium 

show that the thermal conditions are very satisfactory and only a relatively small percentage (less 

than 12%) of the occupants is expected to be slightly uncomfortable.  

 From this work and also as has been observed by others in the literature, it is concluded 

that CFD proves to be a reliable tool for modeling flow and temperature distributions in an atrium 

space under hybrid ventilation conditions. 
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 Chapter 5 

Buoyancy-driven Natural Ventilation in an Atrium Building  

 

5.1 Overview 
 

  In this chapter, a numerical study of the buoyancy-driven natural ventilation airflow 

and temperature distributions in a simple three-storey atrium building is discussed. The natural 

ventilation is of course induced by solar radiation and heat sources present in the building. The 

effects of the solar intensity at different geographical locations on the buoyancy-driven airflow 

and temperature distributions were investigated. Transient conditions were considered to 

examine the effect of the thermal mass of the building envelope on the buoyancy-driven 

airflow and temperature distributions in the building.  

   

 5.2 Numerical Modeling of the Buoyancy-driven Natural Ventilation in a Simple 

Three-storey Atrium Building 

 
5.2.1 Introduction 

 Natural ventilation was widely used in the past but then largely ignored in the last 

decades. However over the recent years natural ventilation has again been widely recognized 

as one means of achieving low-energy use building designs. Conventional ventilation systems 

based on mechanical components consume electric power. Due to worldwide concerns about 

excessive energy use, the need to reduce energy consumption in the buildings has led to this 

interest in natural ventilation. Natural ventilation can be accomplished either by wind flow 

over the building or by buoyancy forces arising from heating within the buildings. Here 

attention will only be given to the buoyancy-driven natural ventilation. 
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 Physically an atrium is warmed by heat gains from solar radiation and other heat 

sources in the building. As a result buoyant plumes are generated that entrain the surrounding 

air and transport warm air upwards. An upward flow of warm air develops in the atrium driven 

by buoyancy forces. The stack pressure is the pressure difference between the interior and 

exterior of buildings which in natural ventilation arise due to the density differences caused 

by heat generated inside the buildings. The architectural features that can enhance the stack 

effect in a building are, for example, tall solar chimneys, light wells or atria. These 

structures potentially increase the height of the column of warm air inside the buildings and 

as a result increase the stack driving force which draws more cooler air into the building 

from the exterior near the bottom or sides of the building and vents it after it has warmed from 

the top of the building, i.e., the air is normally vented at the top of the building.  

 Advanced stack-ventilated atria buildings have the potential to consume much less 

energy for space conditioning than typical mechanically ventilated buildings. The proper 

design of a natural ventilation system must be based on the detailed understanding of airflow 

within enclosed spaces and of the way in which it is generated by pressure differences due to 

wind and buoyancy forces. At the design stage, CFD modeling techniques can be utilized to 

investigate the possible ventilation flow rate, temperature distributions and thermal 

stratification within the ventilated space. Simple building geometries such as a single 

ventilated enclosure with openings connected to the exterior have been the subject of much 

research in order to gain a deeper understanding of this ventilation concept. T he key 

concern when devising these sorts of ventilation systems is whether sufficient ventilation 

will be generated. Holford and Hunt (2003) developed simple analytical models for a single 

ventilated space connected to a tall atrium and validated their analytical predictions against 

experimental results in a small-scale salt bath system. They showed that at the design stage 
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their analytical techniques are useful for understanding the flow characteristics, including the 

likely ventilation flow rate and mean vertical temperature distribution. A detailed literature 

review has been already described in Chapter 2.  

 The purpose of the present study was to numerically investigate the development of 

the buoyancy-driven natural ventilation airflow and temperature distributions induced by solar 

radiation and heat sources present on each floor of a simple atrium building by utilizing the 

validated and tested CFD model described in the studies discussed in Chapters 3 and 4.  

5.2.2 Building Description  

 A simple three-storey atrium building was modeled in the present study. This building is 

shown in Figure 5-1. Important dimensions and areas of the building are given in Table 5-1. The 

simulated building was assumed to be located at different geographical locations in Canada and 

oriented 35 degrees west of south with the façade glazing wall facing southwest. The atrium 

exhausts are located on the highest point in the atrium and the inlets and outlets in each storey are 

located on the side walls of the rooms (Figure 5.1).  

 

    

 

Figure 5-1      Geometry used in the CFD simulations. 

 

 

Atrium 

Façade glazing wall 

Inlets 

Outlet 
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                 Table 5-1      Dimensions and Areas of the Atrium Building. 

 

Dimensions and Areas 

Atrium Height 16.00 m 

Atrium Width 5.00 m 

Atrium Depth 6.00 m 

Room Height 4.00 m 

Room Width 6.00 m 

Room Depth 6.00 m 

Façade Glazing Area 80.00 m
2
 

Ground Floor Air Supply (net) Area 0.80 m
2
 

First Floor Air Supply (net) Area 1.00 m
2
 

Second Floor Air Supply (net) Area 1.60 m
2
 

Atrium Outlet Opening (net) Area 3.40 m
2
 

 

  

The inlets and outlets were sized on each storey using the design curves developed by 

Holford and Hunt (2003). The total atrium outlet opening area was selected to be equal to the 

total inlet opening areas for all storeys. The total effective inlet opening area in dimensionless 

form (At / H
2
) for each storey is defined by Holford and Hunt using the procedure described 

briefly in Appendix C. The discharge coefficient cd, is generally combined with the storey inlet 

opening area, a, to define the effective area, 

                                                                (5.1)  

and Astorey is the effective area of the storey openings, related to the storey's lower and upper  

opening effective areas by the relation: 

            +                      (5.2) 

The total effective area of the flow path (At) is defined as  

                          +                                                   (5.3)     
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The non-dimensional total effective opening area of the flow path is defined as (At /H
2
) where H 

is the height of the storey. The non-dimensional volume flow rate is defined as: 

                                                                                               (5.4)                                                                             

where Qstorey is volume flow rate in the storey, h is the interface height, c ≈ 0.14 is a constant 

related to the entrainment coefficient α for a plume and B is the buoyancy flux (heat source of 

100 W = buoyancy flux of 2.75 x 10
3
 m

4
s

3
) 

5.2.3 Numerical Solution Procedures  

5.2.3.1 CFD model 

 The CFD model used was basically the same as that discussed in Chapters 3 and 4. The 

calculations were undertaken for both steady-state and unsteady-state flow situations. Initially 

discussions of the steady-state flow study will be presented. The assumptions made for the 

problem in this case are: (a) single phase, steady-state flow (b) heat transfer at the walls by either 

conduction or radiation is neglected, except at the façade glazing wall (c) steady-state 

atmospheric conditions, (d) wind velocity is zero. 

 The Boussinesq approach was adopted, i.e., it was assumed that the fluid properties are 

constant except for the density change with temperature which gives rise to the buoyancy forces, 

these being dealt with in a linear relation between the density change and the temperature change. 

In addition, the dissipation term in the energy equation was neglected due to the low velocities 

involved.  

   The resultant steady-state governing equations were solved using the commercial CFD 

solver FLUENT
©
. Based on the results of the previous studies described earlier, the SST k-ω 

turbulence model with the DTRM radiation model was used in the CFD simulations. The 

pressure-based solver was used with a second-order upwind scheme for the convective terms in 
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the momentum and energy equations. For pressure discretization, the body force weighted 

scheme was employed while the SIMPLE-algorithm was used for pressure-velocity coupling 

discretization. To get a converged solution, the equations for mass and momentum conservation 

were iteratively solved until the sum of the absolute normalized residuals for all the cells in 

flow domain became less than 10
-4

 while the energy equation was iterated until the residual fell 

below 10
-6

, the solution then being considered to be converged. Under-relaxation factors 0.3, 1, 

2, 0.8, 0.8, 1, 0.9 for pressure, density, momentum, turbulence kinetic energy, turbulence 

dissipation rate, turbulent viscosity, energy respectively were used.  

5.2.3.2 Boundary conditions 

 External climatic conditions affect the architectural design of naturally ventilated 

buildings, the internal airflow pattern basically being the result of interaction between the indoor 

and outdoor environment. With natural ventilation, outdoor conditions strongly affect the indoor 

airflow pattern, and thus affect the thermal comfort of the occupants. However, in the present 

study the aim was to investigate the use of buoyancy-driven natural ventilation. Therefore 

numerical investigations were performed under fixed steady-state outdoor climatic conditions at 

13:00h on July 15, 2010 which represents the peak summer time for the location of the building 

considered. The wind velocity was assumed to be zero. The heat sources which, together with the 

solar radiation, drive the natural ventilation were assumed to be located in the centre of each floor 

to match the assumptions of the mathematical models developed by Hunt and Holford (2003). 

 In practice, airflow inside the connected spaces in a building is dependent on conduction, 

convection and radiation heat transfer effects. In this work, conduction and radiation effects were 

only considered for the glazing façade wall while all the other walls were assumed to be 

adiabatic with reflectivity of 0.8. Mixed thermal boundary conditions, explained earlier in the 

Chapter 3, Section 3.2.3.3, were used for the façade glazing surface. With zero wind velocity a 
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value of the external heat transfer coefficient of 7.4 W/m
2
-K was assumed. The heat sources were 

modeled as a no-slip wall boundary (2 x 2 m) located in the centre of each floor with a constant 

heat flux of 132 W/m
2
 on the atrium floor and 205 W/m

2
 on the floors of each room. A constant 

relative gauge pressure of 0 Pa was imposed across the room inlets and the atrium outlet.    

5.2.3.2 Radiation model 

  In the previous studies discussed in Chapters 3 and 4 it was noted that the DTRM 

radiation model was suitable for use in the present study. The solar calculator in FLUENT
© 

was 

used to find the sun‟s location in the sky with the given inputs of time, date and the global 

location of the atrium building. Solar irradiation and outside conditions in Montreal at 13:00 h on 

July 15, 2010 are shown in Table 5-2. The sunshine factor accounts for the effect of clouds on the 

amount of radiation actually falling on the window. 

       Table 5-2     Solar irradiation and outside conditions in Montreal at 13:00 h on July 15, 2010. 

 

Sun Direction Vector  

 

x y z 

- 0.54 0.84 - 0.06 

Sunshine Fraction  1 (full shine) 

Direct Normal Solar Irradiation (at Earth's surface) [W/m
2
]  863 

Diffuse Solar Irradiation - Vertical Surface (W/m
2
) 232 

Diffuse Solar Irradiation - Horizontal Surface (W/m
2
)

    
 109 

Ground reflected solar irradiation-Vertical Surface (W/m
2
) 91.05 

Outside Heat Transfer Coefficient (W/m
2
-

o
C)     7.4 

Outside Air Temperature (
o
C)   25 

  

5.2.3.3. Mesh dependency test 

 The hexahedral cells were created with fine mesh near the walls of the simple three-

storey atrium building (Figure 5-1) using the commercial software GAMBIT
©
. The grid along the 

vertical plane parallel to the façade glazing surface is shown in Figure 5-2. Three mesh densities 

were investigated: Mesh 1 (415,000 cells), Mesh 2 (812,000 cells, see Figure 5-2) and Mesh 3 

(1,235,000 cells). In all meshes, cells were located where higher velocity and temperature 
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gradients were expected i.e., near walls, ventilation openings and the area potentially occupied 

by the thermal plume in order to capture the details of the airflow in these areas.  

 

 

Figure 5-2      Mesh structure for CFD simulations (Mesh 2) with an expanded view being  

           shown on the left. 

 The building was assumed to be located in Montreal, Canada. The numerical results 

indicating the volume flow rates in the left-hand side rooms of the building using three mesh 

densities are given in Table 5-3.  

Table 5-3     Volume flow rates at three floors using three mesh densities. 

                                                    

Floors 

Volume Flow Rate (m
3
/s) 

Mesh 1 Mesh 2 Mesh 3 

Ground Floor 0.42 0.42 0.42 

First Floor 0.42 0.42 0.42 

Second Floor 0.40 0.40 0.40 

 

The vertical temperature profiles in the centre of the left-hand side rooms along the height of 

the building using three mesh densities are shown in Figure 5-3. 

Y 

X 
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                            Height of the space (m)                                                   

Figure 5-3      Prediction of vertical temperature profile in the centre of rooms for different 

           mesh densities, where 0 m, 4 m and 8 m define the ground, first and second 

           floor levels respectively. 

 

  It can be seen that there is a difference of less than 1% between the results obtained using 

the three meshes which indicates the results are essentially mesh independent. Considering both 

accuracy and computational time, it was decided that Mesh 2 (812,000 cells) is suitable to 

accurately predict volume flow rate, airflow and temperature distributions in the building. It took 

about 10000 iterations for the cases considered here to meet the convergence criteria.   

5.2.4 Results  

The numerical results obtained from a series of CFD simulations are presented in four 

sections. In the first three sections, the building was assumed to be located in Montreal. Section 

5.2.4.1 presents the results for the simulations where the inlet opening area is the same on each 

storey. In Section 5.2.4.2 the results for the simulations where the inlet opening areas on each 

storey were sized to have the same ventilation flow rate on each storey are presented. Section 
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5.2.4.3 descibes the results for the effect of solar intensity on the ventilation volume flow rate in 

each storey. In Section 5.2.4.4 the results for the effect of the geographical location of the 

building on the ventilation volume flow rate are presented. 

5.2.4.1 CFD Simulations using the same inlet opening area in each storey 

  The variation in volume flow rate expressed both in (m
3
/s) and in air changes per hour 

(ACH) of the buoyancy-driven ventilation in each room (on the left-hand side of the building) 

with changes in the inlet opening area are given in Table 5-4. The CFD results indicating the 

velocity and temperature contours in the building with the same inlet opening area in each storey 

and the effect of the variation of the inlet opening area on the velocity and temperature contours 

are shown in Figures 5-4 and 5-5 respectively.  

Table 5-4     Variation in the volume flow rate of the buoyancy-driven ventilation in the left-

  hand side rooms of the building with the increase of inlet opening area in each 

  storey. 

 

 

 

 

 

Inlet opening 

area on each 

floor 

(m
2
) 

Total 

effective 

opening 

area 

(At / H
2
) 

Volume flow rate (m
3
/s) Air changes per hour 

(ACH) 

Left-hand side rooms Left-hand side rooms 

Ground 

floor 

First 

floor 

Second 

floor 

Ground 

floor 

First 

floor 

Second 

floor 

0.2 0.0087 0.27 0.22 0.17 7 5 4 

0.4 0.017 0.44 0.34 0.25 11 8 6 

0.6 0.026 0.59 0.42 0.32 15 11 8 

0.8 0.035 0.75 0.65 0.45 19 16 11 

1 0.044 0.85 0.66 0.45 21 16 11 
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Figure 5-4      CFD predictions of the effect of increasing the inlet opening area (given in      

 Table 5-4) on velocity contours with the same inlet opening area for each storey. 
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Figure 5-5      CFD predictions of the effect of increasing the inlet opening area (given in        

           Table 5-4) on temperature contours with the same inlet opening area for each  

           storey. 

  It was will be from Table 5-4 that with increase in the inlet opening area on each floor  

the ventilation flow rate increases until it reaches a maximum. The CFD predictions of the 

volume flow rate in the non-dimensional form using equation 5.4 were compared with 

the analytical predictions obtained using design curves developed by Holford and Hunt (2003) 

for a simple geometry when the same effective opening area (At/H
2
) is used for each storey, the 

comparison being shown in Figure 5-6.   

 

 



116 
 

                      

0

0.2

0.4

0.6

0.8

1

1.2

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045

At/H
2

N
o
n
-d

im
e
n
s
io

n
a
l v

o
lu

m
e
 f
lo

w
 r

a
te

Analytical-ground floor
CFD-ground floor
Analytical-first floor
CFD-first floor
Analytical-second floor
CFD-second floor

 

Figure 5-6      Comparison between the CFD model predictions and the analytical model   

           predictions (Holford and Hunt (2003)) for the volume flow rate for the situation  

           where the same total effective opening area (At/H
2
) is used for each storey of the  

           building.   

  From the results it can be seen that the analytical predictions of the volume flow rate are 

in relatively close agreement with the CFD predictions. It is seen that the lower storey has higher 

volume air flow rate than the upper storey, while the temperature of the stratified layer in the 

upper storey is higher than that in the lower storey. From the numerical results obtained, it was 

noted that by increasing the total effective opening area for each storey caused a rise in the 

volume flow rate. The same observation has been reported in literature. However, in order to 

obtain the same ventilation flow rate in each storey, the total effective opening area for each 

storey needs to be different. The higher storey needs a larger total effective opening area than the 

lower storey to compensate for the lower stack effect.   



117 
 

5.2.4.2 Openings sized to have same ventilation flow rate in each storey 

 

        The inlets in each storey are located on the side walls of the rooms (Figure 5-1). They 

were sized for each storey using the design curves developed by Holford and Hunt (2003) to have 

the same ventilation flow rate in each storey. Table 5-5 shows the results of volume flow rates 

(m
3
/s) and air changes per hour (ACH) of the buoyancy-driven ventilation with these different 

total effective opening areas in each storey of the building and it was noted that in each storey the 

ventilation flow rates are almost equal.  

Table 5-5    Volume flow rates (m
3
/s) and air changes per hour (ACH) with different inlet 

 opening area on each floor of the building.  

 

  The velocity and temperature contours inside the building with approximately same 

ventilation rate in each storey are shown in Figure 5-7.  

       

Figure 5-7       CFD predictions of velocity (a) and temperature contours (b) in the building with  

             same ventilation flow rate in each storey.  

 

  

Floors 

Inlet 

opening 

area 

(m
2
)  

Total 

effective 

opening area 

 (At / H
2 
) 

Volume flow rate 

(m
3
/s) 

Air changes per 

hour (ACH) 

Left 

side 

Right 

side 

Left 

side 

Right 

side 

Ground floor 0.40 0.0170 0.42 0.42 12 12 

First floor 0.50 0.0235 0.42 0.42 12 12 

Second floor 0.80 0.0380 0.40 0.41 11 12 

a b 
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  The CFD predictions of the volume flow rate expressed in the non-dimensional form 

were compared with the analytical predictions obtained using the design curves developed by 

Holford and Hunt (2003) and are shown in Figure 5-8. Relatively good agreement can be seen 

between the results obtained by the analytical model and the CFD predictions.                
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Figure 5-8       Comparison of the analytical results and the CFD predictions for the non-  

 dimensional volume flow rate where the openings were sized to give the same  

 ventilation flow rate on each storey. 

 

5.2.4.3 The effect of the solar intensity on the volume flow rate 

 

 To determine the ability of the CFD model to predict the effect of solar intensity on the 

buoyancy-driven air flow at different times of the day, simulations were run at hourly intervals 

between 6:00 to 18:00 h. The outside boundary conditions such as outside air temperature and the 

positioning of the sun were adjusted for the particular time using FLUENT
©
 solar calculator. 

Figure 5-9 shows the CFD predictions for the effect of solar intensity on the volume flow rate 
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(m
3
/s) on an hourly basis in each storey from 6:00 to 18:00 h. It can be seen that with increasing 

solar intensity, the volume flow rate increases in the period 6:00 to 11:00 h and then decreases in 

the period 11:00 to 18:00 h with the decrease in solar intensity. The effect of solar intensity also, 

of course, depends on the direction and location of glazing surfaces of the building.  

 

Figure 5-9      Effect of solar intensity on the volume flow rate with the same ventilation rate in  

 each storey. 

 

5.2.4.4 The effect of geographical locations of building on buoyancy-driven airflow  

 In order to investigate the effect of the geographical location on the buoyancy-driven 

ventilation flow rates, the building was assumed to be located with the same orientation in 

different cities of Canada. Due to the different global location of each city, there is a variation in 

the solar loading for each case considered. Global position and ambient temperatures in each 

location at 13:00 h on different dates are shown in Table 5-6.  
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    Table 5-6      Global position and ambient temperatures of each location at different dates. 

 

 

Name of Location 

Global Position Outside Temperature (
o
C) 

Latitude Longitude April 15, 

2010 

(13:00 h) 

July 15, 

2010 

(13:00 h) 

September 

15, 2010 

(13:00 h) 

Calgary 

(Alberta) 

51 114 12 23.8 12.9 

Winnipeg 

( Manitoba) 

50 90 9.9 22.3 16.1 

Montreal 

 (Quebec) 

45 73 10.7 29.7 14.4 

St. John's 

(Newfoundland) 

47 52 0 19.6 15.4 

  

 The contours of solar heat flux (W/m
2
) on the façade, east wall and floor of the atrium 

were determined through CFD simulations at 13:00 h on April, July and September 2010 in 

different cities and are shown in Figures 5-10 a, b, c, d.  

 

        

 

Figure 5-10 a      Contours of solar heat flux (W/m
2
) on the façade, east wall and floor of the  

 atrium at 13:00 h in Calgary (Longitude: -114, Latitude: 51) on April,   

 July and September 15, 2010 respectively. 
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Figure 5-10 b    Contours of solar heat flux on the façade, east wall and floor of the atrium at  

  13:00 h in Winnipeg (Longitude: -90, Latitude: 50) on April, July and September 

  15, 2010 respectively. 

 

   
 

Figure 5-10 c    Contours of solar heat flux on the façade, east wall and floor of the atrium at  

  16:00 h in Montreal (Longitude: -73, Latitude: 45) on April, July and September  

  15, 2010 respectively. 

 

    
 

Figure 5-10 d    Contours of solar heat flux on the façade, east wall and floor of the atrium at  

  16:00 h in St. John's (Longitude: -52, Latitude: 47) on April, July and September  

  15, 2010 respectively. 
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It can be seen from the results given in Figures 5-10 a, b, c, d that the solar heat flux at 

13:00 h in the cities considered varies approximately in the range 75 -220 W/m
2

 . These variations 

in the solar heat flux directly affect the predicted numerical façade glazing surface temperatures 

(
o
C) as shown by the results given in Figures 5-11 a, b, c, d.  

 The effect of geographical location of the building on the volume flow rate with the same 

ventilation rate on each storey at 13:00 h on 15 April, 15 July and 15 September 2010 in different 

cities of Canada (St. John's, Montreal, Winnipeg, Calgary and Vancouver) was investigated and 

the results are given in Figure 5-12. 

 

           

 

           

 

 Figures 5-11 a, b    Temperature contours on the façade glazing surface at 13:00 h in Calgary (a)  

 Winnipeg (b) on April, July and September 15, 2010 respectively. 

 

b 

a 



123 
 

 

         

 

                 

 

 Figures 5-11 c, d     Temperature contours on the façade glazing surface at 13:00 h in Montreal  

 (c) and St. John's (d) on April, July and September 15, 2010 respectively. 

 

 

 

c 

d 
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Figure 5-12      Effect of geographical location of the building on the volume flow rate with the  

  same ventilation rate in each storey at 13:00 h on April, July and September 15,  

  2010 in St. John's, Montreal, Winnipeg, Calgary and Vancouver. 

 

  

 5.3 Numerical Modeling of the Effect of the Thermal Mass of the Building Envelope 

on the Transient Thermal Performance of a Simple Atrium Building  

 

5.3.1 Introduction 

The effect of the thermal mass is an important factor in determining the performance of 

energy-efficient buildings. In this section the effect of the external walls on the development of 

buoyancy-driven ventilation flow rates, air flow patterns and temperature distributions in a simple 

three-storey atrium building has been investigated using a CFD method based on the unsteady 

Reynolds Averaged Navier-Stokes equations (RANS) modelling approach. The SST k-ω 

turbulence model and the Discrete Transfer Radiation Model (DTRM) were utilized with the 

commercial CFD solver FLUENT
©
. The transient numerical results were obtained by assuming 

the external walls made of concrete blocks 20 cm thick with three configurations, i.e., (i) walls 

with internal insulation covering, (ii) walls with external insulation covering, and (iii) walls 

without insulation covering. The buoyancy-driven ventilation volume flow rates and the internal 

15 April          15 July         15 September 
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temperature variations from 7:00 to 15:00 h on July 15, 2011 were calculated using CFD 

simulations.   

5.3.2 Building Description  

Figure 5-13 shows an exterior view of the three-storey simple atrium building under 

consideration. The building was assumed to be located and oriented like the Engineering building 

of Concordia University, i.e., 35 degrees west of south in Montreal, Canada with the façade 

glazing wall facing southwest. The ventilation system of the building is purely based on 

buoyancy-driven natural ventilation. The atrium exhaust is located on the highest point in the 

atrium and the storey inlets and outlets are located at the side walls of the rooms (Figure 5-13) 

and were sized to have equal ventilation in each storey using the design curves developed by 

Holford and Hunt (2003). The effective atrium outlet opening area was selected to be equal to 

the total inlet opening areas.  

 

 
 

 

Figure 5-13    Geometry used in CFD simulations. 
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5.3.3 Numerical Solution Procedures 

 The CFD model described in the previous chapters and also in Section 5.2.3 was used to 

run the transient CFD simulations to investigate the effect of the thermal mass of the building 

envelope on the buoyancy-driven volume flow rate, airflow patterns and on the temperature 

distributions inside the building.  

 Considering both accuracy and computational time, it was decided that a mesh with a 

number of cells in the range 800,000 - 900,000 was adequate to accurately predict the volume 

flow rate, airflow and temperature distributions in the building. Pressure coupling was treated 

using the SIMPLE algorithm. The second-order upwind scheme was used to discretize the mass, 

momentum, turbulent kinetic energy, turbulent dissipation rate and energy conservation 

equations. The body force weighted scheme was used to discretize pressure coupling. The 

resultant equations were solved in a segregated manner. Convergence was considered to have 

been reached when the energy residual was less than 0.1% and the flow variable residuals varied 

by less than 1% over the last 100 iterations. The under relaxation factors used for pressure, 

density, momentum, turbulence kinetic energy, turbulence dissipation rate, turbulent viscosity, 

energy were 0.3, 1, 2, 0.8, 0.8, 1, 0.9.  

 A heat source of 530 watt on the atrium floor and a heat source of 823 watt on all other 

floors were assumed. The optical properties of the glazing (semi transparent) used in the previous 

studies with solar transmissivity of 36% and absorptivity of 17.5% were adopted. The modeling 

of the glazing was simplified as a single glazing with effective thermal conductance of             

0.0626 W/m
2
-K with a total overall thickness of 24 mm. Mixed thermal boundary conditions 

were used for the façade glazing surface and for the outer walls without insulation covering with 

a thickness of 20 cm.  All other boundaries of the domain, except the ventilation openings 

and the heat sources, were modeled as no-slip wall boundaries with no generated heat flux. A 
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constant relative gauge pressure of 0 Pa was imposed across the room inlets and the atrium 

outlet.  

5.3.3.2 Solar Heat Gain Calculation.    

 From the previous studies undertaken, it was concluded that the DTRM radiation model 

is the most suitable for the present study. A solar calculator available in FLUENT was used to 

calculate the beam direction and irradiation of the sun. The solar calculator can be used to find the 

sun location in the sky with given inputs of time date and global position.    

5.3.4 Results  

  The numerical results obtained from a series of CFD simulations are presented in two 

sections: Section 5.3.4.1 shows the comparison of the variation in volume flow rates in the left-

hand side rooms of each storey for the three cases considered. Section 5.3.4.2 presents the 

comparison of the internal temperature variations in the left-hand side rooms of each storey for 

the three cases considered. 

5.3.4.1 Comparison of variations in the volume flow rate for the three cases considered 

To investigate the effect of the thermal mass of the building envelope on the volume 

flow rate and indoor temperature distributions with variations of external ambient temperature 

and solar intensity, time-dependant simulations were run from 7:00 h to 15:00 h on July 15, 2010.  

It was assumed that initially there was no flow in the building.  

The variation of external ambient temperature and total solar irradiation (W/m
2
) from 

8:00 h to 15:00 h in Montreal are shown in Figures 5-14, 5-15 respectively.  
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Figure 5-14       Variation of external ambient temperature from 8:00 h to 15:00 h on July 15,  

  2010 in Montreal. 
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Figure 5-15       Variation of total solar irradiation (W/m
2
) from 8:00 h to 15:00 h on July 15,  

  2010 in Montreal. 
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 The initial development of the velocity and temperature contours in the building 

with external concrete walls with insulation covering at times of (a) 10  s, (b) 30 s, (c) 60 s,    

(d) 90 s, (e) 120 s, (f) 180 s, (g) 360 s, (h) 480 s and (k) 600 s from the start of the calculations 

are shown in Figures 5-16 and 5-17 respectively.  

 

 

 (a)                                            (b)                                               (c) 

  

 (d)                                              (e)                                                 (f) 

   

  (g)                                              (h)                                                  (k)     

Figure 5-16      Velocity contours in the domain at times of (a) 10  s, (b) 30 s, (c) 60 s, (d) 90 s, 

  (e) 120 s, (f) 180 s, (g) 480 s, (h) 540 s and (k) 600 s. 
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 (a)                                              (b)                                                (c) 

 

(d)                                                (e)                                                  (f) 

     

 (g)                                                (h)                                               (k)   

 Figure 5-17     Temperature contours in the domain at different times (a) 10  s, (b) 30s,     

   (c) 60 s, (d)90 s, (e) 120 s, (f) 180 s, (g) 360 s, (h) 480 s and (k) 600 s.  

  

 It can be seen from the results that the initial transient lasts for no more than 10 minutes 

(fully developed flow). Turning next to a consideration of the changes that occur as a result of 

changes in the external conditions, Figures 5-18 a, b, c show a comparison of the variations of 

the volume flow rate (m
3
/s) in each storey with the variation of external ambient temperature 

from 7:00 h to 15:00 h on July 15, 2010 for the three cases that were simulated. 
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Figure 5-18 a      Comparison of variations in the volume flow rate for the three cases considered  

     on first storey of the building. 
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Figure 5-18 b      Comparison of variations in the volume flow rate for the three cases considered 

     on second storey of the building. 
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Third storey 
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Figure 5-18 c       Comparison of variations in the volume flow rate for the three cases considered 

      on third storey of the building. 

 From these results, it can be seen that for the case of walls with an insulation covering 

either on the inside or on the outside, the volume flow rate (m
3
/s) variations are mainly similar on 

each storey. The minor differences that exist are due to the fact that when the insulation is on the 

outside of the building envelope, some heat is being stored in the walls. It will be seen that for the 

case of the building envelope without insulation covering, the buoyancy-driven natural ventilation 

flow rate is considerably lower than that in the insulated walls because heat is being transferred 

through the walls to the surroundings. To get the benefit of the stored heat in the thermal mass it 

is suggested that insulation be applied on the outer surfaces of the walls to stop the heat loss to 

the surroundings. 

5.3.2.2 Comparison of inside temperature variations on each storey 

  Figures 5-19 a, b, c show a comparison of the variations of inside temperatures at a height 

of 1.1m from each floor with the variation of external ambient temperature for the three cases 
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that were simulated.  
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Figure 5-19 a     Comparison of inside temperature variation in the centre of the rooms on first  

    storey.     
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Figure 5-19 b     Comparison of inside temperature variation in the centre of the rooms on second 

   storey.     
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  Figure 5-19 c      Comparison of inside temperature variation in the centre of the rooms on 

      third storey. 

  The results shown in Figures 5-19 a, b, c show that for each case, the inside temperatures 

increased with the increase of ambient temperature. For the cases with walls with an insulation 

covering, the inside temperature variation was almost the same in each room, whereas for the 

case where no insulation was used, the inside temperature rise was less. It was noticed that for 

the case where the insulation is assumed to be outside the building envelope, some heat is stored 

in the walls that could be beneficial to control the inside temperature fluctuations.  

 

Summary 

    

  In this chapter, a simple three-storey atrium building was modeled and the use of 

buoyancy-driven natural ventilation was investigated numerically. Steady-state CFD simulations 

of the buoyancy-driven natural ventilation airflow and temperature distributions in the building 

were conducted utilizing the SST k-ω turbulence model and the DTRM radiation model. The 
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CFD predictions of the volume flow rate expressed in the non-dimensional form were 

compared with the analytical predictions obtained using the design curves developed by 

Holford and Hunt (2003). Relatively good agreement was found to exist between the results given 

by the simple analytical model and the CFD predictions. From the results, it was also observed 

that solar intensity and geographical location have a considerable effect on the buoyancy-driven 

flow rate and temperature distributions in the building.  

  Transient numerical results were also obtained to provide information about the effect of 

the thermal mass on the thermal behaviour of the building. It was found that for the case of a 

building envelope without insulation covering, the buoyancy-driven natural ventilation flow rate 

was reduced considerably as compared to that with insulated walls. To get the benefit of the 

stored heat in the building envelope it is suggested that insulation be applied on the outer surfaces 

of the walls to stop the heat loss to the surroundings and to get better control over internal 

temperature variation. Heat stored in the walls could be useful for the night-time buoyancy-driven 

ventilation when there is no solar radiation but this was not investigated here.  
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 Chapter 6 

 Numerical Investigations of the Effect of Design Changes on the 

Performance of an Atrium Building 

6.1 Overview 

 In this chapter the numerical investigations of the effect of design changes in the atrium 

space of the simple three-storey building on the buoyancy-driven ventilation airflow, temperature 

and velocity distributions in building are presented. The purpose was, therefore, to numerically 

explore the effect of different atrium configurations on the performance of the building. For the 

selected building, a parametric study was carried out to determine the sensitivity of the ventilation 

flow rate, temperature and velocity distributions, and thermal comfort indices to the changes in 

the atrium design. Based on this parametric study, the effect of some changes in the building 

geometry and of the use buoyancy-driven night ventilation was explored.   

6.2 Numerical Investigations of Buoyancy-driven Natural Ventilation in a Simple Atrium 

Building and its Effect on the Thermal Comfort Conditions 

6.2.1 Introduction 

 In this section, the use of the buoyancy-driven natural ventilation in a simple atrium 

building is explored numerically with particular emphasis on the evaluation of the thermal 

comfort conditions in the building. Initially various geometric configurations of the atrium space 

were considered to investigate the effect of atrium design changes on the airflow and temperature 

distributions in the building. For the geometry selected, the performance of the building in 

response to various changes in atrium design parameters was investigated. The calculated 

airflows and temperature distributions were used to evaluate indoor thermal comfort conditions in 

terms of the thermal comfort indices, i.e., the well-known Predicted Mean Vote (PMV) index, its 
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modifications especially those for natural ventilation, the Predicted Percent Dissatisfied (PPD) 

index, and the Percent Dissatisfied (PD) factor due to draft.  

6.2.2 Atrium Design Configurations 

Various configurations of the atrium space (Figure 6-1) in a simple three-storey atrium 

building were considered. Important dimensions and areas of the building (Case A) are given in 

Table 6-1.  

                       

 

                    

Case C 

Case B Case A 

Case D 
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Figure 6-1     Basic design changes of an atrium space considered 

 

Table 6-1      Basis dimensions and areas of the building (Case A) 

Dimensions and Areas 

Atrium Height 16.00 m 

Atrium Width 5.00 m 

Atrium Depth 6.00 m 

Room Height 4.00 m 

Room Width 6.00 m 

Room Depth 6.00 m 

Ground Floor Air Supply (net) Area 0.80 m
2
 

First Floor Air Supply (net) Area 1.00 m
2
 

Second Floor Air Supply (net) Area 1.60 m
2
 

Atrium Floor Air Supply (net) Area 0.40 m
2
 

Atrium Outlet Opening (net) Area 3.80 m
2
 

 

The simulated building was assumed to be located and oriented like the Engineering 

building at Concordia University, Montreal, Canada i.e., 35 degrees west of south, with the same 

kind of façade glazing surface facing southwest. The atrium exhausts were located on the highest 

point in the atrium and storey inlets and outlets on each storey were located on the side walls of 

the rooms (Figure 6-1). The inlets and outlets were sized on each storey using the design curves 

developed by Holford and Hunt (2003). The effective atrium outlet opening area was selected to 

be equal to the total inlet openings areas for all storeys.  

Case E 

(base 

Case F 



139 
 

6.2.3 Numerical Solution Procedures 

 Various configurations of the atrium space for the simple three-storey atrium building 

shown in Figure 6-1 were modeled. The validated CFD model based on the use of the Reynolds 

Averaged Navier-Stokes (RANS) modeling approach with the SST k-ω turbulence model and the 

Discrete Transfer Radiation Model (DTRM) discussed in earlier chapters was utilized using the 

commercial CFD solver FLUENT
©
. In dealing with the buoyancy forces in the momentum 

equations the Boussinesq approach was adopted, i.e., it was assumed that the fluid properties are 

constant except for the density change with temperature which gives rise to the buoyancy forces, 

these being dealt with a linear relation between the density change and the temperature change. In 

addition, the dissipation term in the energy equation was neglected due to the low velocities 

involved.  

 The numerical solution procedures used in the previous chapters were adopted. The solar 

calculator available in FLUENT
©
 was used to find the sun‟s location in the sky with the given 

inputs of time, date and the global location. For pressure discretization, the body force weighted 

scheme was employed while the SIMPLE-algorithm was used for pressure-velocity coupling 

discretization. Second order upwind scheme was used to discretize the momentum and other 

equations in the numerical simulations. To get a converged solution, the equations for mass and 

momentum conservation were iteratively solved until the sum of the absolute normalized 

residuals for all the cells in flow domain became less than 10
-4

 while the energy equation was 

iterated until the residual fell below 10
-6

, the solution then being considered to be converged. 

Under-relaxation factors 0.3, 1, 2, 0.8, 0.8, 1, 0.9 for pressure, density, momentum, turbulence 

kinetic energy, turbulence dissipation rate, turbulent viscosity, energy respectively were used. 

In all the cases considered, the convergence criteria were met after about 10,000 iterations using a 



140 
 

mesh size of approximately 820,000 cells. The mesh size was selected based on the results of the 

mesh independent tests described in chapter 5. 

6.2.4 Results  

6.2.4.1 Selection of geometry 

 Various geometrical configurations of the atrium space of the simple atrium building 

designated as Cases A, B, C, D, E and F which are shown in Figure 6-1 were simulated to 

investigate the effect of changes in the building geometry on its performance. A series of CFD 

simulations were run for the cases considered using the same boundary conditions these being 

those existing at 13:00 h on  July 15, 2010 when the ambient temperature of 29.7
o
C i.e., a typical 

hot day and time during summer in the region that was considered. For the various geometries 

considered, the buoyancy-driven natural ventilation volume flow rates and the temperature (
o
C) 

values at 1.1 m above the floors in the centre of each room on the left-hand side of the building, 

and in the atrium space were calculated. The results are  given in Table 6-2. Due to the symmetry 

of the building and the time of the day considered, the results obtained for the right and left-hand 

side rooms were approximately the same. 

Table 6-2    Buoyancy-driven natural ventilation volume flow rate in each storey and temperature 

 (
o
C) values in the centre of each room on the left-hand side of the building.  

 

 

Atrium 

designs 

 

Glazing 

area (m
2
) 

Volume flow rate (m
3
/s)  

in each room  

Temperature (
o
C) at 1.1 m from floor of 

each room 

Ground 

floor 

First 

floor 

Second 

floor 

Atrium 

inlet 

Ground 

floor 

First 

floor 

Second 

floor 

Atrium 

inlet 

 Case A 80 0.37 0.37 0.35 0.72 32.62 32.36 31.87 32.62 

Case B 154 0.44 0.45 0.42 0.83 33.64 33.43 32.97 33.79 

Case C 127 0.43 0.42 0.40 0.78 33.56 33.48 33.05 33.65 

Case D 90 0.42 0.42 0.39 0.81 33.32 33.09 32.70 33.32 

Case E 94 0.42 0.42 0.40 0.80 33.61 32.39 32.68 33.93 

Case F 286 0.51 0.52 0.49 1.00 35.28 34.79 35.65 34.79 
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 From the results obtained it will be seen that with the increase of the glazing area, the 

ventilation volume flow rate and temperature values increase due to the increased solar heat gain. 

Case A and Case B have similar geometry but Case B has more glazing area resulting in a  higher 

ventilation flow rate. Similary Case F with even more glazing area shows a higher flow rate and 

temperature values. Cases C, D and E have very similiar performances. However,  it will be seen 

that for Case C which has a dome-shaped roof and where the location of the exhausts was 

lowered by 2 m, the ventilation flow rate in the upper storey is reduced considerably due to the 

reduction in the buoyancy forces. This was compensated for by increasing the inlet size of the 

upper storey from 0.41 m
2
 to 0.51 m

2
. Similary for Cases D, E and F, the atrium space integrated 

with a solar chimney was considered and it will be noted that this option also affects the 

ventilation flow rate in the upper storey which was again compensated for by increasing the area 

of inlet areas from 0.41 m
2
 to 0.51 m

2
. To observe the effect of solar heat flux, the contours of 

solar heat flux on the façade glazing surface and on the walls of the atrium for geometry Case A 

are shown in Figure 6-2.  

  

 

Figure 6-2     Contours of solar heat flux on the facade and walls of the atrium space for  

 Case-A geometry. 
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 In order to illustrate the airflow patterns and temperature distributions for all the cases 

considered, temperature and velocity contours over the middle plane of the building parallel to 

the façade glazing surface are shown in Figures 6-3 and 6-4 respectively.  

   

 

                

 

                                                   

Figure 6-3     Temperature contours over the middle plane of the building parallel to the façade  

 glazing surface for all the cases considered. 
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Figure 6-4      Velocity contours over the middle plane of the building parallel to the façade  

           glazing surface for all the cases considered. 
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 From the results obtained it was found that all the geometries considered give good 

performance. However, taking into account other factors, i.e., simplicity of design, night 

ventilation, winter heating, overheating during summer and heat loss, the Case E geometry was 

selected as a base case for reference for further investigations of the effect of various geometric 

and solar parameters on the performance of the atrium building. 

6.2.4.2 Parametric study  

          Many factors influencing the thermal performance of the type of buildings have been 

considered. Thus, any mathematical study of the performance of such buildings requires a 

parametric study to quantify the effect of the various parameters to explore and understand the 

mechanisms controlling the performance of the building. To cover all the climatic parameters and 

perform an optimization is beyond the scope of the present study. Hence in this study attention 

has been focused only on the use of buoyancy-driven natural ventilation in an atrium building and 

an investigation of the effect of the main parameters influencing the performance of the atrium 

space and solar chimney. The most influential parameters can be categorised as geometrical     

(e.g., atrium height, atrium width, chimney height and width), materials and structural design 

(e.g., type of glass) and solar (e.g., solar intensity, radiation properties of the building surfaces 

and shading). The parameters selected were varied one by one using three values of each 

parameter in a certain range with some variations from the basic design specifications selected to 

determine the sensitivity of the building‟s performance to each parameter. Some typical results 

are presented in this section regarding the effect of these parameters on the performance of the 

building. The effect of each input parameter was examined in terms of four output performance 

parameters, i.e., ventilation volume flow rate at each inlet, temperature in the centre of each 

occupied space on the each floor, the Predicted Mean Vote (PMV), and Predicted Percent 
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Dissatisfied (PPD) (thermal comfort indices) for seated activity in the centre of the occupied 

zones. 

 Calculation of ventilation volume flow rate and temperatures 

        A series of CFD simulations were run to obtain results for the atmospheric conditions 

existing at 13:00 h on July 15, 2010 when the actual ambient temperature was 29.7
o
C and relative 

humidity was 44% in Montreal, Canada.  At the air flow inlets, volume flow rates were calculated 

and average local values of the temperatures at 1.1 m above each floor were determined for each 

of the input parameter. The results obtained for the geometric and solar parameters considered are 

shown in Tables 6-3 and 6-4 where the numbers 1, 2, 3 and 4 represent the ground floor, the first 

floor, the second floor and the atrium floor respectively.  
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Table 6-3     Effect of geometric variations on the volume flow rate and inside temperature                     

                values at 1.1m above each floor.  

 

      * Base case 

 

 

 

 

 

 

 

 

 

Geometric input 

parameters 

Output parameters 

 

Parameters 

 

Values 

Volume flow rate (m
3
/s) Average temperatures (

o
C) at 

1.1m from floor 

1 2 3 4 1 2 3 4 

Depth of 

atrium 

 

*6 m 0.42 0.42 0.40 0.80 33.31 32.39 32.68 33.93 

8 m 0.44 0.44 0.42 0.82 33.42 32.64 32.86 33.96 

10 m 0.47 0.47 0.45 0.85 33.53 33.27 33.06 34.21 

 

Width  of 

atrium 

4 m 0.40 0.41 0.40 0.74 32.24 33.03 33.1 33.47 

*5 m 0.42 0.42 0.40 0.80 33.61 32.39 32.68 33.93 

6 m 0.45 0.46 0.43 0.78 32.9 33.45 33.34 33.55 

 

Chimney 

height 

2 m 0.33 0.32 0.31 0.62 31.6 33.16 33.16 31.69 

*4 m 0.42 0.42 0.40 0.80 33.61 32.39 32.68 33.93 

6 m 0.45 0.47 0.50 0.85 33.38 32.99 31.95 33.45 

 

Chimney 

width 

1 m 0.41 0.41 0.39 0.76 33.42 32.15 32.43 33.76 

*2 m 0.42 0.42 0.40 0.80 33.61 32.39 32.68 33.93 

3 m 0.44 0.45 0.43 0.82 33.82 33.46 33.14 34.21 

 

Glazing area 

68 m
2
 0.37 0.36 0.35 0.68 32.71 32.43 32.15 33.17 

86 m
2
 0.40 0.40 0.39 0.76 33.45 32.09 32.51 33.70 

*118 m
2
 0.42 0.42 0.40 0.80 33.61 32.39 32.68 33.93 

Location of 

inlets (height 

from each 

floor) 

*0 m 0.42 0.42 0.40 0.80 33.61 32.39 32.68 33.93 

0.6 m 0.42 0.42 0.40 0.80 33.66 33.47 33.36 33.88 

1.2 m 0.42 0.41 0.39 0.76 32.8 33.41 34.15 31.57 

Ambient Temperature 25
o
C             1-Ground floor, 2-First floor, 3-Second floor, 4-Atrium  floor.  
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Table 6-4      Effect of the climatic variation on the volume flow rate and inside temperature       

          values at 1.1m above each floor. 

  

  

             From the results obtained, it will be seen that for the variations in the values of the input 

parameters selected there is an increase or decrease in the air flow rate from 2 to 10% and a small 

change in the values of temperatures. An increase of glazing area will be seen to have a positive 

effect on the volume flow rate but also causes an increase in the inside temperature. The intensity 

of the solar heat flux is the main factor in determining the building performance. The air flow rate 

was found to increase with increasing in solar heat flux. The glazing type and the shading also 

affected the volume flow rate. An increase in the value of the transmissivity or absorptivity of the 

Climatic input parameters Output parameters 

 

Parameters 

 

Values 

Volume flow rate (m
3
/s) Average temperatures (

o
C) at 

1.1m from floor 

1 2 3 4 1 2 3 4 

Outside ambient 

temperature  

15 
o
C 0.49 0.47 0.32 0.96 19.3 18.2 18 22.4 

20 
o
C 0.46 0.44 0.32 0.89 23.7 22.6 22.8 26.1 

*25 
o
C 0.43 0.42 0.31 0.78 29.0 28.2 28.4 30.0 

 

Solar Intensity 

7:00 h  0.45 0.43 0.41 0.83 33.4 32.7 32.4 34.5 

*13:00 h 0.42 0.42 0.40 0.80 33.6 32.39 32.7 33.9 

18:00 h 0.35 0.34 0.32 0.61 32.5 31.79 31.7 32.4 

 

Transmissivity 

0.16 0.39 0.36 0.33 0.70 32.4 31.63 31.2 32.8 

*0.36 0.42 0.42 0.40 0.80 33.6 32.39 32.7 33.9 

0.56 0.48 0.48 0.46 0.89 33.6 33.09 33.0 34.2 

 

Absorptivity 

0.075 0.42 0.40 0.38 0.76 33.8 32.76 32.5 33.8 

*0.175 0.42 0.42 0.40 0.80 33.6 32.39 32.7  33.9 

0.375 0.45 0.44 0.42 0.82 33.6 32.87 32.5 35.4 

 

Emissivity 

0.4 0.45 0.43 0.40 0.82 32.5 32.75 32.4 34.6 

*0.8 0.42 0.42 0.40 0.80 33.6 32.39 32.7 33.9 

1.0 0.35 0.34 0.32 0.62 32.5 31.83 31.7 32.5 

 

Shading 

*Blinds open 0.42 0.42 0.40 0.80 33.6 32.39 32.7 33.9 

half open 0.38 0.37 0.36 0.71 32.6 31.89 31.8 33.0 

Blinds closed 0.33 0.31 0.30 0.60 31.6 30.73 30.4 32.4 

 1- Ground floor, 2 - First floor, 3 - Second floor, 4 - Atrium floor.  * Base case 
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glazing surface was found to increase the induced airflow rate and to produce corresponding 

changes in the temperature distribution in the building. 

Calculation of the thermal comfort indices  

 

          The effect of the various geometric and solar parameters on the thermal comfort indices, 

i.e., (i) predicted mean vote (PMV) and (ii) predicted percentage dissatisfied (PPD), are presented 

in this section. The PMV and PPD were calculated from six basic variables, i.e., activity, 

clothing, air temperature, air velocity, mean radiant temperature (MRT), and relative humidity 

(%) using the procedures described in ASHRAE (1997). In the present work, the values of the 

variables for the activity (metabolic rate) and clothing (ensemble insulation) were determined 

from ASHRAE 1997. The results for air temperatures and air velocity were determined from the 

CFD simulations. Mean radiant temperatures were calculated using the relationship between dry 

bulb temperature (DBT) and mean radiant temperature (MRT). The thermal comfort indices 

calculated in the present work use the extended indices PMVNV and PPDNV (Fanger and Toftum, 

2002), these being more appropriate for the present case of a naturally ventilated building, as 

discussed in Chapter 2, Section 2.2.4. In the present calculations, an expectancy factor of 0.8 was 

assumed for the region under consideration.  

  The values of activity, metabolic rate (W/m
2
) for seated activity, clothing (clo) and 

relative humidity (%) were selected as 0, 60, 0.5 and 44 respectively, and the air temperatures and 

velocities (V) in the area of interest were determined from the CFD simulations in calculating the 

values of PMVNV and PPDNV for the evaluation of the thermal comfort conditions in the occupied 

areas on all floors in the building. The values of the PMV and PPD (%) were calculated in the 

centre of the occupied area at a height of 0.6m from each floor for seated activity using the JAVA 

applet ISO 7730. The results obtained for the PMVnv and PPDnv on each floor for seated activity 

are given in Tables 6-5 and 6-6. The effect of each parameter on the performance of the building 
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in terms of PPD (%) is presented graphically in Figures 6-5 a, b, c, d, e, f and Figures 6-6 a, b, c, 

d, e.  

 Table 6-5     Calculations of PMV and PPD for geometric parameters at 0.6 m above each floor  

          in the centre of each occupied area for seated activity. 

 

 

   

 

 

  

 

 

 

 

 

 

 

 

 

Input Parameters Performance parameters 

 

Parameters 

 

Values 

PMVNV (at 0.6 m above each floor) 

(- 3 cold to + 3 hot) 

PPDNV (%) (at 0.6 m 

above each floor) 

 

1 2 3 4 1 2 3 4 

 

Depth of atrium 

 

*6 m - 0.32 - 0.37 - 0.65 - 0.20 7.3 8.0 14.1 6.5 

8 m - 0.30 - 0.34 - 0.60 - 0.20 7.1 7.8 14.0 6.5 

10 m - 0.28 - 0.31 - 0.54 - 0.23 7.0 7.6 14.0 6.7 

 

Width  of atrium 

4 m - 0.39 - 0.42 - 0.60 0.48 8.0 8.4 12.5 9.8 

*5 m - 0.32 - 0.37 - 0.65 - 0.20 7.3 8.0 14.1 6.5 

6 m - 0.50 - 0.37 - 0.56 - 0.37 11 7.9 11 7.9 

 

Chimney height 

2 m - 0.41 - 0.45 - 0.56 - 0.41 8.2 9.5 11 8.2 

*4 m - 0.32 - 0.37 - 0.65 - 0.20 7.3 8.0 14.1 6.5 

6 m - 0.35 - 0.43 - 0.70 - 0.20 7.9 8.2 15.5 5.7 

 

Chimney width 

1 m - 0.45 - 0.48 - 0.75 - 0.42 8.4 9.7 16.2 8.4 

*2 m - 0.32 - 0.37 - 0.65 - 0.20 7.3 8.0 14.1 6.5 

3 m - 0.24 0.32 - 0.56 - 0.30 6.2 7.7 11 7.3 

 

Glazing area 

68 m
2
 - 0.42 - 0.50 - 0.70 - 0.38 9.2 10.1 15.7 8.2 

86 m
2
 - 0.37 - 0.40 - 0.70 -.0.28 7.7 9.1 15.5 6.7 

*118 m
2
 - 0.32 - 0.37 - 0.65 - 0.20 7.3 8.0 14.1 6.5 

Location of 

inlets (height 

from each floor) 

*0 m - 0.32 - 0.37 - 0.65 - 0.20 7.3 8.0 14.1 6.5 

0.6 m - 0.24 - 0.36 - 0.52 - 0.16 6.4 8.0 10.9 5.4 

1.1 m - 0.34 - 0.46 - 0.37 - 0.20 7.8 9.5 8.1 5.7 



150 
 

 Table 6-6     Calculations of PMV and PPD for solar parameters at 0.6m above each floor in the     

          centre of each occupied area for seated activity.                                                         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Input Parameters Output parameters 

 

Parameters 

 

Values 

PMVNV (at 0.6 m above floor) PPDNV (at 0.6 m above 

floor) 

1 2 3 4 1 2 3 4 

 

Solar Intensity 

7:00 h - 0.33 - 0.46 - 0.68 - 0.30 7.8 9.5 14.3 7.2 

13:00 h - 0.32 - 0.37 - 0.65 - 0.20 7.3 8.0 14.1 6.5 

18:00 h - 0.50 - 0.64 - 0.75 - 0.50 10.6 14.2 16.2 10.1 

 

Transmissivity 

0.16 - 0.46 - 0.61 - 0.75 - 0.40 9.5 12.5 17.2 8.3 

*0.36 - 0.32 - 0.37 - 0.65 - 0.20 7.3 8.0 14.1 6.5 

0.56 - 0.31 - 0.44 - 0.60 - 0.24 7.7 9.2 14.0 6.2 

 

Absorptivity 

0.075 - 0.48 - 0.56 - 0.45 - 0.40 5.8 10.6 11.1 8.3 

*0.175 - 0.32 - 0.37 - 0.65 - 0.20 7.3 8.0 14.1 6.5 

0.375 - 0.30 - 0.43 - 0.67 0.02 7.3 9.2 14.3 5.0 

 

Emissivity 

0.4 - 0.32 - 0.45 - 0.67 - 0.24 7.7 8.4 14.3 6.4 

*0.8 - 0.32 - 0.37 - 0.65 - 0.20 7.3 8.0 14.1 6.5 

1.0 - 0.52 - 0.65 - 0.76 - 0.48 10.9 14.2 17.2 10.2 

 

Shading 

(Blinds)                                                                                                                                                              

Open - 0.32 - 0.37 - 0.65 - 0.20 7.3 8.0 14.1 6.5 

half open - 0.56 - 0.68 - 0.73 - 0.43 11.0 14.2 16.2 8.2 

Closed - 0.61 - 0.75 - 0.80 - 0.47 12.6 16.5 18.5 9.5 
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Figure 6-5 a, b     Effect of the atrium width (a) atrium depth (b) on PPD (%) values for seated  

      activity in the centre of each occupied floor of the building.  

(a) 

(b) 
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Figure 6-5 c, d      Effect of the chimney width (c) chimney height (d) on PPD (%) values  

             for seated activity in the centre of each occupied floor of the building. 

 

(c) 

(d) 
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Figure 6-5 e, f      Effect of the location of inlets (e) and glazing area (f) on PPD (%) values for  

      seated activity in the centre of each occupied floor of the building. 

 

 

(e) 

(f) 
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     (b) 

Figure 6-6 a, b     Effect of the solar intensity (a) shading (b) on PPD (%) values for seated  

      activity in the centre of each occupied floor of the building.  
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(d) 

Figure 6-6 c, d      Effect of the emissivity (c) and transmissivity (d) on PPD (%) values for  

      seated activity in the centre of each occupied floor of the building. 

 

 

 

(c) 



156 
 

 

  

                                    (e)   

Figure 6-6 e      Effect of the absorptivity (e) on PPD (%) values for seated activity in the centre    

  of each occupied floor of the building. 

6.2.4.3 Effect of various parameters on the performance of the building 

 Effect of atrium depth and width 

 From the results given in Table 6-3, it will be seen that with an increase of atrium depth 

by 2 m, the volume flow rate increases by 4% and there is small increase in the temperature 

values in each storey. Increasing the atrium width by 1 m causes a 4% increase in the volume 

flow rate and a small increase in temperature. Table 6-5 shows the effect of the atrium depth and 

width on the PMVnv and PPDnv values in the centre of the occupied area on each floor of the 

building for seated activity. It will be seen that with the selected values of the atrium depth and 

width, the value of PMVnv are in the range - 0.20 to - 0.50 (correspond to neutral comfortable) for 

the ground, first and atrium floors and - 0.54 to - 0.65 (slightly cool, acceptable) for the second 

floor. The PPDnv (%) values indicate that only 6.5 to 9.8% of people would not be satisfied with 

the thermal conditions on the ground, first and atrium floors but on the second floor 11% to 14% 
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people would be dissatisfied with the thermal conditions. Overall the thermal conditions 

prevailing in the building with buoyancy-driven ventilation for the selected range of atrium 

depths and widths are satisfactory. From these results, it will be noted that an atrium depth of 6 m 

and a width of 5 m are more satisfactory for the atrium space under consideration.  

Effect of chimney height and width 

 From Table 6-3 it will be seen that with an increase of the chimney height from 2 m to    

4 m, the volume flow rate increases by 30% on each storey. The increase in chimney height from 

4 m to 6 m causes an increase in the volume flow rate by 7% on the first and second storeys but 

by 30% on the third storey while there is a small increase in the temperature values on each 

storey. An increase in the chimney width of 1 m causes an increase of 4% in volume flow rate on 

each storey. Table 6-5 shows the effect of the chimney height and width on the PMVnv and PPDnv 

values in centre of the occupied area on each floor of the building for seated activity. It will be 

seen that with the selected values of the chimney height and width, the values of PMVnv are in the 

range - 0.20 to - 0.48 (corresponding to neutral comfortable) for ground, first and atrium floors 

and - 0.65 to - 0.75 (slightly cool, acceptable) for the second floor.  The PPDnv (%) values 

indicate that 6.5 to 9.7% people would not be satisfied with the thermal conditions on the ground, 

first and atrium floors but on the second floor 16% of people would be dissatisfied with the 

thermal conditions. For the selected range of values of chimney height and width, the thermal 

conditions prevailing in the building due to buoyancy-driven ventilation would thus be 

satisfactory. Overall it can be concluded that a chimney height of 6 m and a width of 2 m are 

suitable for the building type and chimney considered.  
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 Effect of glazing area and location of inlets 

 Table 6-3 shows that with an increase of glazing area in the selected range, the volume 

flow rate increases by 4% and there is small increase in the temperature values on each storey 

while the location of inlets has no significant effect on the volume flow rate. Table 6-5 shows the 

effect of the glazing area and the location of the inlets on the PMVnv and PPDnv values for seated 

activity in the centre of the occupied area of the each floor of the building. It will be seen that 

within the selected values of the glazing area and inlet location, the value of PMVnv are in the 

range - 0.16 to - 0.46 (corresponding to neutral comfortable) for the ground, first and atrium 

floors and - 0.37 to - 0.65 (neutral and slightly cool, acceptable) for the second floor. The 

PPDnv(%) values indicate that only 5.4 to 9.4% of people will not be satisfied with the thermal 

conditions on the ground, first and atrium floors but that on the second floor 8.1 to 14% people 

will be dissatisfied with the thermal conditions. For the selected range of values of the glazing 

area and locations of inlets, the thermal conditions prevailing in the building with buoyancy-

driven ventilation are comfortable.  

Effect of the solar intensity and shading  

 The intensity of the solar heat flux is a major factor in determining the building 

performance. As expected the air flow rate was found to increase with increase in solar heat flux. 

From Table 6-4 it will be seen that the volume flow rate at 13:00 h is approximately 20% higher 

than the value at 18:00 h on each storey. Similarly the volume flow rate with the blinds open is   

approximately 24% higher than that with blinds closed (blinds positioned inside the glass 

surfaces). Table 6-6 shows the effect of solar intensity on the PMVnv and PPDnv values for seated 

activity in centre of the occupied area of the each floor of the building. It will be seen that at 7:00 

h and 13:00 h, the values of PMVnv are in the range - 0.20 to - 0.32 (corresponding to neutral 

comfortable) for the ground, first and atrium floors and - 0.68 (slightly cool, acceptable) for the 
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second floor while at 18:00 h the values of PMVnv are in the range of - 0.50 to - 0.64 (slightly 

cool, acceptable) for the ground, first and atrium floors and - 0.75 (slightly cool, acceptable) for 

the second floor.  The PPDnv (%) values indicate that 6.5 to 9.5% of people will not be satisfied 

with the thermal conditions at 7:00hr and 13:00 h on the ground, first and atrium floors but on the 

second floor 14% of people will be dissatisfied with the thermal conditions. The PPDnv (%) 

values at 18:00 h indicate that 10 to 14% of people will not be not satisfied with the thermal 

conditions on the ground, first and atrium floors but on the second floor 16% people will be 

dissatisfied with the thermal conditions.  

 Table 6-6 shows the effect of the blind opening on the PMVnv and PPDnv values for 

seated activity in centre of the occupied areas of each floor of the building. It will be seen that for 

the blinds fully open, the values of PMVnv are in the range - 0.20 to - 0.37 (corresponding to 

neutral comfortable) for the ground, first and atrium floors and - 0.65 (slightly cool, acceptable) 

for the second floor while when blinds are half-open or fully closed, the values of PMVnv are in 

the range - 0.43 to - 0.47 (corresponding to neutral comfortable) for atrium floor and  - 0.56 to     

- 0.80 (slightly cool, acceptable) for the ground, first and second floors. The PPDnv (%) values 

indicate that 6.5 to 14% of people will not be satisfied with the thermal conditions on all the 

floors when blinds are open while when the blinds are half-open or closed, 9% of people will not 

be satisfied in the atrium space and 11 to 18% of people will not be satisfied on the other floors.  

Effect of the glazing properties  

         The glazing properties also have a significant effect on the performance of the building. 

From the results given in Table 6-4 it will be seen that with an increase in the value of 

transmissivity of 0.20, the volume flow rate increases by approximately 15%. With an increase of 

absorptivity in the selected range, the volume flow rate increases by 4% while an increase of 

emissivity from 0.8 to 1.0 causes a decrease in the volume flow rate of approximately 16%. The 
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results given in Table 6-6 show the effects of glazing properties on the PMVnv and PPDnv values 

for seated activity in the centre of the occupied area of each floor of the building. It will be seen 

that for transmissivity, absorptivity and emissivity values of 0.16, 0.075 and 1.0 respectively, the 

values of PMVnv are in the range - 0.40 to - 0.75 (corresponding to slightly cool, acceptable) for 

all the floors. For other selected values of the glazing properties, the values of PMVNV are in the 

range - 0.02 to - 0.45 (neutral comfortable) for the ground, first and atrium floors and are in the 

range - 0.60 to - 0.67 (slightly cool, acceptable) for the second floor. The PPDnv (%) values 

indicate that for the transmissivity, absorptivity and emissivity values of 0.16, 0.075 and 1.0 

respectively, 8 to 17% of people will not be satisfied with the thermal conditions on all the floors. 

For other selected values of the glazing properties, 5 to 9 % of people will not be satisfied on the 

ground, first and atrium floors while 14% of people will be dissatisfied on the second floor.  

 6.2.5 Evaluation of Thermal Comfort Conditions in the Building (Case E) 

6.2.5.1Calculation of thermal comfort indices 

 The thermal comfort conditions in the building (Case E) were evaluated using the thermal 

comfort indices. The values of the air temperatures and velocities (V) in the area of interest were 

determined from the CFD simulations. The values of the PMVNV and PPDNV (%) were calculated 

in the occupied area along the horizontal plane at nine points (x = 1, 3, 5 m and z = 1, 3, 5 m) for 

seated activity at 0.6 m above each floor using the JAVA applet ISO 7730. The values of activity, 

metabolic rate (W/m
2
), clothing (clo) and humidity were selected 0, 60, 0.5 and 44 respectively 

with an expectancy factor 0.8 in the calculations of PMVNV and PPDNV and the results are shown 

in Tables 6-7 a, b, c and d. 
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 Tables 6-7 a, b, c, d      Calculations of PMVNV and PPDNV for seated activity at 0.6 m above  

   each floor in the occupied area (a) ground floor (b) first floor (c) second  

   floor and (d) atrium floor                                              

(a) 
  

Z 

m 

X =1 m X = 3 m X =5 m 

T 

(oC) 

V 

m/s 

 

PMVNV 

 

PPDNV 

T 

(oC) 

V 

m/s 

 

PMVNV 

 

PPDNV 

T 

(oC) 

V 

m/s 

 

PMVNV 

 

PPDNV 

1 32.9 0.16 - 0.50 11 33.0 0.16 - 0.36 8 33.3 0.14 - 0.36 8 

3 32.6 0.14 - 0.46 9.5 32.9 0.21 - 0.34 7.9 33.0 0.11 - 0.46 9.5 

5 32.9 0.10 - 0.40 8.2 33.2 0.10 - 0.46 9.5 33.2 0.04 - 0.44 9.3 

 

 (b) 

  

Z 

m 

X =1 m X = 3 m X =5 m 

T 

(oC) 

V 

m/s 

 

PMVNV 

 

PPDNV 

T 

(oC) 

V 

m/s 

 

PMVNV 

 

PPDNV 

T 

(oC) 

V 

m/s 

 

PMVNV 

 

PPDNV 

1 32.5 0.10 - 0.50 11 32.7 0.13 - 0.43 8.3 33.0 0.07 - 0.48 9.7 

3 32.3 0.11 - 0.49 10.9 32.7 0.18 - 0.36 7.9 32.7 0.10 - 0.51 10.6 

5 32.4 0.10 - 0.50 11 32.6 0.15 - 0.40 8.2 33.0 0.12 - 0.42 8.2 

 

 (c) 

  

Z 

m 

X =1 m X = 3 m X =5 m 

T 

(oC) 

V 

m/s 

 

PMVNV 

 

PPDNV 

T 

(oC) 

V 

m/s 

 

PMVNV 

 

PPDNV 

T 

(oC) 

V 

m/s 

 

PMVNV 

 

PPDNV 

1 31.7 0.04 - 0.68 14.3 31.8 0.06 - 0.65 14 32.3 0.02 - 0.59 13.8 

3 31.4 0.04 - 0.72 16.2 31.8 0.06 - 0.65 14 31.0 0.19 - 0.70 16.1 

5 31.6 0.04 - 0.68 14.3 31.8 0.06 - 0.65 14 32.9 0.02 - 0.58 13.6 

 

 (d) 

  

Z 

m 

X =1 m X = 3 m X =5 m 

T 

(oC) 

V 

m/s 

 

PMVNV 

 

PPDNV 

T 

(oC) 

V 

m/s 

 

PMVNV 

 

PPDNV 

T 

(oC) 

V 

m/s 

 

PMVNV 

 

PPDNV 

1 33.9 0.15 - 0.22 5.8 33.7 0.14 - 0.27 6.5 34.0 0.04 - 0.32 7.1 

3 33.9 0.16 - 0.20 5.7 33.3 0.25 - 0.20 5.7 33.9 0.10 - 0.34 7.2 

5 33.8 0.18 - 0.16 5.3 32.9 0.32 - 0.21 5.9 33.6 0.06 - 0.38 7.9 
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  From the results given in these tables, it will be seen that for the selected points in the 

occupied area on the ground, first and atrium floors, the values of PMVnv are in the range - 0.20 

to - 0.50 (corresponding to neutral comfortable) and for the second floor are in the range - 0.65 to 

-0.72 (slightly cool, acceptable). The PPDnv (%) values indicate that only 6.5 to 11% of the 

people will not be satisfied with the thermal conditions on the ground, first and atrium floors but 

that on the second floor 14 to 16% of the people will be dissatisfied with the thermal conditions. 

Overall, it will be seen that the thermal conditions existing in the building prevailing due to the 

buoyancy-driven ventilation are in comfortable zone. 

6.2.5.2 Discomfort due to draft  
 

 For the assessment of draft discomfort, the Percentage Dissatisfied (PD) index was used 

to calculate thermal discomfort due to draft. In the present work, the thermal comfort empirical 

Equation 2.8 for Percentage Dissatisfied (PD) given by Fanger (1970) and adopted in ISO 7730 

which is described in chapter two was used. This equation requires the values of three parameters; 

air velocity (V), air temperature (Ta) and air turbulence intensity (Tu) be known. These parameters 

were evaluated at a height of 0.6 m above the floor for a seated person. Figures 6.7 a, b, c show 

the contours of the three required parameters obtained from CFD simulations over a horizontal 

plane at a height of 0.6 m above each floor in the occupied areas of the building.  
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          (a)    

Figure 6-7 a     Temperature contours along the horizontal planes at the height of 0.6 m above  

  each floor in the occupied areas of the building.  

 

                   

                            

        (b) 

 

Figure 6-7 b     Velocity contours along the horizontal planes at the height of 0.6 m from each  

  floor in the occupied areas of the building.  

First floor 

Second floor 

floor 

Second floor 

Ground floor 

First floor 

Ground floor 
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        (c) 

 

Figure 6-7 c     Turbulence intensity contours along the horizontal planes at the height of 0.6 m  

  from each floor in the occupied areas of the building.  

 

 

 

   

    

                          

                              

                         

 

Figure 6-8     PD contours along the horizontal planes at the height of 0.6 m from each floor in  

 the occupied areas of the building. 

 

Second floor 

Ground floor 

First floor 

 
 

 

  

Second floor 

Ground floor 

First floor 
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 Using the values of the velocity, air temperature and turbulence intensity from the CFD 

simulations (shown in Figure 6-7 a, b, c) in Equation 2.8 the resulting contours of the Percentage 

dissatisfied (PD) factor over the region considered were obtained and are shown in Figure 6-8.  

 From Figure 6-8, it can be seen that near the air flow inlets to the building, the PD values 

are higher due to both the low temperatures and high velocities. However, in the remaining 

regions of the occupied area in these regions on each floor, the PD values lie in the range of          

2 to 7 %. The calculated values of the PD indicate that due to draft, the thermal conditions in the 

occupied area of the rooms and atrium space ventilated buoyancy-driven airflow are in 

comfortable zone, the PD values showing that less than 7% of the occupants can be expected to 

express dissatisfaction due to draft.  

6.2.5.3 Vertical Air Temperature Difference 

 Another cause of thermal discomfort is the vertical air temperature differences that 

occupants experience. For the Case E being considered, the temperature difference between the 

temperature at the ankles and the head, in most of the space is less than 2 
o
C, which corresponds 

to a PD of less than 5%. This demonstrates that vertical air temperature differences are moderate 

and will not cause major thermal comfort issues for the occupants. 
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6.3 Modified Design of a Simple Three-storey Atrium Building and Thermal 

Comfort Evaluation 

6.3.1 Introduction 

 Based on the analysis of the effects of changes in various geometric and climatic 

parameters on the performance of the building described above and keeping in mind the possible 

use of night-time natural (buoyancy-driven) ventilation and heat losses during winter, a few 

changes in the selected geometry were carried out to examine their effect on the ventilation 

airflow, temperature distributions and thermal comfort conditions in the building. The thermal 

comfort indices Predicted Mean Vote (PMVNV), Predicted Percentage of Dissatisfied (PPDNV), 

and discomfort due to draft were determined for the evaluation of the thermal comfort conditions 

for seated activity in the occupied areas on each floor of the naturally ventilated building.  

6.3.2 Modified Design of the Simple Atrium Building  

 The selected geometry of the simple atrium building considered before but with some 

changes in its design, (i.e., (i) atrium integrated with a conventional chimney having a central 

heated plate 3 m high, (ii) chimney height increased from 4 m to 6 m, (iii) height of inlets above 

floors on ground and first floors increased to 1.1 m, and (iv) façade glazing area reduced from             

94 to 60 m
2
)

 
is shown in Figure 6-9. The important dimensions and areas of the building are given 

in Table 6-8. The values of the climatic parameters used in the CFD simulations are shown in 

Table 6-9.   
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Figure 6-9     Modified design of the atrium building.  

              

 Table 6-8     Dimensions and areas of the atrium building selected. 

 

Dimensions and Areas 

Atrium Height 12.00 m 

Atrium Width 5.00 m 

Atrium Depth 6.00 m 

Exhaust Chimney Width 2.00 m 

Exhaust Chimney Height 6.00 m 

Height of Inlets from Ground and First Floor 1.1 m 

Room Height 4.00 m 

Room Width 6.00 m 

Room Depth 6.00 m 

Façade Glazing Area 60.00 m
2
 

Ground Floor Air Supply (net) Area 1.20 m
2
 

First Floor Air Supply (net) Area 1.08 m
2
 

second Floor Air Supply (net) Area 1.80 m
2
 

Atrium Outlet Opening (net) Area 4.08 m
2
 

 

  

  Table 6-9     Climatic parameters selected. 

 

Input Parameters Values 

Shading Blinds Open 

Solar Intensity At 13:00 h on July15, 2010 

Transmissivity 0.36 

Absorptivity 0.175 

Emissivity 0.85 
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6.3.2.1 Various flow situations considered 

  Various flow situations for the buoyancy-driven ventilation investigated numerically are 

described here briefly: 

 Case A In this case the modified building was assumed to be located and oriented 

 like the Engineering building at Concordia University, Montreal, Canada i.e., 35 

 degrees west of south, with the façade glazing surface facing southwest.  

 Case B This case explores the effect of the geographical location on the ventilation    

 airflow rate in the building. In this case the building was assumed to be located in 

 various places in Canada: St. John, Montreal, and Calgary with the orientation of the 

 building i.e., 35 degrees west of south, with the façade glazing surface facing 

 southwest.  

 Case C This case presents the effect of the orientation of the building on the 

 ventilation volume flow rates. In this case the building was assumed to be oriented 

 with glazing surface facing south, south east and south west, located in Montreal, 

 Canada.  

6.3.3 Results 

 Simulations were run to investigate the building performance for various flow situations 

described above involving the buoyancy-driven ventilation in the building. The results obtained 

are presented below:  

Case A Results for buoyancy-driven ventilation in the atrium building  

 Figures 6-10 a, b, c, d show the contours of air pressure, air velocity, air turbulence 

intensity, and air temperature distributions over the middle plane parallel to the façade glazing 
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surface of the building respectively at 13:00 h on July15, 2010 with ambient temperature of 

29.7
o
C.  

        

 (a)          (b)   

Figure 6-10 a, b     Contours of air pressure (a) and air velocity (b) over the middle plane parallel 

        to the facade surface of the building at 13:00 h on July 15, 2010 with ambient 

                   temperature of 29.7
o
C.   

 

 

           (c)     (d) 

Figure 6-10 c, d     Contours of air turbulence intensity (c) and air temperature distributions (d)  

       over the middle plane parallel to the facade surface of the building at 13:00 h  

       on July15, 2010 with ambient temperature of 29.7
o
C.   
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The air flow rates expressed both in (m
3
/s) and air changes per hour (ACH) at each air inlet of the 

building were calculated and are given in Table 6-10. 

Table 6-10     Air flow rate at the each air inlet of the building at 13:00hr on July15, 2010 with  

           ambient temperature of 29.7
o
C. 

 
Left-hand 

side rooms 

Volume 

flow rate 

(m
3
/s) 

(Original 

geometry) 

Volume 

flow rate 

(m
3
/s) 

(Modified 

geometry) 

Air change 

per hour 

(ACH) 

Right-hand 

side 

rooms 

Volume 

flow rate 

(m
3
/s) 

(Modified 

geometry) 

Air 

change 

per hour 

(ACH) 

Ground floor 0.42 0.46 11.5 Ground floor 0.46 11.5 

First floor 0.42 0.45 11.2 First floor 0.47 11.7 

Second floor 0.40 0.47 11.7 Second floor 0.46 11.5 

Atrium 0.80 0.87 8.15    

 

 

 

 From the results obtained, it can be seen that ventilation air flow rate increases in the 

modified geometry from 8 to 9% on the ground, first and atrium floors and about 17% on the 

second floor.  

Case B Results for the effect of geographical locations on the ventilation air flow rate in the 

building   

 To examine the effect of the geographical location on the ventilation airflow in the 

building, the building was assumed to be located in various places in Canada, i.e., St John's, 

Montreal, and Calgary, in all cases the same orientation of the building being assumed. The 

numerical results obtained for the ventilation volume airflow rate of the buoyancy-driven 

ventilation are shown in Table 6-11.   
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Table 6-11    Ventilation volume flow rates at each airflow inlet in various locations at 13:00 h  

          on July 15, 2010. 

 

  

 

 

 

 From the results obtained, it will be seen that almost the same volume flow rates are 

obtained in all locations.  

Case C Results for the effect of orientation on the ventilation airflow rate in the building  

 To study the effect of the orientation of the building on the ventilation volume flow rates, 

the building was assumed to be oriented with glazing surface facing south, south-east and south-

west when located in Montreal, Canada. The results obtained showing the effect of orientation on 

the ventilation airflow rate in the building are given in Table 6-12. 

Table 6-12    Ventilation volume flow rates at each airflow inlet with different orientation of the    

          building 

 

Building 

orientation with 

façade glazing 

surface facing 

Volume flow rate (m
3
/s) at each  air flow inlet 

 

LHS Rooms RHS Rooms Atrium 

Ground 

floor 

First 

floor 

Second 

floor 

Ground 

floor 

First 

floor 

Second 

floor 
 

45
o
 south-west 0.44 0.43 0.48 0.44 0.44 0.51 0.81 

south 0.47 0.46 0.49 0.48 0.46 0.51 0.86 

45
o
 south-east 0.45 0.45 0.46 0.45 0.46 0.47 0.85 

 

 From the results obtained, it will be seen that the building orientation with façade glazing 

surface facing south has relatively better ventilation airflow rates.  

 

Geographical 

Locations 

Volume flow rate (m
3
/s) at each  air flow inlet 

 

LHS Rooms RHS Rooms Atrium 

Ground 

floor 

First 

floor 

Second 

floor 

Ground 

floor 

First 

floor 

Second 

floor 
 

St. John's 0.46 0.47 0.46 0.46 0.46 0.47 0.85 

Montreal 0.46 0.45 0.47 0.46 0.47 0.46 0.87 

Calgary 0.45 0.45 0.46 0.45 0.46 0.47 0.85 
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6.3.3.2 Evaluation of Thermal Comfort Conditions in the Atrium Building (Case A)   

  The thermal comfort conditions in the building (Figure 6-9) were evaluated using the 

thermal comfort indices. The values of the air temperatures and velocities in the area of interest 

were determined from the CFD simulations. The values of the PMVNV and PPDNV (%) were 

calculated in the occupied area over a horizontal plane at nine points (x = 1, 3, 5 m and                 

z = 1, 3, 5 m) for seated activity at a height of 0.6 m above each floor using the JAVA applet ISO 

7730. The values of activity, metabolic rate (W/m
2
), clothing (clo) and relative humidity (%) 

were selected to be 0, 60, 0.5 and 44 respectively with an expectancy factor 0.8 in the calculations 

of PMVNV and PPDNV values. The results obtained are shown in Tables 6-13 a, b, c and d. 

Tables 6-13 a, b, c, d     Calculations of PMVNV and PPDNV for seated activity at 0.6 m above  

   each floor in the occupied area (a) ground floor (b) first floor (c) second  

   floor and (d) atrium floor                                          

(a) 

 

  Z 

m 

X =1 m X = 3 m X =5 m 

T 

(oC) 

V 

(m/s) 

PMV 

NV 

PPD 

NV 

T 

(oC) 

V 

m/s 

PMV 

NV 

PPD 

NV 

T 

(oC) 

V 

m/s 

PMV 

NV 

PPD 

NV 

1 29.56 0.09 - 0.45 8.4 29.2 0.16 - 0.44 9.2 28.7 0.08 - 0.56 11 

3 29.75 0.42 - 0.27 6.7 27.5 0.66 - 0.60 16.2 28.5 0.33 - 0.54 10.8 

5 29.3 0.13 - 0.48 9.7 29.2 0.16 - 0.44 9.2 28.9 0.11 - 0.53 10.6 

 

 

(b) 

 

  Z 

m 

X =1 m X = 3 m X = 5 m 

T 

(oC) 

V 

(m/s) 

PMV 

NV 

PPD 

NV 

T 

(oC) 

V 

(m/s) 

PMV 

NV 

PPD 

NV 

T 

(oC) 

V 

m/s 

PMV 

NV 

PPD 

NV 

1 29.4 0.14 - 0.46 9.5 28.7 0.14 - 0.56 11 28.3 0.09 - 0.60 12.7 

3 29.56 0.18 - 0.39 8.1 28.8 0.31 - 0.48 10.2 28.6 0.28 - 0.52 10.4 

5 29.18 0.11 - 0.50 10.3 28.9 0.08 - 0.54 10.8 28.6 0.11 - 0.58 11.2 
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(c) 

 

  

Z 

m 

X =1 m X = 3 m X = 5 m 

T 

(oC) 

V 

m/s 

PMV 

NV 

PPD 

NV 

T 

(oC) 

V 

m/s  

PMV 

NV 

PPD 

NV 

T 

(oC) 

V 

m/s 

PMV 

NV 

PPD 

NV 

1 27.5 0.08 - 0.73 15.9 27.2 0.10 - 0.77 16.4 27.1 0.09 - 0.79 18.4 

3 27.2 0.10 - 0.77 16.4 27.3 0.13 - 0.76 16.3 26.8 0.02 - 0.83 19.3 

5 27.5 0.06 - 0.73 15.9 27.2 0.09 - 0.77 16.4 27.1 0.05 - 0.79 18.4 

 

(d) 

  

 

 From the results given in these tables, it will be seen that for selected points considered in 

the occupied areas, the values of PMVnv are in the range - 0.18 to - 0.55 (corresponding to neutral 

comfortable) on the ground, first and atrium floors and in the range - 0.73 to - 0.80 (slightly cool, 

acceptable) on the second floor. The PPDnv (%) values indicate that only 5 to 16% people will not 

be satisfied with the thermal conditions on the ground, first and atrium floors but that on the 

second floor 16 to 18% of the people will be dissatisfied with the thermal conditions. Overall, it 

will be seen the thermal conditions existing in the modified design of the building due to 

buoyancy-driven ventilation are mostly in comfortable zone. 

 

 

  

Z 

m 

X = 1 m X = 3 m X = 5 m 

T 

(oC) 

V 

m/s 

PMV 

NV 

PPD 

NV 

T 

(oC) 

V 

m/s 

PMV 

NV 

PPD 

NV 

T 

(oC) 

V 

m/s 

PMV 

NV 

PPD 

NV 

1 31.14 0.08 - 0.23 6.3 30.3 0.32 - 0.18 5.4 30.4 0.18 - 0.25 6.3 

3 30.4 0.32 - 0.18 5.4 28.16 0.66 - 0.58 11.2 30.3 0.18 - 0.24 6.2 

5 29.32 0.36 - 0.38 8.0 28.8 0.27 - 0.50 10.2 29.6 0.27 - 0.34 7.8 
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6.3.3.3 Comparison of the Thermal Comfort Conditions in the original and modified 

Atrium Buildings (Case A)  

  A comparison of the calculated thermal comfort index PPDnv in the original and modified 

geometry of the atrium building (Case A) in the occupied area over a horizontal plane at nine 

points (x = 1, 3, 5 m and z = 1, 3, 5 m) for seated activity at 0.6 m above each floor are shown in 

Table 6-14. 

 Table 6-14     Comparison PPDNV for seated activity at 0.6 m above each floor in the occupied    

           area (a) ground floor (b) first floor (c) second floor and (d) atrium floor of original  

           and modified geometry 

 (a)  

z 

m 

x  = 1 m x = 3 m x = 5 m 

Original 

geometry 

PPDNV (%) 

Modified 

geometry 

PPDNV (%) 

Original 

geometry 

PPDNV 

(%) 

Modified 

geometry 

PPDNV (%) 

Original 

geometry 

PPDNV 

(%) 

Modified 

geometry 

PPDNV 

(%) 

1 11 8.4 8 8.4 8 8.4 

3 9.5 6.7 7.9 6.7 9.5 6.7 

5 8.2 9.7 9.5 9.7 9.3 9.7 

 

 (b) 

z 

m 

x  = 1 m x = 3 m x = 5 m 

Original 

geometry 

PPDNV (%) 

Modified 

geometry 

PPDNV (%) 

Original 

geometry 

PPDNV 

(%) 

Modified 

geometry 

PPDNV (%) 

Original 

geometry 

PPDNV 

(%) 

Modified 

geometry 

PPDNV 

(%) 

1 11 9.5 8.3 11 9.7 12.7 

3 10.9 8.1 7.9 10.2 10.6 10.4 

5 11 10.3 8.2 10.8 8.2 11.2 
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 (c) 

z 

m 

x  = 1 m x = 3 m x = 5 m 

Original 

geometry 

PPDNV (%) 

Modified 

geometry 

PPDNV (%) 

Original 

geometry 

PPDNV 

(%) 

Modified 

geometry 

PPDNV (%) 

Original 

geometry 

PPDNV 

(%) 

Modified 

geometry 

PPDNV 

(%) 

1 14.3 15.9 14 16.4 13.8 18.4 

3 16.2 16.4 14 16.3 16.1 19.3 

5 14.3 15.9 14 16.4 13.6 18.4 

  

 (d) 

z 

m 

x  = 1 m x = 3 m x = 5 m 

Original 

geometry 

PPDNV (%) 

Modified 

geometry 

PPDNV (%) 

Original 

geometry 

PPDNV 

(%) 

Modified 

geometry 

PPDNV (%) 

Original 

geometry 

PPDNV 

(%) 

Modified 

geometry 

PPDNV 

(%) 

1 5.8 6.3 6.5 5.4 7.1 6.3 

3 5.7 5.4 5.7 11.2 7.2 6.2 

5 5.3 8.0 5.9 10.2 7.9 7.8 

 

 From the comparison of the results given in Table 6-14, it will be seen that there are 

mainly relatively small differences between the PPDNV (%) values at the selected points on each 

floor of the original and the modified geometries.  

6.3.3.3 Discomfort due to draft  

  For the assessment of draft discomfort, the thermal comfort empirical Equation 2.8 to 

calculate the Percentage Dissatisfied (PD) given by Fanger (1970) and adopted in ISO 7730 was 

used. This equation requires the values of three parameters: air velocity (V), air temperature (Ta) 

and air turbulence intensity (Tu) to be known. These parameters were evaluated at a height of 0.6 

m above the floor for seated activity. Figures 6.11 a, b, c show the contours of the three required 
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parameters obtained from the CFD simulations over a horizontal plane at a height of 0.6 m above 

each floor in the occupied areas of the building.  

 

            

          (a) 

Figure 6-11 a     Temperature (a) contours along the horizontal planes at the height of 0.6 m  

   above each floor in the occupied areas of the building considered.  

 
 

                                                            

     (b) 

 

 

Figure 6-11 b    Velocity (b) contours along the horizontal planes at the height of 0.6 m above  

   each floor in the occupied areas of the building considered.  
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(c) 

Figure 6-11 c      Turbulence intensity (c) contours along the horizontal planes at the height of 0.6 

    m above each floor in the occupied areas of the building considered.  

 

Using the values of the variables shown in Figure 6-11, the contours of the thermal comfort 

parameter were obtained and are shown in Figure 6-12. 

 

                   

 

Figure 6-12      PD contours along the horizontal planes at the height of 0.6 m above each floor in 

  the occupied areas in the building considered.  
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 The calculated values of the PD shown in Figure 6-12 indicate that most of the occupied 

areas of the rooms and atrium space ventilated by solar-assisted buoyancy-driven airflow are in 

the comfortable zone. However, in some areas of the ground, first and atrium floors 12% to 18% 

of occupants are expected to be uncomfortable due to draft.  

6.4 Buoyancy-driven Night-ventilation and Thermal Comfort Evaluation in the 

Building  

6.4.1 Introduction 

  The night ventilation of buildings can be incorporated as a part of the passive ventilation 

strategy, with the aim being to purge the building of warm air that has accumulated during the 

day and, thereby, to cool the building. Several studies have shown that night ventilation is 

effective in improving indoor thermal comfort conditions at night and reducing the cooling 

demand during the daytime. The purpose of present work was to gain insight into this behaviour 

of a simple three-storey atrium building using CFD modeling techniques.  

 6.4.1.1 Night ventilation flow situations simulated  

  Various cases involving buoyancy-driven night ventilation were investigated 

numerically, these cases being briefly described below: 

 Case A In this case the development of buoyancy-driven night ventilation induced 

 by the heat sources present on each floor of the building was considered. 

 Case B In this case the night ventilation induced by hot water at 80
o
C flowing in 

 the chimney walls and in central plate, both being 3 m high in the chimney was 

 considered. 

 Case C This case presents the night ventilation induced by both heat sources on 

 each floor and plus hot water at 80
o
C of the chimney walls and central plate. 
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 Case D This case presents the night ventilation induced by both heat sources on 

 each floor and plus hot water at 60
o
C of the chimney walls and central plate. 

 Case E This case presents the night ventilation induced by both heat sources on each 

 floor and plus hot water at 40
o
C of the chimney walls and central plate. 

 Case F In this case the night ventilation induced by heat sources on each floor and 

 by hot water at 80
o
C flowing in the chimney walls, i.e., without the central heated 

 plate is investigated. 

6.4.2 Results   

 Simulations were run for all of the cases considered. The volume flow rates calculated at 

each inlet for these various cases considered at 23:00 h on July15, 2010 with ambient temperature 

of 22
o
C are given in Table 6-15. The total heat transfer rates calculated for each case are given in 

Table-6-16.  

Table 6-15       Volume flow rates at each inlet for various cases of buoyancy-driven night  

  ventilation at 23:00 h on July15, 2010 with ambient temperature of 22
o
C 

 

Different flow 

situations of 

buoyancy-

driven night-

ventilation 

considered  

Volume flow rate (m
3
/s) at each  air flow inlet 

 

LHS Rooms RHS Rooms Atrium 

Ground 

floor 

First 

floor 

Second 

floor 

Ground 

floor 

First 

floor 

Second 

floor 
 

Case A 0.25 0.25 0.30 0.25 0.25 0.31 0.45 

Case B 0.09 0.12 0.19 0.09 0.12 0.13 0.17 

Case C 0.28 0.29 0.35 0.28 0.29 0.37 0.48 

Case D 0.27 0.28 0.33 0.27 0.28 0.39 0.47 

Case E 0.26 0.26 0.33 0.26 0.26 0.33 0.43 

Case F 0.26 0.26 0.36 0.28 0.28 0.36 0.47 
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Table 6-16     Total heat transfer rate for various cases of buoyancy-driven night ventilation. 

 

Different 

flow 

situations 

considered  

Total heat transfer rate (W) 

Ground 

floor 

heat 

source 

First 

floor 

heat 

source 

Second 

floor 

heat 

source 

Atrium 

heat 

source 

Chimney 

walls 

hot water 

Chimney 

plate 

hot water 

  

Total 

Case-A 1640 1640 1640 520 - - 5440 

Case-B - - - - 2683 1170 3862 

Case-C 1640 1640 1640 520 4354 2153 11947 

Case-D 1640 1640 1640 520 2127 941 8508 

Case-E 1640 1640 1640 520 1250 725 7416 

Case-F 1640 1640 1640 520 7997 - 13437 

 

  A comparison of the volume flow rates (m
3
/s) in the right-hand side rooms for the 

different cases considered is shown in the Figure 6-13.  
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Figure 6-13      Comparison of the volume flow rates (m
3
/s) in the right-hand side rooms for the    

     different cases of night ventilation considered. 
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  From the Figure 6-13 it can be seen that ventilation airflow rate is higher for the Case C 

where night ventilation is induced by the heat sources and by hot water heating at 80
o
C of the 

chimney walls and of a central plate. 

  Contours of pressure, velocity, turbulence intensity, and temperature over the middle 

plane parallel to the façade glazing surface of the building for buoyancy-driven night ventilation 

for Case C are shown in Figure 6-14 a, b, c, d respectively.  

 

 
 (a)      (b) 

Figure 6-14 a, b     Contours of air pressure (a) and velocity (b) over the middle plane parallel to  

        the façade glazing surface of the building during night ventilation (Case C). 
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  (c)            (d)  

Figure 6-14 c, d      Contours of turbulence intensity (c) and temperature (d) over the middle       

                    plane parallel to the façade glazing surface of the building during night  

                    ventilation  

 

 From these results it will be seen that the chimney heating contributes little to the 

ventilation flow rate. This indicates that if chimney heating is to be used a larger heater surface 

should be used. 

6.4.2.2 Thermal Comfort Evaluation in the Building (Case C) 

 

                      The thermal comfort conditions in the building were evaluated using the thermal comfort 

indices and discomfort due to draft. The PMVNV and PPDNV indices were calculated using six 

basic variables: activity, clothing, air temperature, air velocity, mean radiant temperature (MRT), 

and relative humidity (%). The mean values of the air temperatures (T) and velocities (V) in the 

area of interest were determined from the CFD simulations. The values of the PMV and PPD (%) 

were calculated for seated activity in the occupied area along the horizontal plane at nine points 

(x = 1, 3, 5 m and z = 1, 3, 5 m) at a height of 0.6 m above each floor using the JAVA applet ISO 

7730.  The values of activity, metabolic rate (W/m
2
), clothing (clo) and relative humidity (%) 

were selected 0, 60, 0.9 and 70 respectively in the calculations of PMVNV and PPDNV and an 

expectancy factor was estimated to be 0.80. The results obtained are given in Tables 6-17 a, b, c 

and d. 
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Table 6-17 a     Calculated values of PMVNV and PPDNV at 0.6 m above ground floor for                      

              seated activity. 

 
  

  
Table 6-17 b     Calculated values of PMVNV and PPDNV at 0.6 m above first floor for seated    

                activity. 

 

 

 
Table 6-17 c    Calculated values of PMVNV and PPDNV at 0.6 m above second floor for seated    

             activity. 

 

 

 

 

z 

m 

x = 1 m x = 3 m x = 5 m 

T 
oC 

MRT 
oC 

V 

m/s 

PMV 

NV 

PPD

NV 

T 

oC 

MRT 

oC 

V 

m/s 

PMV

NV 

PPD

NV 

T 

oC 

MRT 

oC 

V 

m/s 

PMV

NV 

PPD

NV 

1 22.4 21 0.03 - 0.32 7.7 22.4 21 0.05 - 0.32 7.7 22.7 21 0.07 - 0.28 6.7 

3 21.4 21.5 0.31 - 0.50 15.2 22.0 21 0.07 - 0.36 8.1 22.1 21 0.08 - 0.35 7.9 

5 22.4 21 0.08 - 0.32 7.7 21.2 21.5 0.05 - 0.41 8.2 21.7 21.5 0.09 - 0.23 5.8 

z 

m 

x = 1 m x = 3 m x = 5 m 

T 
oC 

MRT 
oC 

V 

m/s 

PMV 

NV 

PPD

NV 

T 

oC 

MRT 

oC 

V 

m/s 

PMV

NV 

PPD

NV 

T 

oC 

MRT 

oC 

V 

m/s 

PMV

NV 

PPD

NV 

1 22.6 21 0.07 - 0.28 6.7 22.1 21 0.02 - 0.35 7.6 22.1 21 0.06 - 0.34 7.4 

3 20.5 22.5 0.47 - 0.40 8.2 22.2 21 0.07 - 0.34 7.4 22.2 21 0.07 - 0.35 7.6 

5 22.5 21 0.09 - 0.30 7.4 22.2 21 0.05 - 0.34 7.4 22.1 21 0.06 - 0.34 7.4 

z 

m 

x = 1 m x = 3 m x = 5 m 

T 
oC 

MRT 
oC 

V 

m/s 

PMV 

NV 

PPD

NV 

T 

oC 

MRT 

oC 

V 

m/s 

PMV

NV 

PPD

NV 

T 

oC 

MRT 

oC 

V 

m/s 

PMV

NV 

PPD

NV 

1 21.5 21.5 0.03 - 0.37 7.9 21.5 21.5 0.02 - 0.37 7.9 21.5 21.5 0.06 - 0.37 7.9 

3 21.5 21.5 0.03 - 0.37 7.9 21.5 21.5 0.02 - 0.37 7.9 21.5 21.5 0.03 - 0.37 7.9 

5 21.5 21.5 0.01 - 0.37 7.9 21.4 21.5 0.04 - 0.37 7.9 21.4 21.5 0.08 - 0.39 8.2 
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Table 6-17 d    Calculated values of PMVNV and PPDNV at 0.6 m above atrium floor for seated   

               activity. 

 

 

 From the results given in these tables, it will be seen that that for the selected points in 

the occupied area of each floor, the values of PMVnv are in the range - 0.35 to - 0.50 

(corresponding to neutral comfortable). The PPDnv (%) values indicate that only 7 to 9 % people 

will not be satisfied with the thermal conditions on each floor. Overall, it will be seen the thermal 

conditions existing in the building due to buoyancy-driven night ventilation are in comfortable 

zone.  

6.4.2.3 Discomfort due to draft in the building for night-time ventilation for Case C 

 For the assessment of the draft discomfort the thermal comfort empirical Equation 2.8 

was used to calculate the Percentage Dissatisfied (PD) as given by Fanger (1970) and adopted in 

ISO 7730. This equation requires the values of three parameters; air velocity (V), air temperature 

(Ta) and air turbulence intensity (Tu) be known. These parameters were evaluated at a height of 

0.6 m for seated activity above each floor. Figure 6-15 a, b, c shows the contours of these three 

required parameters over a horizontal plane at a height of 0.6 m above each floor in the building. 

         

z 

m 

x = 1 m x = 3 m x = 5 m 

T 
oC 

MRT 
oC 

V 

m/s 

PMV 

NV 

PPD

NV 

T 

oC 

MRT 

oC 

V 

m/s 

PMV

NV 

PPD

NV 

T 

oC 

MRT 

oC 

V 

m/s 

PMV

NV 

PPD

NV 

1 21.2 22 0.10 - 0.36 7.7 20.8 22 0.43 - 0.40 8.4 21.1 22 0.09 - 0.41 8.6 

3 21.2 22 0.13 - 0.36 7.7 20.5 22.5 0.92 - 0.30 7.4 21.3 22 0.15 - 0.35 7.4 

5 21.3 22 0.09 - 0.35 7.4 21.0 22.1 0.14 - 0.39 8.2 21.5 22 0.15 - 0.37 7.9 
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(a)        (b)  

Figure 6-15 a, b    Temperature (
o
C) (a) velocity (m/s) (b) contours along the horizontal planes at 

      the height of 0.6 m above each floor of the building considered.  

 

 

 

                                        (c)          

Figure 6-15 c     Turbulence intensity (c) contours along the horizontal planes at the height of     

               0.6 m above each floor in the occupied areas in the building considered.  

 

 Using the values of the variables shown in the above Figures 6-15 a, b, c, the contours 

of the thermal comfort parameter were obtained and are shown in Figure 6-16. 
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Figure 6-16      PD contours along the horizontal planes at the height of 0.6 m above each floor in 

  the building considered.  

 

 From the Figure 6-16, it will be seen that the PD values for most of the occupied region 

are in the range 4 to 8%. However, in the regions near the inlets on the ground, first and atrium 

floors, the PD values are in the range 16 to 30%. The calculated values of the PD indicate that 

most of the occupied area of the rooms and atrium space ventilated by buoyancy-driven night 

ventilation airflow is in comfortable zone. Only a small percentage of the occupants can be 

expected to be slightly uncomfortable due to draft.  

 From the present work, it is concluded that the thermal conditions in the occupied areas 

of the building developed as a result of the use of buoyancy-driven ventilation for the particular 

values of the design parameters selected are mostly in the comfortable zone. Finally, it was 

demonstrated that the proposed methodology led to reliable thermal comfort predictions, while 

the effect of various design variables on the performance of the building was easily recognized. 
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Summary 

 

 In this chapter the numerical investigations were conducted using CFD simulations to 

investigate the effect of the atrium design changes on the  buoyancy-driven natural ventilation 

airflow and temperature distributions inside a simple atrium building. From the numerical results 

obtained, it was found that CFD methods provide reliable and effective methodology for 

evaluating the buoyancy-driven ventilation performance in atrium buildings with various 

configurations. Parametric studies were carried out to examine the effect of various design 

parameters on the performance of the building. The thermal comfort conditions in the building 

were also evaluated.  

The main conclusions reached in the study include:   

 It was found that the design curves developed by using a basic analytical approach 

(Holford and Hunt 2003) are useful in establishing the sizes of inlets and outlets to 

have equal ventilation flow rate in each storey of the atrium building.  

  From the results obtained, it was found that an atrium integrated with a solar heated 

chimney on the roof has the potential to be a better option for the buoyancy-driven 

natural ventilation. 

 From the results it was found that an atrium space integrated with heated chimney 

and with a glazing surface with greater solar absorptance or solar transmittance 

resulted in an enhancement of the natural ventilation. This conclusion agrees with the 

results found in literature. 

 It was noted that the atrium depth or width and the chimney width had little influence 

on the buoyancy-driven ventilation rate.    

 As expected the air flow rate was found to increase with an increase in solar heat 

flux. The glazing type (glazing properties and shading) also affected the ventilation 
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volume flow rate, increasing the values of the glazing properties (transmissivity or 

absorptivity) being found to cause an increase in the induced airflow rate and the 

corresponding changes in the temperature distributions in the building. 

 The results obtained for thermal comfort indices in response to lower solar intensity, 

a lower chimney (high 2m), less absorptivity (0.075) and less transmissivity (0.16) 

for seated activity rated the indoor environmental conditions on all the floors as 

slightly cool acceptable. With other values of these parameters the thermal comfort 

conditions were neutral comfortable on the ground floor, first floor and atrium floor 

while on the second floor they were slightly cool acceptable.  

 Thermal comfort conditions obtained with the Case E geometry were evaluated in 

detail in terms of the thermal comfort indices (PMVNV, PPDNV and PD) referring to 

both skin-bulk flow-net heat balance and air draughts for seated activity. It was 

noticed that the thermal comfort conditions developed in the building as a result of 

the buoyancy-driven ventilation were neutral comfortable on the ground floor, first 

floor and atrium floor while on second floor they were slightly cool acceptable.  

 From the results for the modified geometry it was noted that ventilation air flow rate 

increases in the modified geometry from 8 to 9% on the ground, first and atrium 

floors and about 17% on the second floor.  

 From the results for the modified geometry it was found that chimney heating 

contributes little to the night ventilation flow rate. This indicates that if chimney 

heating is to be used a larger heating surface than considered here should be used. 

 The thermal conditions determined in the occupied area of the atrium for the  passive 

 night ventilation were found to be satisfactory with only a small percentage of the 

 occupants (less than 7 % of the occupants) being expected to be slightly 
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uncomfortable. The results of the study  showed that night ventilation would provide 

acceptable comfort conditions inside the atrium building.  

 Overall, the methodology used provided a useful procedure to quantify the effects of 

architectural-design changes effects on the buoyancy-driven ventilation in the atrium building.  
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Chapter 7 

Conclusions and Recommendations 

7.1 Conclusions 

 

 In the research described in this thesis, numerical investigations of the indoor airflows 

and temperature distributions in atria of two existing buildings, and of the solar-assisted 

buoyancy-driven ventilation airflows in a simple three-storey atrium building were carried out 

using Computational Fluid Dynamics (CFD) techniques. The numerical results obtained for the 

two existing atria were compared with the available experimental measurements and good 

agreement was obtained between the numerical predictions and the experimental measurements. 

The numerical results obtained for the flows in the simple atrium building were compared with 

the results predicted by a simple analytical method developed by Halford and Hunt (2003). The 

results obtained indicated that the CFD approach can be helpful in the preliminary design of an 

atrium building.  

  The present study was completed in two phases. In the first phase, the study involved 

steady-state simulations of the thermal conditions in atria of two existing buildings for which 

experimental data was available. The commercial CFD solver ANSYS-FLUENT
©
 was used to 

solve the incompressible, steady-state, three-dimensional, and turbulent conservation equations of 

mass, momentum, and energy that govern the thermal phenomena in atria. The Reynolds 

Averaged Navier-Stokes (RANS) modeling approach was used. The ability of several RANS 

turbulence models was evaluated. The models considered included the Spallart-Allamaras, one-

equation model, and several two-equation models (the standard k-ε, the RNG k-ε, the realizable 

k-ε, the standard k-ω, and the SST k-ω turbulence models). The solar irradiation was calculated 

using the solar calculator available in FLUENT 
© 

software. The radiation exchange between the 

surfaces of the atrium space was considered using the Discrete Transfer Radiation Model 
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(DTRM). During the initial stage of the first phase of the study, the indoor environments in atria 

of two existing buildings of different geometrical configurations were simulated under forced 

ventilation conditions. The numerical predictions of the temperature distributions obtained from 

the CFD simulations were validated against the experimental measurements available, and six 

turbulence models were evaluated. In the second stage of the first phase of the study, the hybrid 

ventilation (combination of mechanical and natural ventilation) airflows in an atrium space of the 

Engineering building of Concordia University were simulated. Four turbulence models: the 

standard k-ε, RNG k-ε, realizable k-ε, and SST k-ω with a DTRM radiation model were used to 

determine the air flow patterns, air flow rates, and temperature distributions in the atrium space. 

The numerical results obtained were compared with the experimental measurements to verify the 

accuracy of the numerical predictions. The thermal comfort conditions in the atrium space were 

evaluated in terms of the thermal comfort indices PMV and PPD using CFD simulation results. 

 In the second phase of the study, a simple three-storey atrium building was modeled to 

investigate the use of solar-assisted buoyancy-driven natural ventilation to reduce energy 

consumption in atrium buildings. The CFD model, validated during the first phase of the study, 

was used to simulate the full-scale atrium building to predict the buoyancy-driven ventilation air 

flow rates, air flow patterns, and temperature distributions in the building. The numerical 

predictions were compared with the results obtained by Holford and Hunt (2003) using analytical 

models and salt-bath experiments for an atrium building of simple geometry. The transient 

thermal behaviour of the thermal mass in the building envelope was investigated by solving the 

unsteady-state governing equations. Finally, various geometrical configurations of the atrium 

space in the atrium building were modeled to investigate the effects of the design changes on the 

buoyancy-driven ventilation air flows, flow pattern, and temperature distributions in the building 

during a hot summer day. The geometry that showed the best performance was selected as a base 
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case, and further studies of the effect of atrium geometry and climatic parameters were 

undertaken to examine their effect on the ventilation airflows and to improve the performance of 

the building. A sensitivity analysis for each parameter was performed by evaluating the thermal 

comfort conditions in the building in terms of thermal comfort indices PMVNV and PPDNV. Some 

design parameters of the building were changed with the help of a parametric analysis, and a final 

design of the building was modeled that enhanced the buoyancy-driven ventilation. Various flow 

situations were modeled to find out the best option for the use of buoyancy-driven ventilation in 

an atrium building. The main conclusions drawn from the present study are summarized here:  

 In Chapter 3, the performance of various turbulence models potentially suitable for 

numerical calculations of indoor air flows and temperature distributions in an atrium space was 

investigated. Attention was focused on the evaluation of various turbulence models and a 

radiation model to get the numerical solution and to validate the numerical predictions against the 

experimental measurements available. 

The results from this part of study indicate that: 

 In the study of the atrium space of the Engineering building of Concordia 

 University, all of the turbulence models used gave results that agreed well with 

 the experimental results to a degree of accuracy that indicate that these 

 findings/models can be used in the preliminary design of atria.  

 The performance of the two-equations models was better than that of the one-

 equation turbulence model  

 The numerical results obtained on an hourly basis agreed best on average with the 

experimental results obtained between 1pm and 5pm. The predicted mean air and 

façade temperatures varied more over the course of the day than did the measured 

values. This all suggests that thermal storage effects in the walls and floor of the 
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building are significant although radiation from the surroundings may also have an 

effect.  

 From the study of the atrium space in the Ottawa building, the numerical predictions 

 of the temperature distributions during summer and winter days showed relatively  

 good agreement with the measured values of the indoor temperatures. For the winter 

 calculations, the predicted temperatures of the atrium floors were within ± 2°C of the 

 measured temperatures. For the summer days, however, the predicted temperatures 

 were 2–3°C higher than the measured temperatures. The maximum predicted indoor 

 temperature was approximately the same as the measured temperature (29°C) 

 reported for the particular time of the year. The measured and predicted temperatures 

 in the atrium space showed that in the winter, the temperature stratification was 

 weak. However, in the summer, the temperature stratification was much more 

 pronounced. The temperature stratification in the atrium space was mainly due to 

 electrical lighting and solar radiation.   

 Taken overall, the best agreement between the experimental and numerical results 

 was obtained with the SST k-ω turbulence model.  

 CFD predictions were found to produce better results than those given by the zonal 

method. 

 In Chapter 4, a numerical study of the thermal conditions in the atrium space at the 

Engineering building of Concordia University under hybrid ventilation conditions was carried 

out.  The purpose was to validate the accuracy of the numerical predictions with various 

turbulence models and to evaluate the thermal comfort conditions in the occupied area of the 

atrium with blinds fully open or closed.  
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The results from this part of study indicate that: 

 All the turbulence models tested gave results that agreed relatively well with the 

experimental results and to an accuracy that the numerical model adopted can be used 

in the preliminary design of atria.  

 Higher air temperature stratification in the three-storey atrium was observed when the 

natural ventilation system was OFF and the blinds were closed while when the 

natural ventilation system was ON, lower temperature stratification was seen due to 

the strong convection effects.  

 A strong stack effect created inflow on lower floors and resulted in high airflows at 

the floor grilles and in the exhaust.  

 CFD calculations for thermal comfort analysis demonstrated that the hybrid 

ventilation system has the ability to provide satisfactory thermal conditions for the 

occupants. The calculated PMV, PPD, and PD values in the occupied area of the 

atrium showed that thermal conditions were very satisfactory and only a small 

percentage (less than 12%) of the occupants were expected to be slightly 

uncomfortable.  

 It was observed that CFD could be applied successfully as a design tool to model the 

flow and temperature distributions in an atrium space integrated with a hybrid 

ventilation system including conduction, convection and radiation heat transfer 

phenomena. 

 Finally, it is concluded that reliable predictions can be obtained using numerical 

simulations that require relatively modest computer resources.  
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  In Chapter 5, the numerical study of the solar-assisted buoyancy-driven ventilation of a 

simple three-storey atrium building was discussed. Steady-state simulations of the buoyancy-

driven natural ventilation air flows in the simple atrium building were carried out. The 

numerical predictions of the air flow rates obtained using the SST k-ω turbulence model and 

the DTRM radiation were compared with the analytical predictions from literature. The transient 

thermal behaviour of thermal mass of the building envelope and its effects on the buoyancy-

driven natural ventilation in the building were investigated using transient CFD simulations. 

The conclusions for this part of study are: 

 It was seen that the design curves (Holford and Hunt 2003) are useful in establishing 

the sizes of air inlet and outlet vents to achieve equal ventilation flow rates in each 

storey of the atrium building.  

 Favourable agreement was achieved between simple analytical model calculations 

and CFD predictions of the non-dimensional volume flow rates. 

 From the results, it was also observed that solar intensity and geographical location 

have considerable effect on the buoyancy-driven flow rate and temperature 

distributions in the building. 

 Numerical results obtained indicate that the transient CFD simulations provide 

important information about the effect of the thermal mass on the thermal behaviour 

of the building. It was found that the thermal mass of external walls with external 

insulation covering provides better internal temperature variation. Heat stored in the 

walls, which the study calculated, could be useful for the night-time buoyancy-driven 

ventilation when there is no solar radiation.  

 It was seen that in the case of an envelope without insulation covering, the buoyancy-

driven natural ventilation flow rate was reduced considerably as compared to that 
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with insulated walls because heat stored in the walls was being lost continuously to 

the surroundings. To get the benefit of the stored heat in the thermal mass it is 

suggested that insulation be applied on the outer surfaces of the walls to stop the heat 

loss to the surroundings. 

 For the case where the insulation is assumed to be outside the building envelope, 

some heat was stored in the walls that could be beneficial to control the inside 

temperature fluctuations and also for night-time ventilation in the absence of solar 

irradiation. 

 For all the cases, inside temperatures increased with the increase of ambient 

temperature. For the cases with walls with insulation covering, the inside temperature 

variation was almost the same on each floor, whereas for the case where no insulation 

was used, the inside temperature rose less because of the heat flowing through the 

walls continuously to the surroundings.  

 In Chapter 6, Section 6.2, a reliable and effective methodology was developed for 

evaluating the solar-assisted buoyancy-driven ventilation performance in an atrium building. 

Studies of various atrium configurations and other parametric studies were carried out to examine 

the effect of each design parameter on the thermal conditions in the building. Furthermore, the 

thermal comfort conditions in the building were evaluated in terms of well-known thermal 

comfort indices. The following main conclusions were drawn from this study.   

 From the analysis of various atrium geometries in the building, it was found that an 

atrium integrated with a chimney on the roof resulted in better thermal performance 

of the building. 

 The effects of the main geometrical and solar input parameters were investigated in 

terms of the output parameters, i.e., airflow rates, temperature distributions, and 
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thermal comfort indices (PMVNV and PPDNV). From the results it was found that an 

atrium space integrated with a taller solar chimney with either greater glass solar 

absorptance and or greater solar transmittance resulted in large natural ventilation 

enhancement, which is in agreement with the results given in literature. 

 Changes in atrium depth, and width and in chimney width had no significant 

 influence on the buoyancy-driven natural ventilation performance.    

 The intensity of the solar heat flux is the major determining factor in determining the 

buoyancy-driven ventilation airflows in the atrium building. As expected the air flow 

rate was found to rise with the increase in solar heat flux. The glazing type and 

shading also affected the ventilation volume flow rate.  

 The results obtained for thermal comfort indices for seated activity in response to 

lower solar intensities (at 18:00hr), less chimney height (2 m), less absorptivity 

(0.075), and lower transmissivity (0.16) rated the indoor environmental conditions on 

all floor levels that the thermal conditions were slightly cool, acceptable. In response 

to other input parameters the thermal conditions were rated as neutral comfortable on 

the ground floor, the first floor and the atrium floor while on the second floor the 

thermal conditions were rated as slightly cool acceptable.  

 Thermal comfort conditions in the selected geometry were evaluated in details in 

terms of the thermal comfort indices (PMVNV, PPDNV and PD) for both skin-bulk 

flow-net heat balance and air draft for seated activity. The study found that the 

thermal conditions developed in the building as a result of the use of buoyancy-

driven ventilation were neutral comfortable on the ground floor, the first floor, and 

the atrium floor while on the second floor they were slightly cool acceptable.  
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 Overall, the proposed methodology provides a useful procedure to quantify architectural-

design effects on indoor thermal comfort. Probably, more accurate results could have been 

obtained by performing either unsteady RANS or LES simulations. However, due to the demands 

of a relatively large database, more computer-intensive  CFD simulations would lead to 

prohibitive computational costs for practical engineering applications, and the steady-state 

approach is considered to be adequate for studies of the  present type.  

  In Chapter 6, Section 6.3, a few changes in the selected geometry were conducted based 

on the parametric study. The modified design of the atrium building integrated with a chimney 

having a central plate 3m high was modeled and various flow situations of the buoyancy-driven 

ventilation were simulated. The conclusions for this part of the study are: 

 From the results obtained, it was noted that ventilation air flow rate increased in the 

modified geometry from 8 to 9% on the ground, first and atrium floors and about 

17% on the second floor. 

 It was found that the building orientation with façade glazing surface facing south has 

relatively better ventilation airflow rate. 

 The PPDnv (%) values indicate that only 5 to 16% people would not be satisfied 

 with the thermal conditions on the ground, first and atrium floors but on the  second 

 floor 16 to 18% people are dissatisfied with the thermal conditions. It was noticed 

 that overall thermal conditions prevailing in the building due to buoyancy-driven 

 ventilation are in the comfortable zone. 

 The calculated values of the PD values indices indicate that most of the occupied area 

of the rooms and atrium space due to draft of the ventilated airflows is in comfortable 

zone and only a small percentage of less than 12% of the occupants is expected to be 

slightly uncomfortable.  
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 In chapter 6, Section 6.4, a numerical study of the buoyancy-driven night-ventilation in 

the final design of the simple three-story atrium building was carried out. Various cases of night 

ventilation based on the buoyancy-driven airflow induced by heat sources in the occupied areas of 

the building and hot water flowing along the central plate and the chimney walls were 

investigated. The conclusions for this part of study are: 

 From the results for the modified geometry it was found that chimney heating 

contributes little to the night ventilation flow rate. This indicates that if chimney 

heating is to be used a larger heater surface than considered here should be used. 

 The thermal comfort indices PMV (Predicted Mean Vote) and PPD (Predicted 

Percentage of Dissatisfied) were determined for the evaluation of the thermal comfort 

conditions in the occupied areas of all the floors in the building and the thermal 

conditions were found to be in the comfort zone.  

 The results of the study showed that buoyancy-driven night ventilation would 

 provide acceptable comfort conditions inside the atrium building, which can be 

 maintained by exhausting relief air from the building through the atrium and  night 

 cooling with ambient air in cold climates. 

Overall the results of the present work indicate that CFD methods using conventional 

turbulence models can adequately predict the performance of atria and such methods 

should be used in the design of such buildings.  

 

 

 



200 
 

7.2 Recommendations 

 The research described in this thesis has demonstrated the ability of CFD techniques to 

provide a fundamental understanding of the complex thermal phenomena inside atria and to 

analyze the ventilation strategies for such buildings. In order to give a complete picture of 

ventilation airflows and heat transfer in atria buildings, some extensions of the present work are 

recommended to be considered:  

 The results of this study can be considered as being at the initial design stage of an 

 energy-efficient atrium building that would provide a comfortable indoor thermal 

 environment. Future research should include a study of the effects of wind speed 

 and other climatic factors. 

 In this research, in the study of a simple three-storey building heat sources were 

 modeled idealistically using a two-dimensional „patch‟ in the centre of the plane of 

 each floor. In practice heat sources usually associated with three-dimensional bodies. 

 This will almost certainly affect the airflow in the building. Work to investigate the 

 effects of using three-dimensional „volume sources‟ should be undertaken.     

 Work to investigate the accuracy of CFD modeling for the buoyancy-driven flows in 

 more complex spaces could be undertaken. 

 The airflow pattern and temperature distributions in more complex atrium 

 buildings should be studied experimentally to provide further results the validation of 

 CFD models. More controlled experimental studies of atria performance are also 

 required.  
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     Appendix-A 

          Numerical Modeling 

A-1 Governing Equations and Assumptions 

 In the present study attention has been focused on the modeling of forced and natural 

convective flows and temperature distributions in the atrium spaces of two existing buildings and 

in a simple three-storey atrium building. The governing equations that must be solved 

numerically in dealing with the three-dimensional, turbulent flow in these situations consists of 

the continuity equation, the momentum equations, and the energy equation. In dealing with the 

buoyancy forces in the momentum equations, the Boussinesq approach has been adopted, i.e. it 

has been assumed that the fluid properties are constant except for the density change with 

temperature which gives rise to the buoyancy forces, these being dealt with by assuming a linear 

relation between the density change and the temperature change. The principal assumptions 

adopted in the present studies are: 

 The flow is turbulent and three-dimensional 

 The flow is single phase, i.e., the effects of dust particles and/or water vapors have 

been neglected. 

 The velocity over the inlet vent is uniform. 

 The air properties are constant, except for the density change with temperature, 

which has been treated using the Boussinesq approximation. 

 The dissipation effects in the energy equation are neglected due to the low velocities 

involved 
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 With these assumptions, the set of governing equations for conservation of mass, 

momentum and energy in Cartesian coordinates (the y-direction being in the vertical direction) 

are as follows: 

Continuity   

                                                                                            (A.1) 

Momentum in x-direction 

               (A.2) 

Momentum in y-direction 

                             (A.3)    

Momentum in z-direction 

                        (A.4)           

Energy 

            (A.5) 

 where u, v and w are velocity components in x, y and z direction respectively, T is the 

temperature, p is the pressure, μ is the dynamic viscosity, ρ is the fluid density,  is the specific 

heat, g is the gravitational gravity, k is the thermal conductivity, β is the bulk thermal coefficient 

(property of the fluid). The continuity and momentum equations mentioned above also known as 

Navier–Stokes (N-S) equations, are the foundation of the calculation of turbulent flow. Although 

the N-S equations and energy equation can properly describe the details of the turbulent motions 
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and thermal phenomenon in most cases, however, it is too costly and time consuming to solve 

them directly. Such solutions being termed as Direct Numerical Simulations (DNS) predict 

turbulent flows by solving directly the instantaneous N-S equations. In general, the grid number 

required by DNS is about 9/4
th
 the power of the Reynolds number of the flow field. For a flow 

with Reynolds number of 10
5
, that is often encountered in engineering applications, the grid 

number required would be higher than  which is far beyond the capability of computers 

currently available.  

  Another numerical approach to solve the N-S equations and energy equations known as 

Large Eddy Simulations (LES) uses a filter for the small eddy behavior and computes the three-

dimensional, time-dependent, large eddy structures in turbulent flows. These predictions are 

validated by experiments. However, presently for the simulations of atria spaces in existing atria 

buildings or complete simple atria buildings, which involve large space to be simulated, the LES 

approach generally requires too much computer power to be widely used. Instead averaged N-S 

equations and energy equations are usually assumed sufficient to describe the turbulent motions 

and heat transfer phenomena in most of the engineering and physical problems. However, in 

taking an average of the above-mentioned equations, which are three-dimensional, unsteady, 

random, irregular and rotational, detailed information about fluid motions is lost. In order to 

recover the information lost, a turbulence model is introduced.  

   Generally engineers and architects always would like to know in buildings flow 

simulations, the mean effect of the turbulent quantities and not that of the instantaneous 

fluctuation quantities. Thus a more practical approach to describe turbulent flow in atria would be 

to model the averaged turbulent transport quantities. Using this approach, in the present research 

work only those turbulent models that are based on the averaging process of N-S and energy 
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equations and require less computational power were considered to determine the unknown 

transport quantities.  

  The time-dependant governing equations are averaged with respect to time. All the 

variables in the equations of motion and energy are replaced with the sum of a time-mean value 

and a fluctuating value. The variables are thus expressed as , , 

. With the addition of these quantities, a new set of equations in the averaged form 

are obtained as under: 

                                                                                              (A.6)   

   (A.7)  

       

                                                                                                   (A.8)   

                              

               (A.9) 

               

             (A.10)  

   As a result of the averaging of governing equations, additional terms appear in 

the momentum and energy equations which represent the effect of turbulent motion on the 

time-mean values of the variables. These terms in the momentum equations are known as 

Reynolds stresses. The new terms in the energy equation represents turbulent heat fluxes. 

These terms need to be described by introducing a turbulence model. 
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  The eddy-viscosity concept proposed by Boussinesq can be used to describe these terms. 

According to this approach, the additional turbulent stresses are assumed to be proportional to the 

mean-velocity gradients as shown in following equation in tensor form: 

                                                  (A.11)                                                        

where  is the eddy viscosity. This approach is used in both the k-epsilon and k-omega 

turbulence models as dicussed below. Also, the turbulent heat fluxes are assumed to be 

proportional to the mean temperature gradients and are expressed in the tensor form.   

              (A.12)                                                     

where  is the turbulent diffusivity of heat. Both the eddy viscosity and turbulent diffusivity of 

heat are flow properties. The ratio of eddy viscosity to turbulent diffusivity is known as turbulent 

Prandtl number ( ).  

  By substituting the above relations into the equations of motion and energy, the 

governing equations can be written in terms of eddy viscosity and turbulent diffusivity of heat as 

follows:              

                                                        (A.13)                                          

              

                                                             (A.14)  

                                 

(A.15)  
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                                         (A.16) 

     

      

                                                 (A.17)  

A.2 Turbulence Models  

 In order to describe the additional terms arose in equations (A.13) to (A.17) due the time-

averages, a turbulence model is used. A number of turbulence models have been proposed, some 

of which are discussed below.   

A.2.1 Spalart–Allmaras Turbulence Model 

  In this model a single partial differential equation for the transport of turbulent viscosity 

is used. The transport variable in this equation, , is identical to the turbulent kinemetic viscosity 

except in the near-wall region. The assumed transport equation for  is 

      (A.18) 

where, is the production of turbulent viscosity and is the destruction of turbulent viscosity 

that occurs in the near-wall region due to wall blocking and viscous damping.  are 

constants.  is a source term that depends on the flow situation. The turbulent viscosity,  is 

computed using 

                                                                                                                               (A.19) 

where the viscous damping function,  is given by 

                          (A.20)      

and ν is the molecular kinematic viscosity.                                              
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A.2.2 k- epsilon (k-ε) Turbulence Models  

 The k-  model has become the most popular turbulence model for engineering 

applications as it provides robustness, computational economy and reasonable accuracy. The 

standard k-  model has been improved and its two variants, i.e, the RNG (renormalization group) 

k-  model and the realizable k-  model are widely used. All three models have similar forms of 

transport equations for k and  .The main differences between three k-  models are in the way the 

following are dealt with: 

  The turbulent Prandtl Number governing the turbulent diffusion of k and . 

 The generation and destruction terms in the equation for  

 The method of calculating turbulent viscosity. 

 The method of dealing with the near wall flow  

A.2.2.1 Standard k-ε Turbulence Model  

 Launder and Spalding (1972) proposed this model which uses two differential equations, 

one for the turbulent velocity scale and one for the turbulent length scale. The variables that are 

computed are the turbulent kinetic energy, k, and the rate of dissipation of turbulent kinetic 

energy, ε. Using these variables, the eddy viscosity is computed. The transport equation for k was 

derived from the exact equation, but the transport equation for dissipation,  was obtained using 

physical reasoning and assumed to be similar in form to the mathematically derived transport 

equation for k. The turbulent kinetic energy k, and the rate of dissipation, , equations are;  

                                         (A.21)    

       (A.22)     

where Gk represents the generation of turbulent kinetic energy that arises due to mean velocity 
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gradients, Gb is the generation of turbulent kinetic energy that arises due to buoyancy.  and  

are source terms defined by the user.  are constants  determined experimentally 

and are assumed to have following values; 

            ,    

 while  and  are turbulent Prandtl numbers for the kinetic energy and its dissipation rate is 

derived experimentally and are assumed to have values;  =1.0, . The turbulent 

eddy viscosity at each point is related to the local values of turbulent kinetic energy and its 

dissipation rate and is given by the relation; . The term  is the generation of 

turbulent kinetic energy and is defined by  . The modulus of mean rate-of-strain 

tensor, S, is defined as  and  is defined as  .  

A.2.2.2 RNG k-ε Turbulence Model  

 Yakhot and Orszag (1986) derived this model using a technique called renormalization 

group theory. An analytical formula for turbulent Prandtl number is used in this model while the 

standard model relies on user-specific constant values. Finally, assuming appropriate treatment of 

the near wall region, the RNG model uses an analytically derived differential formula for the 

effective turbulent viscosity which accounts for low Reynolds number flows. The effect of swirl 

is also accounted for in the RNG model enhancing the accuracy of the model for swirling flows. 

The RNG k-ε model is therefore more accurate and more reliable than the standard k-ε model for 

a wider range of flows. The transport equations in this model are as follows;   
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             (A.23)               

    

             (A.24)      

where  and  are inverse effective Prandtl numbers for the turbulent kinetic energy and its 

dissipation. The RNG theory uses a scale elimination procedure that defines the effective 

viscosity by the following equation.  

                                                   (A.25)        

 where vˆ =  and is a constant equal approximately to 100. This equation incorporates 

the ability to accurately define how the effective turbulent transport varies with effective 

Reynolds number to obtain more accurate results for low-Re flows and near-wall flows. For high 

Reynolds number flows, the effective viscosity is defined by the ratio .  Although 

this is similar to the turbulent viscosity equation used in the standard model, the constant is 

derived using the RNG theory and found to be 0.0845 which is very close to the value used in the 

standard model (i.e., 0.09). , are constants that have been derived analytically by the RNG 

theory and have values  =1.42 and =1.68.  

A.2.2.3 Realizable k-ε Turbulence Model  

  The Realizable model developed by Shih (1995) is the most recently developed model 

and features two main differences from the standard k-ε model. It uses a new equation for the 

turbulent viscosity and the dissipation rate transport equation has been derived from the equation 

for the transport of the mean-square vorticity fluctuation. The form of the eddy viscosity  

equation is based on the realizability constraints, the positivity of normal Reynolds stresses and 
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Schwarz' inequality for turbulent shear stresses. This is not satisfied by either the standard or the 

RNG k-epsilon model which makes the realizable model more precise than both of the other 

models at predicting flows involving separated flow features and involving complex secondary 

flow features. The transport equations are:    

                       (A.26)  

                       

                         (A.27)   

Similar to the previous variations of the k-ε models, the eddy viscosity is computed from  

                                                                                                             (A.28)  

 is computed from 

                                                                                                                     (A.29)           

    and                                                        (A.30)            

In the above equation,   is the mean rate of rotation tensor viewed in a rotating reference frame 

with angular velocity .  

The constants are defined as , cosϕ, where 

,  ,         

It has been shown that  is a function of the mean strain and rotational rates, the angular 

velocity of the rotating system, and the turbulent kinetic energy and its dissipation rate. The 

standard value of  is 0.09 is found to be the solution of equation A.28 for an inertial sub-layer 
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in an equilibrium boundary layer. The constants  , have been determined by 

Shih (1995) and are given as; =1.44,     

A.2.3 K-Omega (k-ω) Models  

  This model has two variations that will be discussed here: the standard k-ω model, and 

the shear stress transport (SST) k-ω model. Both models use similar transport equations for k and 

ω but the SST model differs from the standard model as follows:                     

 There is a gradual change from the standard k-ω model in the inner region of the 

boundary layer to the k-ε model in the outer part of the boundary layer.  

 In order to account for the transport effects of the principal turbulent shear stresses 

the SST model incorporates a modified turbulent viscosity equation.   

A.2.3.1 Standard k-ω Turbulence Model  

 This model is based on transport equations for the turbulence kinetic energy (k) and the 

specific dissipation rate (ω), which can be thought of as the ratio of ε to k. Production terms are 

added to the model equations. In FLUENT
©
 the standard k-ω model developed by Wilcox (1998) 

is used. It was formulated to compute low-Reynolds number effects, compressibility, and shear 

flow spreading. The standard model is an empirical based model with transport equations for 

turbulent kinetic energy (k) and its specific dissipation rate (ω). This model has been modified 

numerous times in an attempt to improve its accuracy. The transport equations used in FLUENT
©
 

for Wilcox‟s model are as follows. 

              (A.31)  

             (A.32)  

The turbulent viscosity is defined using a damping coefficient ( ) such that The 
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low-Reynolds number correlation is obtained from this coefficient . This coefficient is given 

by,  

                                                     (A.33) 

 where   For the high Re,  = 1. The 

term for the dissipation of k due to turbulence,  is defined as   and the term for 

the dissipation of  due to turbulence, is defined as  The k-ω model developed 

by Wilcox (1998) has shown comparable results for far wakes, mixing layers and various types of 

jet which make it applicable to wall bounded flows and free shear flows. It incorporates 

modifications for shear flow spreading, and low-Re number effects which are applicable in the 

present study.  

A.2.3.2 SST k-ω Turbulence Model  

 The major way in which the SST k-ω model differs from the standard k-ω model is that it 

uses a modified turbulent viscosity formulation to account for the transport effects of the principal 

turbulent shear stress. The SST k-ω model is the only variation of the standard k-ω model 

available in FLUENT
©
. It was developed by Menter (1994) using the standard k-ω model and a 

transformed k-ε model. This model also incorporates a cross-diffusion term in the ω equation and 

a blending function to allow proper calculation of the near-wall and far-field areas. The blending 

function triggers the standard k-ω model in near wall regions, and triggers the k-ε model in areas 

away from the surface. These differences make the SST k-ω model more precise for a larger 

variety of flows than the standard k-ω model. The transport equations for k and ω are slightly 

modified from the standard k-ω model and are given by;  
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                         (A.34)                   

               (A.35)  

where  represents the generation of turbulent kinetic energy that arises due to mean velocity 

gradients, represents the generation of , and  and  represent the dissipation of k and  

due to turbulence.  is the cross diffusion term. The term for the production of turbulent kinetic 

energy,  is determined slightly differently from other models and given by                                   

                                                         (A.36)    

where  is defined in the same way as described in the previous models. The term for the 

production of , , is defined as . The terms for the dissipation of k and  due to 

turbulence,  and , are defined in a similar manner to that used in the standard k-ω model with 

the main difference being that  are both considered to be constants with a value of 1. 

The turbulent viscosity is computed in a different way from that used in the standard k-ω model 

and is given by;  

                                                  (A.37) 

where S is the strain rate magnitude and  is the damping coefficient calculated using equation 

(A.33). The turbulent Prandtl numbers which were assumed to be constant in the standard k-ω 

model are defined by as follows using the blending functions F1 and F2 as follows.  

                                           (A.38)      

                                              (A.39)  

where                                                 (A.40)               
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Blending functions have been added to the SST k-ω model to ensure that the model equations 

behave appropriately in both near wall and far field zones. The cross diffusion term, blends 

the standard k-ε model and the standard k-ω model and is defined as; 

                                                                                               (A.41)  

The constants specific to the SST k-omega model are defined as; 

  

A.3 Radiation Model  

  Heat transfer by thermal radiation is extremely important for the cases investigated in the 

present study. FLUENT
©
 offers five radiation models; Discrete Transfer Radiation Model 

(DTRM); P-1 Radiation Model; Rosseland Radiation Model; Surface to Surface (S2S) Radiation 

Model; and Discrete Ordinates (DO) Radiation Model. Discrete transfer radiation model (DTRM) 

was selected in the present research work and is discussed in the following section briefly  

A.3.1 Discrete Transfer Radiation Model (DTRM)  

 The main assumption used in this model is that the radiation leaving the surface element 

in a certain range of solid angles can be approximated by a single ray. The equation for the 

change of radiant intensity, dI, along a path, ds, can be written as  

                                                             (A.42) 

 where    = gas absorption coefficient,   I =  intensity,   T = gas local temperature,   = Stefan-

Boltzmann Constant (5.672 x10
-8

 W/m
2
 –K

4
). This equation is integrated along a series of rays 

emanating from boundary faces. If  is constant along the ray, then I(s) can be estimated as  

                                              (A.43) 
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where is the radiant intensity at the start of the incremental path, which is determined by the 

appropriate boundary condition. The gas absorption coefficient, , is assumed zero in the present 

study. The “ray tracing” technique used in the DTRM can provide a prediction of radiation heat 

transfer between surfaces without explicit view factor calculations. The accuracy of the model is 

limited mainly by the number of rays traced and the computational mesh. DTRM is 

computationally very expensive when there are too many surfaces to trace rays  and there are too 

many volumes crossed by the rays. To reduce the computational time, the number of radiating 

surfaces and absorbing cells is reduced by clustering surfaces and cells into surface and volume 

“clusters‟. The volume clusters are formed by starting from a cell and simply adding its neighbors 

and their neighbors until a specified number of cells per volume cluster is collected. Similarly, 

surface clusters are made by starting from a face and adding its neighbors and their neighbors 

until a specified number of faces per surface cluster is collected. The incident radiation flux,  

and the volume sources are calculated for the surface and volume clusters respectively. These 

values are then distributed to the faces and cells in the clusters to calculate the wall and cell 

temperatures. The surface and volume cluster temperatures obtained by area and volume 

averaging are given by the following equations: 

                                                                  (A.44)  

                                                                   (A.45) 

where and  are the temperatures of the surface and volume clusters respectively, and 

are the area and temperature of face f, and and  are the volume and temperature of 

cell c. The summations are carried over all faces of a surface cluster and of a volume cluster. 
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A.3.2 Solar Load Model  

 The radiation effects from the sun‟s rays that enter the computational domain can be 

calculated by a solar load model. It is important to simulate the solar loading of the atrium as 

much of the radiation effects in the atrium are due to the heat fluxes that will occur from the solar 

radiation entering through the glazing façade. A solar calculator available in FLUENT
©
 was used 

in the present study to calculate the solar beam direction and irradiation. The solar calculator was 

used to find the suns location in the sky for given inputs of time, date and global position.  
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 A.4 Numerical Solution Procedures 

  The finite volume method is used in the commercial software FLUENT
©
. It is a 

numerical procedure for obtaining solutions for the flow and temperature values and hence the 

heat transfer rates. FLUENT
©
 solves the governing equations for the conservation of mass, 

momentum, energy, and other scalars such as turbulence in the integral form numerically. The 

finite-volume-based technique is discussed by Versteeg (2007). The iterative procedure used by 

FLUENT
© 

 is shown in Figure A-1. 

 

FIGURE A-1      Segregated pressure based solver 

  A number of discretization schemes are available in FLUENT
©
 (2006). The first order 

upwind scheme is used only to get an initial solution for hard-to-converge problems. The 1st 

order scheme has higher truncation errors because the higher order terms in the Taylor‟s series 

are ignored. Higher order accuracy is obtained with a 2nd order scheme at cell faces through a 

Taylor series expansion of the cell-centered solution about the cell centroid. In this approach the 

truncation error is reduced because of one more term of the Taylor series expansion is used. 
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 In the present study in all the simulations the second order upwind discretization scheme 

was therefore employed for the following reasons (Minkowycz (1988)): 

 Simplicity 

 Less computational expense 

 Reduce the numerical diffusion error (false diffusion) 

 Less computational dispersion error (it does not produce overshooting or 

undershooting)  

The following solver settings were used in all the simulations in this study:  

 Double Precision "3ddp" 64 bits, Segregated Steady Solver  

 BODY FORCE WEIGHTED Discretization for Pressure  

 Second Order Upwind Discretization for momentum, turbulence and energy  

 Under-relaxation factors for pressure, density, body forces, momentum, turbulent 

kinetic energy, turbulent dissipation rate, turbulent viscosity and energy are used 

according to the recommendations given by FLUENT
©
 (2006).   

 SIMPLE Pressure-Velocity coupling  

 Convergence criteria for the scaled residuals for all equations used in between 

 10
-4

-10
-6

 except the energy equation for which the convergence criteria was taken as 

less than 10
-6

 .  

A.5 Residual Values 

  The convergence criteria used to decide when to terminate the iterative procedure was the 

Residual Tolerance. In order to determine when to terminate the iterating process, the decay of 

the residuals was monitored to see when they had dropped to some small value and the solution 

stopped changing. During the solution process the convergence was dynamically monitored by 
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checking residuals. Sometimes it is difficult to know whether a converged solution has been 

obtained. Therefore the convergence is judged not only by examining residual levels, but also by 

monitoring relevant integrated quantities such as mass flow, heat flux or heat transfer 

coefficients. Convergence criteria for the scaled residuals for all equations used in the work 

discussed here were between 10
-4

-10
-6

 except for the energy equation for which a lower residual 

was obtained this usually being below 10
-6

. After convergence the solution was obtained for a few 

more iterations to check that the further residual decreases had an insignificant effect on the 

solution. 

 A.6 Type of Mesh Used 

  The geometry, mesh and the boundary conditions for each case were generated using 

commercial software called GAMBIT, although the boundary conditions could be changed in 

FLUENT
©
 window interface. The quality of the mesh can significantly affect the accuracy of the 

numerical solution. The regions of high temperature and velocity gradients require a sufficiently 

fine mesh to resolve the flow properties. The quality of the mesh plays a significant role in the 

accuracy and stability of the numerical computation and reduces numerical diffusion (false 

diffusion). Due to the fact that the FLUENT
©
 solver was used for the computation, the guidelines 

provided by the FLUENT
© 

 were followed in selecting the mesh. For the atrium cases considered 

all volume of the geometry used were meshed with unstructured hexahedron elements using the 

hexahedron/map scheme in Gambit. For the case of the Ottawa atrium (see chapter 3), the 

pyramidal volume was meshed with the hexahedron/map scheme and rest of the enclosure was 

meshed with hexahedron/cooper. For a simple shape the hexahedral elements with the map 

scheme is the best because it usually results in less numerical diffusion. In cases considered a grid 

independence study was performed to check the effect of grid density on the performance 

parameters. 
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 A.7 Near Wall Treatment  

  Figure A-2 (FLUENT©, 2006) shows the three main regions near the walls. The layer 

that is adjacent to the wall is termed the “viscous sublayer”. At the wall the velocity is zero 

and therefore the velocities in this region are very low, the flow being effectively laminar and  

the effect of the viscosity being dominant. 

 

 

Figure A-2      Subdivisions of the near-wall region, uτ being the friction velocity      

  (FLUENT, 2006) 

 

The outer wall region is termed the “fully-turbulent layer” and is where turbulence 

has a dominant effect on the flow. Between the viscous sublayer and the fully turbulent layer 

there is a transition region termed the buffer layer. In most turbulence models to resolve the 

flow in this region “wall functions” are used, which consist of semi-empirical formulas that 

link the viscosity-affected region and the fully turbulent region. The k-epsilon family of 

turbulence models has the potential to accurately solve the turbulent flows away from the walls. 

However there is need to adopt these models to solve for the flow near walls. The variable, 
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termed as the dimensionless wall distance, and defined by the relation , where y 

represents the distance of the cell center to the wall and  was used to find a suitable 

correct grid size near the walls.  

 A.7.1 Wall Functions  

  A wall function is a distribution function that describes the variation of Ui , T, k, ɛ 

between a wall and the full turbulent region. It is often used to bypass the necessity of a detailed 

numerical treatment of the near wall flow and the uncertain validity of turbulence model in this 

region. To avoid sharp gradient region in which many grid points are needed, and because the 

turbulence model is invalid very close to the wall, the computation may be started in the turbulent 

zone and a wall function is used between the turbulent zone and the wall. The wall functions for 

each variable are summarized in the set of equations. 

 For the momentum equations,  

  

    

where k = 0.41 and E = 9.00 

 and (  is friction velocity =  ) 

 For the energy equation,  
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Where = 0.9 is the turbulent Prandtl number 

 

 

 From the kinetic energy, k,equation, we have for  

 

Where = 0.09 

 From the energy dissipation,ɛ,equation, we have for  

 

A.8 Computer Specifications 

 All the simulations were conducted on a window desktop PC with Intel Quad Core 

Processor EM64T Family 6 Model 15 Stepping 11 Genuine Intel ~3.0 Ghz each processor, 8GB 

Ram 1333Hz. The operating system was Windows XP Professional 64 bit SP2 and a run of  

approximately 24h was needed for the grids used in this work.  
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Appendix-B 

  

Input Values for FLUENT CFD-Simulations  
 

B.1 Numerical Model 
 

FLUENT  

Solver: 3d, dp, pb, Implicit, steady, unsteady 

 Turbulence models (3d, double precision, pressure-based, Spallart-Allamaras, k-epsilon 

 and k-omega )  

 Radiation model: Discrete Transfer Radiation Model (DTRM) 

 Release: 6.3.26  

 

 

 Model       Settings  

 -----------------------------------------------------------------------------------------------------  

 Space       3D  

 Time       Steady or unsteady  

 Viscous     Spallart-Allamaras, k-epsilon and k-omega  

      with full buoyancy effects  

 Wall Treatment     Standard Wall Functions  

 Heat Transfer      Enabled  

 Solidification and Melting    Disabled  

 Radiation      Discrete Transfer Radiation Model  

 Species Transport     Disabled  

 Coupled Dispersed Phase    Disabled  

 Pollutants      Disabled  

 

B.2 Boundary Conditions  

  

B.2.1 Concordia Atrium 
 

 name       id type  

 ------------------------------------------------------------------------------------  

 volume_air       fluid  

 inside        interior  
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 ceiling        wall  

 back wall      wall  

 right wall       wall  

 return        outflow 

 Exhaust      outflow 

 supply        velocity-inlet 

 floor grills      velocity-inlet 

 Corridor Grills     velocity-inlet 

 left wall       wall  

 façade glazing wall     wall  

 floor        wall  

 default-interior       interior   

  

 Volume air  

 Condition      Value  

 ------------------------------------------------------------------------------------------------------------  

 Material Name      air  

 

 Ceiling  

 Condition      Value  

 -----------------------------------------------------------------------------------------------------------  

 Wall Thickness (m)     0  

 Heat Generation Rate (w/m
3
)    0  

 Material Name      insulated wall  

 Heat Flux (w/m
2
)     0  

 Convective Heat Transfer Coefficient(w/m
2
-k)  0  

 Enable shell conduction?    no  

 Internal Emissivity     0.8 

  Absorptivity                  0.8 

 Participates in Solar Ray Tracing?   yes  
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 Back  Wall 

 Condition      Value  

 ------------------------------------------------------------------------------------------------------  

 Wall Thickness (m)     0  

 Heat Generation Rate (w/m
3
)   0  

 Material Name      insulated wall  

 Heat Flux (w/m
2
)     0  

 Convective Heat Transfer Coefficient (w/m
2
-k)  0  

 Enable shell conduction?    no  

 Internal Emissivity     0 

 Absorptivity                 0.8 

 Participates in Solar Ray Tracing?   yes  

 

 Right Wall  

 Condition      Value  

 -----------------------------------------------------------------------------------------------------  

 Wall Thickness (m)     0  

 Heat Generation Rate (w/m
3
)    0  

 Material Name      insulated wall  

 Heat Flux (w/m
2
)     0  

 Convective Heat Transfer Coefficient (w/m
2
-k)  0  

 Enable shell conduction?    no  

 Internal Emissivity     0.84 

  Absorptivity                 0.8 

 Participates in Solar Ray Tracing?   yes  

 

 Left Wall  

 Condition      Value  

 -----------------------------------------------------------------------------------------------  

 Wall Thickness (m)     0  

 Heat Generation Rate (w/m
3
)    0  

 Material Name      insulated wall  

 Heat Flux (w/m
2
)     0  
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 Convective Heat Transfer Coefficient (w/m
2
-k)  0  

 Enable shell conduction?    no  

 Internal Emissivity     0.6 

  Absorptivity                 0.8 

 Participates in Solar Ray Tracing?   yes  

 

 Façade Glazing Surface  

 Condition      Value  

 ----------------------------------------------------------------------------------------  

 Wall Thickness (m)    0.024  

 Heat Generation Rate (w/m
3
)    0  

 Material Name      glass  

 Heat Flux (w/m
2
)     0  

 Convective Heat Transfer Coefficient (w/m
2
-k)  31.84  

 Free Stream Temperature (
o
C)    25 

 Enable shell conduction?    yes  

 Internal Emissivity     0.84  

 External Emissivity     0.84  

 External Radiation Temperature (
o
C)    14.36 

 Participates in Solar Ray Tracing?   yes  

 Transmissivity      0.36  

 Absorptivity      0.175  

 

 Floor  

 Condition      Value  

 --------------------------------------------------------------------------------------  

 Wall Thickness (m)     0  

 Heat Generation Rate (w/m
3
)   0  

 Material Name      insulated wall  

 Heat Flux (w/m
2
)    0  

 Convective Heat Transfer Coefficient (w/m
2
-k)  0  

 Enable shell conduction?    no  

 Velocity Magnitude (m/s)    0  
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 Internal Emissivity     0.8 

  Absorptivity                 0.8 

 Participates in Solar Ray Tracing?   yes  

 

 Supply Vent 

 Condition Value    (Forced ventilation conditions)  

 ---------------------------------------------------- ------------------------------------------------------- 

 Velocity Magnitude (m/s)    4.5  

 X-Component of Flow Direction    1  

 Y-Component of Flow Direction   0  

 Z-Component of Flow Direction    0  

 X-Component of Axis Direction    1  

 Y-Component of Axis Direction    0  

 Z-Component of Axis Direction    0  

 X-Coordinate of Axis Origin (m)    0  

 Y-Coordinate of Axis Origin (m)   0  

 Z-Coordinate of Axis Origin (m)   0  

 Angular velocity (rad/s)    0  

 Temperature (
o
C)     15  

 Turbulent Kinetic Energy (m
2
/s

2
)    1  

 Turbulent Dissipation Rate (m
2
/s

3
)   1  

 Turbulent Intensity (%)     0.036   

 Turbulent Length Scale (m)    1  

 Hydraulic Diameter (m)    0.53  

 Participates in Solar Ray Tracing    no  

 

B.2.2 Ottawa Atrium 
 

 name       id type  

 ------------------------------------------------------------------------------------  

 volume_air       fluid  

 inside        interior  

 roof glazing surface-1      wall 

 roof glazing surface-2     wall 
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 walls       wall  

 returns-1      outflow 

 returns-2     outflow 

 supply-1       velocity-inlet 

 supply-2     velocity-inlet 

 floor        wall  

 default-interior       interior   

 

 Volume air  

  

 Condition      Value  

 ------------------------------------------------------------------------------------------------------------  

 Material Name      air  

  

 Floor 

 Condition      Value  

 ------------------------------------------------------------------------------------------------------  

 Wall Thickness (m)     0  

 Heat Generation Rate (w/m
3
)   0  

 Material Name      insulated wall  

 Heat Flux (w/m2)    0  

 Convective Heat Transfer Coefficient (w/m
2
-k)  0  

 Enable shell conduction?    no  

 Internal Emissivity     0.8  

 Absorptivity                 0.8  

 Participates in Solar Ray Tracing?   yes  

 

  Walls  

 Condition      Value  

 -----------------------------------------------------------------------------------------------------  

 Wall Thickness (m)     0  

 Heat Generation Rate (w/m
3
)    0  

 Material Name      insulated wall  
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 Heat Flux (w/m
2
)     0  

 Convective Heat Transfer Coefficient (w/m
2
-k)  0  

 Enable shell conduction?    no  

 Internal Emissivity     0.8  

 Absorptivity                 0.8  

 Participates in Solar Ray Tracing?   yes  

 

 Roof Glazing Surface-1  

 Condition      Value  

 ----------------------------------------------------------------------------------------  

 Wall Thickness (m)    0.038  

 Heat Generation Rate (w/m
3
)    0  

 Material Name      glass  

 Heat Flux (w/m
2
)     0  

 Convective Heat Transfer Coefficient (w/m
2
-k)  31.84  

 Free Stream Temperature (
o
C)    22 

 Enable shell conduction?    yes  

 Internal Emissivity     0.85  

 External Emissivity     0.85 

 External Radiation Temperature (
o
C)    12 

 Participates in Solar Ray Tracing?   yes  

 Transmissivity      0.22 

 Absorptivity      0.175  

  

 Roof Glazing Surface-2  

 Condition      Value  

 ----------------------------------------------------------------------------------------  

 Wall Thickness (m)    0.038  

 Heat Generation Rate (w/m
3
)    0  

 Material Name      glass  

 Heat Flux (w/m2)     0  

 Convective Heat Transfer Coefficient (w/m
2
-k)  31.84  

 Free Stream Temperature (
o
C)    22 
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 Enable shell conduction?    yes  

 Internal Emissivity     0.85  

 External Emissivity     0.85 

 External Radiation Temperature (
o
C)    12 

 Participates in Solar Ray Tracing?   yes  

 Transmissivity      0.13 

 Absorptivity      0.175  

  

 Supply Vent 

 Condition Value    (Forced ventilation conditions)  

 ---------------------------------------------------- ------------------------------------------------------- 

 Velocity Magnitude (m/s)    1.025 

 X-Component of Flow Direction    1  

 Y-Component of Flow Direction   0  

 Z-Component of Flow Direction    0  

 X-Component of Axis Direction    1  

 Y-Component of Axis Direction    0  

 Z-Component of Axis Direction    0  

 X-Coordinate of Axis Origin (m)    0  

 Y-Coordinate of Axis Origin (m)   0  

 Z-Coordinate of Axis Origin (m)   0  

 Angular velocity (rad/s)    0  

 Temperature (
o
C)     21 

 Turbulent Kinetic Energy (m
2
/s

2
)    0.1  

 Turbulent Dissipation Rate (m
2
/s

3
)   0.1  

 Turbulent Intensity (%)     0.025 

 Turbulent Length Scale (m)    0.1  

 Hydraulic Diameter (m)    1.79 

 Participates in Solar Ray Tracing    no  
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B.2.3 Simple Atrium Building 
 

 name       id type  

 ------------------------------------------------------------------------------------  

 volume_air       fluid  

 inside        interior  

 ceilings       wall  

 Atrium walls      wall 

 chimney walls      wall 

 central plate       wall 

 Outer walls       wall 

 Heat sources       wall  

 Exhaust      pressure-outlet 

 supplies     pressure-inlet 

 left wall       wall  

 façade glazing wall     wall  

 floors        wall  

 default-interior       interior   

 

 Volume air  

  

 Condition      Value  

 ------------------------------------------------------------------------------------------------------------  

 Material Name      air  

   

 Ceilings  

 Condition      Value  

 -----------------------------------------------------------------------------------------------------------  

 Wall Thickness (m)     0  

 Heat Generation Rate (w/m
3
)    0  

 Material Name      insulated wall  

 Heat Flux (w/m
2
)     0  

 Convective Heat Transfer Coefficient(w/m
2
-k)  0  
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 Enable shell conduction?    no  

 Internal Emissivity     0.8 

  Absorptivity                  0.8 

 Participates in Solar Ray Tracing?   yes  

 

 Atrium Walls 

 Condition      Value  

 ------------------------------------------------------------------------------------------------------  

 Wall Thickness (m)     0  

 Heat Generation Rate (w/m
3
)   0  

 Material Name      insulated wall  

 Heat Flux (w/m
2
)     0  

 Convective Heat Transfer Coefficient (w/m
2
-k)  0  

 Enable shell conduction?    no  

 Internal Emissivity     0 

 Absorptivity                 0.8 

 Participates in Solar Ray Tracing?   yes  

 

 Outer Walls  

 Condition      Value  

 -----------------------------------------------------------------------------------------------------  

 Wall Thickness (m)     0  

 Heat Generation Rate (w/m
3
)    0  

 Material Name      insulated wall  

 Heat Flux (w/m
2
)     0  

 Convective Heat Transfer Coefficient (w/m
2
-k)  0  

 Enable shell conduction?    no  

 Internal Emissivity     0.8 

  Absorptivity                 0.8 

 Participates in Solar Ray Tracing?   yes  
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 Glazing Surfaces  

 Condition      Value  

 ----------------------------------------------------------------------------------------  

 Wall Thickness (m)    0.024  

 Heat Generation Rate (w/m
3
)    0  

 Material Name      glass  

 Heat Flux (w/m2)     0  

 Convective Heat Transfer Coefficient (w/m
2
-k)  7.5 

 Free stram temperature    ambient 

 Enable shell conduction?    yes  

 Internal Emissivity     0.8  

 External Emissivity     0.8 

 External Radiation Temperature (
o
C)    12 

 Participates in Solar Ray Tracing?   yes  

 Transmissivity      0.36  

 Absorptivity      0.175  

  

 Floor  

 Condition      Value  

 --------------------------------------------------------------------------------------  

 Wall Thickness (m)     0  

 Heat Generation Rate (w/m
3
)   0  

 Material Name      insulated wall  

 Heat Flux (w/m
2
)    0  

 Convective Heat Transfer Coefficient (w/m
2
-k)  0  

 Enable shell conduction?    no  

 Velocity Magnitude (m/s)    0  

 Internal Emissivity     0.8 

  Absorptivity                 0.8 

 Participates in Solar Ray Tracing?   yes  
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 Supply Inlet Ground Storey 

 Condition Value      

 ---------------------------------------------------- ------------------------------------------------------- 

 Gauge Total Pressure [pascal]    0 

 Direction Specification Method    Normal to boundary 

 Temperature (
o
C)     ambient  

 Turbulent Kinetic Energy (m
2
/s

2
)    0.01 

 Turbulent Dissipation Rate (m
2
/s

3
)   0.01 

 Turbulent Intensity (%)     0.05  

 Turbulent Length Scale (m)    0.01 

 Hydraulic Diameter (m)    0.73 

 Participates in Solar Ray Tracing    no  

 

 Supply Inlet First Storey 

 Condition Value      

 ---------------------------------------------------- ------------------------------------------------------- 

 Gauge Total Pressure [pascal]    0 

 Direction Specification Method    Normal to boundary 

 Temperature (
o
C)     ambient  

 Turbulent Kinetic Energy (m
2
/s

2
)    0.01 

 Turbulent Dissipation Rate (m
2
/s

3
)   0.01 

 Turbulent Intensity (%)     0.05  

 Turbulent Length Scale (m)    0.01 

 Hydraulic Diameter (m)    0.90 

 Participates in Solar Ray Tracing    no  

 

 Supply Inlet Second Storey 

 Condition Value      

 ---------------------------------------------------- ------------------------------------------------------- 

 Gauge Total Pressure [pascal]    0 

 Direction Specification Method    Normal to boundary 

 Temperature (
o
C)     ambient  

 Turbulent Kinetic Energy (m
2
/s

2
)    0.01 
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 Turbulent Dissipation Rate (m
2
/s

3
)   0.01 

 Turbulent Intensity (%)     0.05  

 Turbulent Length Scale (m)    0.01 

 Hydraulic Diameter (m)    1.6 

 Participates in Solar Ray Tracing    no  

 

 Exhaust-1 and 2 

 Condition Value      

 ---------------------------------------------------- ------------------------------------------------------- 

 Gauge  Pressure [pascal]     0 

 Backflow Direction Specification Method   Normal to boundary 

 Turbulent Intensity (%)     0.5  

 Hydraulic Diameter (m)    2.58 

 Participates in Solar Ray Tracing    no  

 

B.3 Solver Controls  

 

 Equation      Solved  

 ------------------- --------------------------------------------------------------------- 

 Flow       yes  

 Turbulence      yes  

 Energy       yes  

 

 Relaxation Factors 

 Variable     Relaxation Factor  

 -------------------------------------------------------------------------------------------  

 Pressure      0.3  

 Density       1  

 Body Forces      1  

 Momentum     0.2  

 Turbulent Kinetic Energy    0.8  

 Turbulent Dissipation Rate    0.8  

 Turbulent Viscosity     1  
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 Energy       0.9  

 

 Pressure-Velocity Coupling  

 --------------------------------------------------------------------------------------------------  

 Type       SIMPLE  

 

 Discretization Scheme  

 Variable      Scheme  

 -----------------------------------------------------------------------------------------------  

 Pressure      Body Force Weighted  

 Momentum      Second Order Upwind  

 Turbulent Kinetic Energy    Second Order Upwind  

 Turbulent Dissipation Rate    Second Order Upwind  

 Energy       Second Order Upwind  

 

B.4 Material Properties  

 Material: insulated_wall (solid)  

 Property      Units   Method 

 Value(s)  

 -----------------------------------------------------------------------------------------------------------------   

 Density       kg/m
3 

  constant  10  

 Cp      j/kg-k   constant  830  

 Thermal Conductivity     w/m-k   constant  0.1  

 

 Material: Concrete _wall (solid)  

 Property      Units   Method 

 Value(s)  

 -----------------------------------------------------------------------------------------------------------------   

 Density       kg/m
3 

  constant  2240 

 Cp      j/kg-k   constant  840  

 Thermal Conductivity     w/m-k   constant  1.44 
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 Material: glass (solid)  

 Property      Units   Method  

 Value(s)  

 -----------------------------------------------------------------------------------------------------------------  

 Density       kg/m
3
   constant  2225  

 Cp       j/kg-k   constant  835  

 Thermal Conductivity     w/m-k   constant   0.06258  

 

 Material: heater (solid)  

 Property      Units   Method  

 Value(s)  

 -----------------------------------------------------------------------------------------------------------------  

 Density       kg/m
3
   constant  2225  

 Cp       j/kg-k   constant  835  

 Thermal Conductivity     w/m-k   constant   1 

 Atrium floor Heat flux                 w/m
2
    217 

 Room floor Heat flux      w/m
2
    205 

  

 Material: air (fluid)  

 Property      Units   Method  

 Value(s)  

 -----------------------------------------------------------------------------------------------------------------  

 Density       kg/m
3
   Boussinesq  1.18  

 Cp(Specific Heat)     j/kg-k   constant  1006.43  

 Thermal Conductivity     w/m-k   constant  0.0242  

 Thermal Expansion Coefficient    1/k   constant  0.00334   
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Appendix-C 

  

Approximate Analytical Model  
 

Design Approach of a Multi-storey Building Connected to an Atrium for Buoyancy-driven 

Natural Ventilation 

 

The general approach suggested by Holford and Hunt (2003) for the design of a multi-

storey building connected to an atrium for natural ventilation is summarized below. 

 The buoyancy-driven ventilation flow rate in a heated atrium building may be enhanced 

by increasing the depth or temperature of the warm air that collects in the upper region of the 

space. By considering a space with two small ventilation openings separated by a vertical height, 

Δd, (Figure B.1), a layer of cool ambient air of temperature T0, and density ρ0, underlies a warmer 

layer of temperature T = T0+ΔT > T0 and density ρ = ρ0−Δρ < ρ0, that extends down a depth h 

below the upper opening. The hydrostatic pressure between the openings is: 

                         Δpexternal = ρ0gΔd (outside the building)  

                         Δpinternal = ρ0gΔd − Δρgh (inside the building).  

The difference between the external and internal pressures is the stack pressure available to drive 

a flow through the space. In other words, the pressure difference associated with the depth of the 

warm layer between the openings drive the flow. Figure B.1 shows an enclosure connected to an 

atrium. The shading represents the warm air in the upper regions of the room and atrium (Holford 

and Hunt (2003)). 
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 Figure B-1       Enclosure connected to an atrium. The shading represents the warm air in the  

  upper regions of the room and atrium (Holford and Hunt (2003))  

 

The volume flow rate Q of unidirectional flow through an opening of area, a, depends on the 

driving pressure drop Δp across it and is given by:  

                                                          (C.1)                                                          

where cd is the discharge coefficient and is determined empirically. The discharge coefficient is 

generally combined with the opening area to define the effective area, 

                                                              (C.2)  

Morton et al (1956) performed theoretical analysis of the turbulent plume of buoyant fluid above 

a point source, of strength B, and noted that if the plume has no initial momentum and volume 

flux, then the volume flux Q at a height h above the source are related by:  

       Q (h) = c (Bh
5
)

1/3                              
               (C.3)

                                                                              
 

where c ≈ 0.14 and is a constant related to the entrainment coefficient α for a plume and B is the 

buoyancy flux. In the steady state, the volume flux driven through the openings by the stack 

pressure must equal the volume flux in the plume at the interface. Hence, the interface height 

(hstorey) satisfies the equation: 
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                                                    (C.4) 

where H is the storey height and  is the effective area of the storey openings, related to the 

lower and upper storey opening effective areas by the relation: 

            +                                     (C.5)   

When the flow is steady, the flow rate in the plume in the storey at the interface height (hstorey) 

equals the flow rate through the storey which is given by: 

                                                                               (C.6)                                                                                 

 Where c ~0.14 and is a constant related to the entrainment coefficient for a plume. Ventilation 

flow rates and interface heights, were non-dimensionalized based on the storey parameters, 

choosing H as the length scale and (H/B)
1/3 

as the timescale where B is the buoyancy flux. Non-

dimensional interface height is defined as   , where H is storey height.  

Non dimensional volume flow rate is defined as: 

                                                                                           (C.7)                                                                             

Non-dimensional total effective area of the flow path is defined as     where the total effective 

area of the flow path (At) is defined as   

                               +                                                      (C.8)                                               

A ventilation strategy in which the same total effective opening area is used for each floor in a 

multi-storey building, an equation set was derived by Holford and Hunt (2003) in the following 

form: 
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=  

(First storey)                         (C.9 a)                                                                                                                    

=                                                 

                        (Second storey)                      (C.9 b)  

=

                     (Third storey)                        (C.9 c)   

(where subcripts 0,1,2 represent first, second and third storey respectively) 

For a ventilation strategy to achieve the same ventilation flow rate for each storey, the equation 

was derived as     

                                                   (C.10) 

  Using these equations, Holford and Hunt (2003) developed design curves and validated 

against the salt bath experimental measurements for sizing the ventilation openings in a multi-

storey building connected to an atrium. These equations indicate that the interface height 

separating the buoyant upper layer at temperature ,Tj ,and lower layer at ambient temperature, To, 

depends on geometric factors such as the storey height, Hj, the atrium height, M, the effective 

areas of the storey, the atrium outlet and the constant, c. 
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