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Abstract 
The building sector is responsible for 40% of total global energy consumption. 

Half of the energy consumed by buildings relates to heating, ventilation and air 

conditioning (HVAC) systems. Natural ventilation can provide a sustainable solution 

aimed at maintaining healthy and comfortable environmental conditions in buildings.  

However, the effective design and operation of new and retrofitted buildings that 

incorporate natural ventilation systems is often complex and requires the utilisation 

of accredited simulation tools and reliable field measurements.  

The Network Embedded Systems (NEMBES) project is a Higher Education Authority, 

Ireland (HEA) funded inter-institutional and multi-disciplinary research program that 

examines the application of network embedded systems in the design and management 

of built environments, including the health, facilities management and transportation 

sectors. This research forms a core part of the NEMBES project through the 

development of reliable datasets that could facilitate (i) the specific design, deployment 

and management of novel wireless sensor networks (WSNs) and (ii) distributed control 

technologies in naturally ventilated buildings, as part of recognised facilities management 

activities in sustainable buildings. This research specifically focuses on the development 

of a formal systematic calibration methodology for computational fluid dynamics (CFD) 

models utilising field measurements in operating buildings. 

Published literature to date lacks explicit and documented methodologies for calibrating 

CFD models, in order to develop robust computational models that accurately represent 

environmental conditions in operating naturally ventilated buildings. Despite existing 

best practice guidelines for verification and validation of CFD models, there is a need 

for comprehensive studies that systematically guide, explain and assess simulated data 

and post-occupancy field measurements in naturally ventilated built environments. 
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Thus, the motivation for calibrated CFD models of indoor environments is to examine 

the possibility of employing CFD to simulate, and potentially operate, naturally ventilated 

environments, considering the uncertainty of available data.  

In this research, calibrated 3D virtual models of two internal environments were 

developed. The CFD models were supported by physical field measurements from 

wireless sensors and a locally installed weather station. The numerical boundary 

conditions were analysed for their effect on model results and its accuracy, by utilising 

uncertainty and regression analysis. This provided a systematic and robust calibration 

process of CFD models that represented environmental conditions in operating 

buildings. 
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 Introduction 

Chapter 1 
 Introduction 

“Błogosławieni ci, którzy nie mając nic do powiedzenia, nie oblekają 

tego faktu w słowa.”  

(“Blessed be thou, (who) having nothing to say, does not express that 

in a river of words.”) 

        - Julian Tuwim 

 



 

2 

 

 
 Introduction 

1.1 Overview 

Human-induced climate change is occurring globally and has already made a significant 

impact on the environment and society, due to increased levels of greenhouse gases. 

The building sector is responsible for 40% of the total final energy consumption and 

36% of total CO2 emissions in the European Union (EU). Almost half of the energy 

consumed by buildings is due to the use of heating, ventilation and air conditioning 

(HVAC) systems. 

Natural ventilation is a sustainable solution to maintaining healthy and comfortable 

environmental conditions in buildings.  However, the effective design, construction and 

operation of naturally ventilated spaces require a good understanding of complex airflow 

patterns caused by buoyancy and wind effects. Thus, without the proper tools to predict 

and optimise environments in naturally ventilated buildings, the provision of healthy 

and comfortable conditions for the occupants cannot be guaranteed with any degree of 

confidence. 

Computational fluid dynamics (CFD) is a modelling tool that uses numerical methods 

to describe phenomena involving fluid flows to high levels of spatial and temporal detail. 

CFD is widely used in many modern engineering fields. In applications such as 

aeronautics and astronautics, process, chemical and biomedical engineering, civil and 

environmental engineering; CFD provides the technical basis for improving new, and 

optimising existing designs. This results in increased process and design efficiency, while 

simultaneously reducing cost. By producing detailed information about the airflow, heat 

transfer and contaminant concentration, CFD has become popular in the performance 

modelling of built environments.  

This chapter establishes the research context, concisely defines the research question 

and outlines the structure of the thesis. 

1.2 The NEMBES project 

The Network Embedded Systems (NEMBES) project is an inter-institutional (Cork 

Institute of Technology, University College Cork, National University of Ireland (NUI) 

Galway, Trinity College Dublin, University College Dublin and Tyndall National 

Institute) and multi-disciplinary research programme that examines the application 

of network embedded systems in the design and management of built environments 
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(NEMBES, 2010). Embedded systems have penetrated almost every aspect of working 

and living environments. Thus, the objective of the NEMBES project is to enable 

sensing, monitoring and control in science, engineering, manufacturing, energy, 

environment, daily living, healthcare, agriculture, traffic, security and many other 

applications (NEMBES, 2010). NEMBES consists of three main research strands:  

(i) health, (ii) transport and (iii) facilities management (FM) (Figure 1.1).  

 
Figure 1.1: NEMBES research strands. 

Research presented here was carried out as part of the FM cluster. The overall aim of the 

FM group within the NEMBES project is to enable and support improved facilities 

management in buildings, by allowing the integration of wireless sensor network (WSN) 

technology with building management systems (BMSs), with particular focus on natural 

ventilation.  

Building services are normally centralised, i.e. designed and supplied by single operators. 

However, buildings accommodate many independent groups with varying demands 

within an individual building space over the building lifetime. Thus, there is a need for 

a dynamic holistic building management. In order to facilitate a multi-user environment 

and provide a comprehensive assessment of the building performance and user 

satisfaction, an accurate data aggregation, acquisition and interpretation is required 

(NEMBES, 2010).  

This research concentrates on the management of internal environments from 

an environmental and energy perspective. The contribution to the NEMBES project is 

the development of reliable datasets that could facilitate specific design and deployment 
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of novel WSNs, and distributed control technologies (such as reduced order models 

(Rambo, 2006)) in naturally ventilated buildings (Figure 1.2). 

 
Figure 1.2: Calibrated CFD model as a part of the holistic building management. 

1.3 Climate change 

Energy provides safety, comfort and mobility to people and is essential for industrial, 

commercial and societal growth. However, generation and consumption of energy emit 

greenhouse gases and various air pollutants, and issues such as waste generation and oil 

spills are associated with various fuels (EEA, 2006). All of those factors have a negative 

impact on the natural environment and global climate. 

Human-induced climate change is occurring globally and has already led to a wide range 

of impacts on the environment and society. Increased levels of greenhouse gases (e.g. 

CO2) can accelerate irreversible changes in the climate (EPA Ireland, 2013). Compared to 

the 19th century, the mean temperature and the frequency and length of heat waves have 

increased in Europe (EEA, 2012). Figure 1.3 shows the key observed and projected 

climate change impacts on various main regions in Europe (EEA, 2012). 

The impacts of climate change pose a serious global risk to life on earth; including health 

issues, access to water, food production and the use of land.  Projections suggest 

potentially large costs of climate change in Europe, particularly due to increases in 

coastal/river flooding, heat waves and energy demand (for cooling) (EEA, 2012). 

Moreover, the damage from climate change will accelerate as the atmospheric 

greenhouse effect continues. 
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Figure 1.3: Key observed and projected climate change impacts in Europe (EEA, 2012). 

Final energy consumption in the EU-27 increased by 7.1% between 1990 and 2010 at an 

annual average rate of 0.3% (Figure 1.4) (EEA, 2013). This has already put, and will 

continue putting, a significant pressure on the environment. 

 
Figure 1.4: Total final energy consumption by sector in the EU-27 (EEA, 2013). 
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1.4 Energy in buildings 

The building sector is responsible for 40% of total final energy consumption and 

36% of total CO2 emissions in the EU (European Union, 2012). The buildings share 

of 2010 primary energy consumption in the United States of America (USA) is presented 

in Figure 1.5 (US Department of Energy, 2012). 41.4% of this primary energy in building 

sector was used for heating, cooling and ventilation purposes. In Ireland, primary energy 

use in the building sector is associated with heating/cooling and lighting of buildings. 

In 2011, energy use in buildings accounted for 41% of primary energy supply in Ireland 

(SEAI, 2012a). 

 
Figure 1.5: Buildings share of USA primary energy consumption in 2010 

(US Department of Energy, 2012). 

On May 19th, 2010, the EU adopted the Directive 2010/31/EU (European Union, 2010), 

which aimed to reduce energy consumed by buildings. Member States are requested to 

adopt a methodology for calculating the energy performance of buildings (energy 

performance certification). The objective of the Directive 2010/31/EU is to ensure all 

new buildings are almost zero-energy consumption buildings by the end of 2020. 

Thus, in order to meet the requirements posed by the EU and, thus, reduce the 

environmental impact of buildings, energy efficient measures must be taken into account 

when designing new and retrofitting old buildings. Reducing energy consumption and 

CO2 emissions in buildings through energy efficient technologies would significantly 

reduce primary energy consumption by buildings. To ensure this, energy efficient 

building design should incorporate: 
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• A building design that is site specific; 

• Use of passive lighting and active shading; 

• High levels of thermal insulation in walls, roofs and windows; 

• Efficient heating, cooling and ventilation techniques;  

• Solar water heating. 

1.5 Natural ventilation  

1.5.1 Overview 

People spend, on average, 90% of their lives indoors (US EPA, 2012). All aspects 

of human life, from working, sleeping and studying, to taking part in leisure activities 

occur indoors. Thus, it is vital to provide safe, healthy and comfortable conditions 

in buildings (Wyon, 2004).  

Ventilation is the supply of fresh and the removal of stale air in a building. This is done 

in order to provide satisfactory indoor air quality for building occupants (Irish 

Government, 2009). Methods for ventilating a building can be divided into natural, 

mechanical (forced) and hybrid (mix of natural and mechanical) types. 

Among building services, the contribution of HVAC systems in energy use is particularly 

significant (Pérez-Lombard et al., 2008). Thus, the use of ventilation can have 

a significant effect on building energy use. Moreover, ventilation can also affect occupant 

comfort, e.g. through undesirable draughts or excessive air movement. Thus, designers 

should provide adequate ventilation, while reducing building energy use and maximising 

occupants comfort (Irish Government, 2009). 

Natural ventilation is increasingly seen as a sustainable solution to maintaining healthy 

and comfortable environmental conditions in buildings.  Natural ventilation is the 

process, by which airflow through ventilation openings is driven by the natural driving 

forces of wind (wind effect) and temperature (buoyancy effect) (Figure 1.6). 

Buoyancy-driven ventilation prevails in many naturally ventilated buildings; i.e. where 

airflow is caused by pressure differences across the building.  The pressure differences 

are, in turn, caused by air density differences, which are due to temperature differences. 

The effectiveness of buoyancy-driven ventilation depends on the building geometry, size 

of inlets/outlets, height of the space, strength of heat sources driving the airflow and 

the temperature difference between indoor and outdoor spaces (Walker, 2006). 

Wind-driven ventilation is influenced by highly unpredictable wind speed and direction. 
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Generally, the design of buildings with wind-driven ventilation is based on mean wind 

speeds over a specific period of time (Awbi, 2003). 

Natural ventilation systems should be designed to meet the main requirements 

of building environmental performance. Firstly, the ventilation system must maintain 

adequate levels of indoor air quality. Secondly, the ventilation system should 

(in combination with other measures) reduce the building’s tendency to overheat, 

particularly in summer (CIBSE, 2005). 

 
Figure 1.6: Natural ventilation design (ArchDaily, 2013) 

1.5.2 Drivers and barriers 

Although, natural ventilation has a great potential in reducing buildings energy 

consumption (for ventilation and cooling purposes), several issues affect the design and 

operation of this ventilation strategy, such as: 

• Outdoor air quality; 

• Outdoor noise; 

• Indoor air quality and maintaining ventilation rates; 

• Overheating; 

• Winter heat loss; 

• Variability of climate. 
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Figure 1.7 lists drivers and barriers for natural ventilation in buildings.  

 

Figure 1.7: Drivers and barriers for natural ventilation in buildings. 

There is an increased demand for natural ventilation solutions, from both an economic 

and social point of view. As a green technology, natural ventilation systems 

in commercial buildings can establish a positive and sustainable image (Mendes, 2011). 

Moreover, a fresh air movement in buildings results in high occupant satisfaction, 

improved health and well-being, which, in turn, can lead to increased creativity 

and productivity, and lower work absenteeism (Clements-Croome & Baizhan, 2000). 

Natural ventilation generates more active building users, who are aware of indoor 

environmental conditions, have larger comfort temperature tolerance (ANSI/ASHRAE, 

2004) with the capability to control ventilation themselves. 

On the other hand, natural ventilation meets many barriers before it can be implemented 

in the buildings. Natural ventilation can meet practical and social resistance and requires 

a change in mindset in industry accustomed to mechanical ventilation. Natural ventilation 

is often considered too risky, due to a perceived lack of ability to predict and control its 

effects (Figure 1.8). An effective design, operation and retrofit of naturally ventilated 

space require a good understanding of complex airflow patterns caused by buoyancy and 

wind effects. Thus, without adequate tools to predict and optimise environments in 

naturally ventilated buildings, the provision of healthy and comfortable conditions for 

occupants cannot be guaranteed with any degree of confidence. There are no 

‘off-the-shelf’ solutions for natural ventilation. Designers must consider many factors 

when proposing natural ventilation; many of these factors are not as critical in 

mechanically ventilated buildings (Arup North America, 2011). There are restrictions 
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regarding outdoor conditions (location, wind patterns, air quality, noise, etc.) and fire 

safety when planning naturally ventilated buildings. 

a 

 

 

Cooling eff. – cooling effectiveness; Draught – draught minimisation; Rem. odour – ability to remove odours; 
Ingr. odour – ability to prevent ingress of odours/pollutants; Ext. noise – insulation against external noise; 
Int. noise – generation/transmittion of internal noise; 

 

b 

 
 Central – per building; Local – per office; Individual – per person; 

Figure 1.8: (a) Perceived performance in practice and (b) controllability of natural and mechanical 
ventilation in cellular and open plan offices (Aggerholm, 1998). 

At the design stage, architects often do not consider natural ventilation solutions due 

to the lack of expertise to implement it. Furthermore, where natural ventilation is 

successfully employed in the design, there is a risk of harming the project during the 

construction stage. This may be caused by contractors who do not fully realise or 

understand natural ventilation and make unilateral changes that can significantly affect 

the system (Mendes, 2011). This lack of knowledge in the industry may result in poorly 

designed, constructed and operated naturally ventilated buildings. Aggerholm (1998) 

interviewed leading designers and decision makers from seven European countries 

(Belgium, Denmark, Switzerland, Norway, Netherlands, Sweden and Great Britain) 

regarding the perceived barriers to natural ventilation design in office buildings. 

The study identified a significant lack of knowledge (Figure 1.9a) and experience  

(Figure 1.9b) in designing natural ventilation in office buildings when compared 

to the knowledge and experience of mechanical ventilation. 
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a 

 
 Cons. eng. – consultant engineers; Gov. Dec. – governmental decision makers; 

b 

 
 

B – Belgium; DK – Denmark; CH - ; N - Norway; NL – The Netherlands; S - Sweden; 
UK – United Kingdom; 

Figure 1.9: Various stakeholders’ (a) perceived knowledge of and (b) relative experience with 
mechanical and natural ventilation (ordinary and specially designed) in new offices (vertical axis 

shows the percentage of mechanically or naturally ventilated new offices (Aggerholm, 1998). 

1.5.3 Simulation tools 

There exists a significant challenge to create quality simulation models that can predict 

the performance of naturally ventilated spaces and demonstrate compliance with 

environmental standard requirements. Such simulation tools must enable acceptable 

thermal performance of naturally ventilated buildings, through the design and 

optimisation stages (Zhai et al., 2011). Mendes (2011) observed that further research is 

necessary and advised a particular focus on case studies that are independent and target 

simulation of natural ventilation solutions. Moreover, a general opinion among 

Aggerholm’s (1998) interviewees was that there was a considerable lack of information 

about natural ventilation in standards, guidelines and building studies (Figure 1.10). 

A desire for new design tools on natural ventilation was expressed, including calculation 

rules and easy to use, but advanced computer programmes. 

Cook (1998) compared the advantages and disadvantages of modelling techniques  

(such as empirical air tightness method, simplified theoretical models, zonal models, salt 

bath modelling, wind tunnel testing and CFD) for simulating natural ventilation. It was 

found that CFD offered great potential for building designers to resolve many practical 

problems associated with natural ventilation. This was found despite the fact, that CFD 
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was the most expensive technique and should be used with care and engineering 

judgement. Also, Yang (2004) explored the advantages and disadvantages of theoretical 

(envelope flow models and CFD) and experimental approaches for natural ventilation 

design. CFD was found very beneficial in analysing indoor conditions within building 

zones. However, it was indicated that the uncertainty in boundary condition definition 

and their spatial/temporal variation can limit the accuracy of CFD results. 

Current methodologies/practises for the development of thermal simulation models 

for natural ventilation are inadequate and require significant improvement. Moreover, 

simulation models must be validated. In-situ measurements of ventilation and indoor air 

quality parameters are required to determine the success of a natural ventilation strategy 

in practice. The development of proper tools for the design, operation and retrofitting 

of naturally ventilated buildings may have a significant effect on utilisation of natural 

ventilation systems and, thus, on reduction of energy and CO2 emissions in the building 

sector. 

 
 Cons. eng. – consultant engineers; Gov. Dec. – governmental decision makers; Build. studies – building studies; 
Figure 1.10: Various stakeholders’ sources to natural ventilation knowledge by profession (vertical 

axis shows the percentage of interviewees using a source type) (Aggerholm, 1998). 

1.6 CFD in built environments 

For the last 50 years CFD has become progressively more popular and accessible for 

the research and industry sectors, mainly because of the advancement in computing 

processing power and the availability of commercial software. While there has been 

significant improvement in user friendly interfaces and the simplicity of use of 

commercial codes (when compared to the academic codes), it is still essential to ensure 

that CFD results are realistic (Gaspar & Pitarma, 2004). The ability to deal with complex 

flows within built environments has made CFD an important tool in improving building 
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health and safety (Cheng et al., 2007; Hathway et al., 2011); ensuring thermal comfort 

for occupants (Catalina et al., 2009; Chiang et al., 2012); testing energy efficient designs 

(Alajmi & El-Amer, 2010; Siriwardana et al., 2012); and applying required environmental 

conditions (Noh et al., 2010; Gonçalves et al., 2012). Zhai (2006) summarised typical 

CFD applications in building design, such as site planning, natural ventilation studies, 

HVAC system designs or pollution dispersion and control. 

When compared to other methods for predicting ventilation performance in buildings, 

CFD was found to be the most popular (Chen, 2009).  

1.7 Problem statement 

CFD simulations are powerful tools that can produce visually appealing results. 

However, the accuracy and reliability of CFD predictions remains a major concern  

(e.g. (AIAA, 1998; Mehta, 1998; Pelletier, 2010)). A converged CFD simulation does not 

necessarily mean a correct solution. The accuracy of the CFD results depends on the 

modeller’s knowledge of fluid dynamics, the expertise to handle complex boundary 

conditions and skills in numerical techniques (e.g. (Zhai et al., 2007; Leenknegt et al., 

2012; Ramponi & Blocken, 2012b)). Many types of errors may occur in a CFD 

simulation (e.g. discretisation, round-off, iteration, physical modelling or human errors). 

In order to obtain credible results, a systematic procedure for model generation should 

be followed. Moreover, the CFD model should (i) be created using verified software,  

(ii) employ systematic grid refinement studies and (iii) use experimental data to support 

model validation (Pelletier, 2010). Moreover, the performance indicators for the CFD 

models of built environments should be clearly specified. Those include (i) an energy 

efficiency of building envelope and ventilation systems, (ii) a good indoor air quality with 

a minimal risk of airborne contaminant propagation, and (iii) a satisfactory thermal 

comfort of building occupants. 

To date, research has focused on validating CFD models of indoor spaces, i.e. 

determining the degree to which a model is an accurate representation of the real world 

(AIAA, 1998). Despite the presence of best practice guidelines for creating, verifying and 

validating CFD models, no documented procedures for calibration of CFD models of 

internal environments have been developed (Hajdukiewicz et al., 2013b).  

CFD has been widely used at the design stage of the building life cycle (BLC)  

(Figure 1.11). However, in order to utilise CFD analysis at the construction and 
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operation stages, it needs to be supported by on-site measurements. The measurement 

of environmental conditions in operating buildings is essential to ensure the building 

is as was envisaged at design stage (Liu et al., 2003); particularly, when the building 

construction and operation differs from its initial design.  

 
Figure 1.11: The use of CFD in the process of the building life cycle (BLC). 

Reliability and robustness of CFD simulations are critical. Since the accuracy of CFD 

model boundary conditions is reflected in the model results, there is a demand for 

accurate CFD analysis of indoor spaces that reflects the environmental conditions 

in operating buildings. Figure 1.12 summarises the major deficiencies in CFD analysis 

of operating built environments. Firstly, the majority of CFD simulations of built 

environments are not supported by quantitative verification and validation studies to 

ensure the computational errors are minimised. Secondly, the importance of real time 

on-site measurements is not recognised. Moreover, even if it is recognised, there are no 

systematic methods for interpretation of measured data to support robust development 

and calibration of CFD models. 

 
Figure 1.12: Deficiencies in the CFD analysis of operating built environments. 
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Considering the barriers in implementing natural ventilation in buildings and the 

deficiencies in CFD analysis of operating built environments, this thesis poses a question: 

How can a systematic calibration methodology for developing reliable CFD models (that incorporates 

on-site measured data) support the operation and retrofitting of naturally ventilated internal 

environments? 

1.8 Proposed solution 

This research focuses on the development of a formal and systematic methodology that 

facilitates the utilisation of CFD simulation and on-site measurements at the operation 

stage of the BLC. There is a need for natural ventilation systems to be designed, 

commissioned and operated effectively and professionally; that provide sustainable, 

healthy and comfortable buildings and accommodate many independent groups with 

varying demands within an individual building space over the building lifetime. 

The motivation for systematically calibrated, credible CFD models of indoor 

environments is (i) a reliable prediction of environmental conditions in operating 

buildings that is in agreement with the on-site measurements; and (ii) the potential 

for an accurate simulation of indoor conditions with varying input parameters  

(reuse of the calibrated model for the purpose of indoor space retrofitting). 

In this research, calibrated 3D models of two challenging internal environments were 

developed (Figure 1.13). The models were calibrated using physical on-site measurements 

from wireless sensors and a weather station. Validation of numerical models with 

measured data was supported by specified validation criteria. Those criteria should 

depend on the performance indicators of the CFD model, such as energy demand, 

indoor air quality or thermal comfort. In this work, calibrated CFD models were utilised 

in the analysis of a thermal comfort of building occupants. Moreover, by using 

uncertainty analysis, the model boundary conditions were analysed for their effect on 

model results and its accuracy. This provided a systematic and robust calibration process 

and a methodology enabling the development of credible CFD models of operating 

naturally ventilated buildings.  

It is envisaged that the use of a formal calibration methodology, together with the WSNs 

deployed in operating buildings, can improve understanding of complex airflow patterns 

inside naturally ventilated indoor spaces. Furthermore, by supporting operation and 
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retrofit processes in naturally ventilated buildings, robust CFD models can lower 

the barriers to natural ventilation solutions and, thus, improve environmental conditions, 

increase occupants’ comfort and effectively save energy in buildings. 

 
Figure 1.13: Overview of the proposed solution. 

1.9  Thesis structure  

This thesis is divided into 4 main sections. Chapter 2 reviews published literature 

discussing the capabilities and challenges of CFD models and measurement platforms 

in built environments, with the focus on natural ventilation. Chapter 3 shows the CFD 

model calibration methodology in a systematic manner. Chapter 4 and Chapter 5 

describe the implementation of the formal calibration methodology in two naturally 

ventilated internal environments. The conclusions from the research and future work 

are presented in Chapter 6. 
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Chapter 2 
 Literature review 

“Wielkie odkrycie nie jest gotowym wytworem umysłu naukowca, niczym 

w pełni uzbrojona Minerwa wyskakująca z głowy Jowisza; jest ono owocem 

akumulacji prac przygotowawczych.”  

(“The great discovery is not a ready product of the scientist’s mind, such as 

fully armed Minerva springing from the Jupiter’s head; it (the great discovery) 

is a result of the accumulation of the preparatory works.”) 

      - Maria Skłodowska - Curie 
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2.1 Overview 

This literature review demonstrates the capabilities of computational fluid dynamics 

(CFD) to support the scientific analysis of environmental conditions in buildings. 

The challenges posed by CFD, such as mesh generation, boundary conditions 

specification, choice of turbulence models and the ability to estimate the accuracy of 

the results, are explored. This comprehensive review systematically presents published 

literature focusing on the CFD model verification, validation and uncertainty analysis. 

The importance of trusted experimental data to support the credibility of CFD 

simulations of built environments is emphasised. The advancement in measurement 

platforms, particularly wireless sensor network (WSN) technology, and how those 

platforms can be utilised to monitor and control environmental conditions in buildings 

are discussed. 

The review shows that, despite the presence of best practice guidelines for verification 

and validation of CFD models, grid verification is rarely reported in the literature when 

presenting CFD results of environmental conditions in buildings. Moreover, a significant 

amount of published validation studies are qualitative only and lack specific validation 

criteria.  

The review brings attention to the topic of natural ventilation in buildings, which 

contributes to providing healthy, comfortable and sustainable indoor environments. 

It has been shown that an analysis of natural ventilation is challenging due to complex 

airflow patterns and field dependent boundary conditions. For those reasons, 

the development of CFD models of naturally ventilated spaces requires CFD expertise, 

trusted validation data and the ability to interpret highly variable field measurements 

when specifying the boundary conditions and validating model results. 

Previous research has explored the influence of various CFD model input parameters 

on simulation results. However, there are still gaps regarding the lack of explicit and 

documented calibration methods for the development of CFD models of naturally 

ventilated internal environments under real-world conditions. There is a need for better 

understanding of natural ventilation simulation and measurement. Moreover, methods 

that account for field data in naturally ventilated buildings, including both model 

boundary conditions and model results (i.e. indoor environmental conditions) 

are required. 
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2.2 Credibility of CFD models 

The American Institute of Aeronautics and Astronautics (AIAA) clarified the 

terminology for verification, validation and calibration of CFD simulations  

(AIAA, 1998). More recently, two comprehensive studies provided clear guidance 

for verification, validation and reporting of the results of CFD simulations of indoor 

environments (Refs. (Chen & Srebric, 2002; Srebric & Chen, 2002)). Many additional 

guidelines on how to generate credible (i.e. verified and validated) CFD models, 

in general, have been developed (e.g. Refs. (Mehta, 1998; Stern et al., 1999; Oberkampf & 

Trucano, 2002; ASHRAE, 2005; Oberkampf & Trucano, 2008; ASME, 2009; Pelletier, 

2010)), in addition to studies analysing the uncertainty (i.e. numerical error estimation) 

in CFD simulations (e.g. Refs. (Roache, 1997; Freitas, 2002; Sørensen & Nielsen, 2003; 

Roy & Oberkampf, 2011)). Moreover, concerned about the accuracy and reliability 

of CFD simulations, Blocken and Gualtieri (2012) applied a ten-steps approach 

of disciplined model practice (proposed by Jakeman et al. (2006)) to CFD modelling 

of natural ventilation in a football stadium case study. The approach presented by the 

authors encompassed and extended the existing best practice guidelines for CFD model 

development by addressing particular questions that would enhance the decision making 

process during CFD model development (e.g. purposes for modelling, modelling 

context, selection of model features, quantification of uncertainty). Furthermore, 

motivated by the lack of detailed case studies in which the CFD simulations were 

validated with on-site measurements, Blocken et al. (2012) developed a general CFD 

simulation and decision framework for evaluating pedestrian wind comfort and safety 

in urban areas. The framework was based on existing best practice guidelines and applied 

to a complex real-life scenario. However, despite the presence of best practice guidelines 

for the development of credible CFD models, there are still concerns regarding the lack 

of formal calibration methods for CFD models of naturally ventilated internal 

environments (Hajdukiewicz et al., 2013b). 

2.3 CFD model development 

The internal airflow in buildings is unique because of the space geometry (e.g. Refs. (Lee 

& Awbi, 2004; Méndez et al., 2008)), ventilation type (e.g. Refs. (Ho et al., 2011; Adamu 

et al., 2012)), heat sources (e.g. Refs. (Defraeye & Carmeliet, 2010; Salmanzadeh et al., 

2012)) and contaminant sources (e.g. Refs. (Saidi et al., 2011; Wang & Chow, 2011)). 
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Thus, in order to accurately investigate indoor conditions using CFD models, an 

understanding of the physical processes being modelled, knowledge and experience in 

mesh generation, boundary conditions specification, choice of turbulence models and 

discretisation scheme, and an ability to estimate the results accuracy are of extreme 

importance. 

2.3.1 Geometry and mesh generation 

2.3.1.1 Geometry 

Starting with a simple geometry may be beneficial, before modelling a complex 

environment of a specific indoor space. Simpler models can help better understand the 

principles of fluid flow and capabilities of CFD in the particular scenario, with a lower 

computational cost. Srebric et al. (2008) showed that simplified human simulators can 

provide accurate temperature profiles within the modelled room. Topp et al. (2003) 

explored the impact of human manikin’s geometry on contaminant distribution and 

its personal exposure in a room with the displacement ventilation. The authors did not 

find any significant difference between the simple rectangular shaped manikin and more 

complex humanlike geometry when predicting personal exposure. However, 

the contaminant concentration distributions around the manikin were different for two 

types of geometries due to different convective flows. When the interest is focused 

on the airflow around the human simulators, more care should be taken when specifying 

boundary conditions. Zukowska et al. (2012) showed significant influence of thermal 

insulation and the design of clothing and chair, as well as the blocking effect of a table 

on the thermal plume above a sitting manikin. 

2.3.1.2 Mesh 

Mesh (or grid) generation is an important step in the development of CFD models. 

In order to perform a CFD analysis, a model domain needs to be divided into smaller 

and non-overlapping subdomains (cells) where the flow physics (i.e. discrete values 

of flow properties, such as pressure, velocity, temperature, etc.) are solved numerically 

(Tu et al., 2008). There are two main types of mesh generation: structured and 

unstructured. For the structured meshes all mesh lines are regular in two (for 2D meshes) 

or three (for 3D meshes) directions. The unstructured meshes do not require the 

regularity condition and they consist of freely assembled cells (e.g. polyhedral cells). 

Unstructured meshes are very popular in commercial CFD codes, even though they are 
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more complicated to generate and more computationally expensive than the structured 

meshes (Tu et al., 2008). 

Mesh quality is important in controlling simulation errors and, thus, should be given 

sufficient consideration. Significant measures of mesh quality include mesh 

orthogonality, expansion and aspect ratio (Ansys, 2012). A successful mesh generation 

process is complex and often time consuming. However, most commercial CFD codes 

are equipped with user friendly interfaces that enable modellers to quickly develop 

adequate meshes in reasonable time frames.  

2.3.2 Boundary conditions 

The accuracy of CFD simulations strongly depends on model inputs specified by the 

modeller. In order to develop credible and robust CFD models that represent indoor 

environments accurately, a level of detail in geometry of boundary conditions, proper 

specification of inlet/outlet and wall conditions, as well as heat and contaminant sources 

are crucial. The correct specification of CFD boundary conditions influences not only 

the accuracy of the results, but also numerical stability of the model. Many suggestions 

and guidelines regarding this topic are available in technical documentation of CFD 

codes (e.g. Refs. (Ansys, 2012)). 

2.3.2.1 Inlet/outlet 

In terms of inlet/outlet conditions specification, previous research stressed the 

importance of the accurate estimation of the velocity profiles at the openings, as it is 

critical in proper calculation of airflow entering the building (Larsen et al., 2011). 

The authors confirmed that the normal velocity component along the opening width was 

of turbulent nature, as opposed to laminar. Cao and Meyers (2013) investigated the 

influence of turbulent inlet boundary conditions on airflow characteristics and pollutant 

dispersion in a mechanically ventilated enclosure, emphasising the importance 

of imposing realistic boundary conditions for turbulence models. Liu et al. (2009) found 

external ambient temperature had a larger effect on the temperature distribution in 

a buoyancy-driven naturally ventilated atrium than the thermal load inside the building. 

While, Tian et al. (2011) showed that stratum ventilation supply air temperature had 

a significant impact on thermal comfort of the occupants in an office. 
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2.3.2.2 Heat transfer 

In the field of heat transfer modelling, Pan et al. (2008) investigated thermal and sunlight 

performance of a highly glazed waiting hall of a train station. Validation with field 

measurements confirmed the ability of CFD to predict complex thermal phenomena in 

highly glazed spaces, as long as the boundary conditions are properly specified. Gendelis 

and Jakovičs (2010) found the location and type of the heater, air infiltration through the 

room’s envelope and solar radiation sources had a significant influence on the airflow 

inside the room. Park and Holland (2001) studied the effect of convective heat source 

vertical location in a room using displacement ventilation. The heat source location was 

found to have significant effects on the level of air temperature stratification and the 

behaviour of gravity current inside the room. Rundle et al. (2011) showed the superiority 

of the discrete transfer radiation model over the Monte Carlo model to accurately 

simulate radiation heat transfer in atria, even with a coarse mesh. 

Heat from the human body is transferred to the environment by convection, radiation, 

evaporation and respiration. Kilic and Sevilgen (2008) showed that most heat from the 

human body is released to the environment by radiation. Srebric et al. (2008) 

recommended the convection to radiation (C:R) heat flux ratio for human simulators 

as 30:70. Moreover, Norton et al. (2010) in their study of heat transfer from calves in 

a livestock building found that, unless the efforts involved in model development may be 

repaid by the accuracy of the results, the simulations should be kept as simple as possible 

(e.g. with an assumption of a fixed ratio between convective and radiative heat transfers 

from animals). 

2.3.2.3 Contaminant concentration 

There have been many concerns about the air quality in built environments and the 

negative effects of contaminant dispersion on occupants’ health and product quality. 

Thus, many researchers have explored the topic of contaminant sources and distribution 

inside indoor spaces. Validated CFD simulations provided valuable information about 

the airborne contaminant source location and transport mechanisms in an aircraft cabin 

(Yan et al., 2009). In order to increase the speed of the convergence process, Srebric 

et al. (2008) proposed to represent the indoor contaminant source by an area source 

in CFD model that is larger than the physical size of the contaminant source in the real 

environment. This would not influence the accuracy when the source point is in a well 

predicted airflow field. However, caution must be taken when analysing the source point 
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located in a complicated airflow field. Poussou et al. (2010) utilised CFD simulation 

validated with measurements from a small-scale water-based model in order to explore 

the influence of moving persons on the airflow and contaminant transport inside 

an aircraft cabin. Furthermore, Saidi et al. (2011) showed that the contaminant source 

motion and its path influenced the contaminant dispersion inside the clean room 

to a great extent. 

2.3.3 Turbulence 

The accuracy of CFD simulations depends on the modeller’s knowledge, experience 

in fluid dynamics and skills in numerical techniques (Zhai et al., 2007). Choosing 

the appropriate turbulence model is a crucial issue for creating a reliable and accurate 

CFD simulation. The performance of various turbulence models for modelling airflows 

in built environments has been published widely in previous literature. A comprehensive 

study by Zhang et al. (2007) evaluated, in terms of accuracy and computational cost, 

the performance of eight turbulence models (from the families of Reynolds averaged 

Navier-Stokes (RANS), large eddy simulation (LES) and detached eddy simulation 

(DES)) in order to simulate indoor airflow. The accuracy of those models was evaluated 

by validating the CFD results with experimental data available in literature. The results 

revealed that generally LES provided more detailed flow features than RANS; however, 

with much higher computational cost and not always higher accuracy. Thus, the authors 

found the performance of turbulence models dependent on the flow characteristics 

(Zhang et al., 2007). Based on the study, Figure 2.1 summarises tested turbulence models 

that resulted in acceptable accuracy for various airflow types. 

 
Figure 2.1: The best suited turbulence models for various airflow types (Zhang et al., 2007). 
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In order to simulate indoor air temperatures in an atrium building with buoyancy-driven 

ventilation, Liu et al. (2009) searched for the most accurate turbulence model. It was 

observed that the re-normalisation group (RNG) k-ε and zero-equation turbulent 

schemes provided good agreement with the measurements in the heated zone; while, 

for the buoyancy-driven conditions of an atrium space, the laminar and zero-equation 

CFD models were most accurate. A systematic validation of the CFD model of an atrium 

with on-site measurements noted that the k-ω turbulence model accurately simulated 

indoor fluid flows and heat transfer (Rundle et al., 2011). Moreover, Hussain et al. (2012) 

systematically evaluated the performance of various turbulence models (one-equation, 

standard k-ε, RNG k-ε, realisable k-ε, standard k-ω and shear stress transport (SST) k-ω) 

to simulate indoor conditions in atria. The results of CFD simulations, including discrete 

transfer radiation model, were compared to measurements in two existing buildings. 

Relatively good agreement was found between measured data and all turbulence models’ 

results. However, the SST k-ω turbulence model proved to be more suitable than k-ε 

models for modelling atria spaces. 

The investigation of turbulence modelling (standard k-ε, the RNG k-ε, SST k-ω and 

laminar model) in CFD simulations of office spaces was presented in a comprehensive 

study by Stamou and Katsiris (2006). Calculations displayed the ability of all tested 

models to predict the main qualitative features of the flow and temperature stratification 

well. However, from the quantitative point of view, the SST k-ω model demonstrated the 

best agreement with the measurements. Srebric et al. (2008) also investigated different 

turbulence models (LVEL, standard k-ε, RNG k-ε) based on an office room with human 

simulators. It was recommended to use one of the k-ε models, as they were found 

to predict airflow and heat transfer in that scenario very well. Karimipanah et al. (2007) 

investigated indoor conditions inside a class room with confluent jet ventilation system. 

The predictions of air temperatures and velocities for two CFD models (with standard 

k-ε and RNG k-ε turbulence models) were compared to the measurements in a full-scale 

setup classroom with manikins. The air temperature prediction was acceptable for both 

turbulence models. However, the RNG k-ε model was found to predict air velocities in 

an occupied zone more accurately than the standard k-ε model. A study by Ruponen and 

Tinker (2007) evaluated methods for estimating thermal comfort indoors.  The authors 

used validated CFD results to test the k-ε and the SST k-ω turbulence models for 

modelling thermal and isothermal indoor airflows. 
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The k-ε model showed better agreement with measured data in the isothermal case. 

However, in the non-isothermal scenario the SST k-ω performed better. 

The ability of various turbulence models, to simulate airflow and temperature 

distribution inside mechanically ventilated spaces, has also been previously evaluated. 

For instance, Kuznik et al. (2007) tested two equation turbulence models (realisable k-ε, 

RNG k-ε, k-ω and SST k-ω) by validating CFD results with full-scale experimental data. 

The turbulence models were tested for mechanically ventilated hot, cold and isothermal 

scenarios. All investigated models were able to reasonably predict global values of 

temperature and velocity for hot and isothermal scenarios. However, none of the models 

tested were reliable in the cold scenario. Furthermore, Rouaud and Havet (2002) 

examined the standard k-ε and the RNG k-ε turbulence models to predict the airflow 

in a food-processing clean room. The RNG k-ε turbulence model predicted more 

complex trajectories than the standard k-ε model, which overestimated the turbulent 

diffusion. Thus, the RNG k-ε turbulence model was noted as being the most suitable 

to calculate the airflow in clean rooms. 

In terms of large internal environments, Rohdin and Moshfegh (2007) investigated 

indoor conditions of complex industrial premises utilising CFD. Several turbulence 

models (standard k-ε, RNG k-ε and realisable k-ε) were tested by qualitative and 

quantitative validation with field measurements, resulting in RNG k-ε showing the best 

agreement with the measurements. Furthermore, Gebremedhin and Wu (2003) 

investigated the performance of various turbulence models in CFD analysis of 

agricultural buildings. The authors simulated airflow in a ventilated space randomly 

occupied by cows. Testing several turbulence models (standard k-ε, RNG k-ε, low 

Reynolds number k-ε, k-ω and Reynolds stress model (RSM)) proved the RNG k-ε to be 

the most suitable for that type of simulation. However, the conclusion was based only 

on convergence and computational stability, and was not supported by validation data. 

Shen et al. (2012) estimated ventilation rates in naturally ventilated livestock building in 

varied wind conditions. Several RANS turbulence models (k-ε, RNG k-ε, realisable k-ε,  

k-ω and SST k-ω) were investigated and compared to wind tunnel measurements. 

The overall ventilation rate through the building was best predicted by the standard k–ω 

turbulence model. 
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2.4 Verification 

The first step in the process of estimating credibility and accuracy of CFD models is 

verification. Verification determines if the CFD simulation accurately predicts the 

conceptual model. Verification does not prove whether there is any relationship between 

the simulation results and the real world (AIAA, 1998). There are two types of CFD 

verification: (i) CFD code verification and (ii) CFD model verification. CFD code 

verification involves error evaluation from a known solution in order to find incorrect 

implementations of conceptual models and input errors in the code. Gaspar and Pitarma 

(2004) presented an example of code verification by evaluating the performance of 

commercial and academic codes against the experimental data for a typical ventilation 

case study. The CFD model verification focuses on error estimation to define the 

accuracy of CFD calculations and finding the error band of the model results (Slater, 

2008). The accuracy of CFD simulation depends on the discretisation errors and, thus, 

on the number of cells used in the mesh. A model with a larger number of mesh cells 

provides a more accurate solution; however, this is at the price of higher computational 

cost and calculation time (Tu et al., 2008). Hence, CFD model verification is 

an important step to find the appropriate compromise between the level of uncertainty 

and computational requirements. As shown previously (Pelletier, 2010), comparing 

predictions directly to measurements without performing a grid independence (also 

called sensitivity or refinement) study could give the modeller a false sense of confidence 

in the CFD tool. CFD model verification can be done in a qualitative and quantitative 

manner. A qualitative verification involves graphical comparison between the simulation 

results for different mesh densities. A quantitative verification requires a comparison 

between the “quantities” of the results and may utilise comparison methods, such as 

relative difference, mean squared error, etc. In order to unify reporting of CFD model 

verification through grid independence studies, the grid convergence index (GCI) was 

developed (Roache, 1994). It has been shown that systematic grid refinement studies,  

to establish a grid independent solution, are a straightforward and reliable technique 

for numerical uncertainty quantification (Roache, 1997). Hence, GCI has become 

a widely used parameter to perform model verification studies in the CFD community 

(e.g. (Freitas, 2002; Celik, 2008)).  

Table 2.1 systematically presents validated CFD studies of built environments published 

as journal articles in the last 12 years. This table indicates whether the qualitative and 
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quantitative grid verification and validation studies were reported in those publications. 

Despite the specific guidelines regarding the estimation of discretisation errors through 

grid sensitivity studies (Celik, 2008), grid verification has been rarely reported in the 

literature when results of CFD models of built environments were presented. Only 33% 

of the studies shown in Table 2.1 included the results of grid verification, and amongst 

those studies just 45% were quantitative. Furthermore, only one study in a group of 63 

studies presented in Table 2.1 performed model verification using the previously 

recommended GCI method (Celik, 2008), in order to estimate the model uncertainty 

due to discretisation errors. 

 

Table 2.1: Grid verification and validation studies in CFD models of built environments. 

Zone type Publication 
Grid verification reported Validation reported 

Qualitative 
(graphically) 

Quantitative 
Qualitative 

(graphically) 
Quantitative 

Agricultural 
building 

(Nahor et al., 2005) no no yes Comparison & 
Relative difference [%] 

(Blanes-Vidal et al., 
2008) no no yes Comparison & Difference & 

Relative difference 

(Norton et al., 2010) no Coefficient of variation of root 
mean square deviation yes 

Comparison & 
Coefficient of variation of root 

mean square deviation 
(Delele et al., 2012) no no yes no 

(Mostafa et al., 2012) no no no 
Difference & 

Relative difference [%] & 
Normalised mean squared error 

Atrium 
space 

(Ji et al., 2007) yes  Relative difference [%] yes no 
(Gutiérrez-Montes et al., 

2008) no no yes Comparison 

(Liu et al., 2009) no  Root mean square error yes Correlation & Difference 
(Pan et al., 2010) no no yes Relative difference [%] 

(Rundle et al., 2011) no no yes Difference & 
Relative difference [%] 

(Walker et al., 2011) no no yes Comparison & 
Relative difference [%] 

(Hussain et al., 2012) yes Comparison & 
Relative difference [%] yes Comparison & 

Relative difference [%] 
(Hussain & Oosthuizen, 

2012) yes  Comparison yes Comparison & 
Relative difference [%] 

Car park 
(Viegas, 2010) no no yes no 

(Tilley et al., 2012) yes no yes Comparison 

Classroom 
(Karimipanah et al., 

2007) no no no Comparison 

(Lin et al., 2011b) no no yes no 

Clean room 
(Nam, 2000) no no yes no 

(Shih et al., 2009) no no yes Relative difference [%] 

Data centre 
(Cho et al., 2009) no no yes no 

(Siriwardana et al., 2012) no no yes no 
Hospital 

room 
(Hathway et al., 2011) no no yes no 
(Wang & Chow, 2011) no no yes no 

Ice skating 
arena (Yang et al., 2001) no no yes no 

Industrial 
factory 

(Rohdin & Moshfegh, 
2007) no no yes no 

(Rohdin & Moshfegh, 
2011) no no yes Deviation 

(Tanasić et al., 2011) no no yes no 
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Zone type Publication 
Grid verification reported Validation reported 

Qualitative 
(graphically) 

Quantitative 
Qualitative 

(graphically) 
Quantitative 

Model 
building 

(Jiang et al., 2003) no Relative difference [%] yes Relative difference [%] 
(Vera et al., 2010) no no yes Comparison 
(Gao & Lee, 2011) no no yes Relative difference [%] 

(Bangalee et al., 2012) no Relative difference [%] yes no 

(Caciolo et al., 2012) no no yes Comparison & 
Relative difference [%] 

(Shen et al., 2012) no Comparison yes 
Comparison & 

Coefficient of variation of root 
mean square deviation 

Model room 

(Jiang & Chen, 2003) no no yes Comparison 

(Posner et al., 2003) no no yes Comparison & 
Relative difference [%] 

(Gaspar & Pitarma, 
2004) no no yes Difference & 

Relative difference 
(Lee & Awbi, 2004) yes  no yes no 

(Zhang & Chen, 2006) no no yes no 

(Asfour & Gadi, 2007) no no no Comparison & 
Relative difference [%] 

(Kuznik et al., 2007) yes  Relative difference [%] yes Comparison 
(Tapsoba et al., 2007) no no yes Relative difference [%] 

(Tian et al., 2007) no Relative difference [%] yes no 
(Rusch et al., 2008) no no yes Comparison 

(Catalina et al., 2009) yes no yes Difference 

(Audouin et al., 2011) no no yes Relative difference & 
Euclidean difference 

(Chafi & Hallé, 2011) no no yes Comparison 
(Hughes & Cheuk-Ming, 

2011) yes no yes Relative difference [%] 

(Nguyen & Reiter, 2011) no Comparison & 
Relative difference [%] yes no 

(Sevilgen & Kilic, 2011) no no no Comparison & 
Difference 

(Chen et al., 2012) no no yes no 
(Ramponi & Blocken, 

2012a) yes no yes no 

(Salmanzadeh et al., 
2012) no no yes Comparison 

Office 

(Stamou & Katsiris, 
2006) no no yes Comparison & 

Difference 
(Srebric et al., 2008) yes no yes no 

(Xu et al., 2009) no no yes no 
(Koskela et al., 2010) no no yes no 

(Lin et al., 2011a) no no yes Difference 

(Chiang et al., 2012) yes Deviation yes Comparison & 
Relative difference [%] 

(Hajdukiewicz et al., 
2013b) yes Grid convergence index yes Comparison & 

Difference 
Operating 

theatre (Loomans et al., 2008) no no no Comparison 

Stadium 

(Hooff & Blocken, 
2010a) 

& (Hooff & Blocken, 
2010b) 

no Normalised relative difference 
[%] yes Deviation 

Train 
station 

(Yuan & You, 2007) no no yes no 
(Li et al., 2009) no Relative difference [%] yes Difference 
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2.5 Validation 

The second step on the road to credible CFD models is validation. CFD model 

validation determines how accurately the model represents phenomena in the real world 

(AIAA, 1998). This is done through qualitative and/or quantitative comparison of CFD 

results with trusted experimental data. It can be difficult to estimate results accuracy for 

complex CFD studies. Hence, verification and validation studies, together with 

uncertainty analysis, should accompany any reliable CFD simulation (Blocken & 

Gualtieri, 2012).  

Typically, a CFD validation procedure involves only qualitative, graphical comparison 

of model results and experimental data (Oberkampf & Trucano, 2002). It is common 

in CFD studies that only the general conclusion, about ‘acceptable’, ‘satisfactory’, ‘good’, 

etc. prediction, is drawn when comparing numerical and experimental results. However, 

the specification and application of validation criteria (also called metrics by some 

authors) is the most important practice in validation activities (Oberkampf et al., 2004). 

Those criteria are used to quantitatively compare simulation and experimental results. 

Validation criteria should quantify errors and uncertainties in both simulated and 

experimental data. Literature indicates that some attempts to quantify the differences 

between the simulation and measurements have been made. For instance, a previous 

study developed validation metrics that should apply to physical systems in fluid 

dynamics, heat transfer and solid mechanics (Oberkampf & Barone, 2006). The proposed 

metrics were based on the statistical concept of confidence intervals to validate 

computational models with experimental data. Ierardi and Barnett (2003) tested linear 

regression and relative error as validation methods on examples including fire plume and 

ceiling jet CFD modelling. A study by Audouin et al. (2011) quantitatively compared 

CFD results of a room fire simulation with full-scale experimental measurements. 

The comparisons were made using a relative difference method and a normalised 

Euclidean distance method.  Furthermore, the percent error method was used in order 

to quantitatively assess the differences between the CFD model results and the 

measurements (i) in a small-scale naturally ventilated building (Walker et al., 2011), 

or (ii) in a full-scale building with a single-sided natural ventilation system (Caciolo et al., 

2012). 
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There are several methods to obtain validation data for computational models:  

(i) analytical models, (ii) small-scale experimental models, (iii) full-scale experimental 

models and (iv) field measurements. The analytical models have been sparsely reported 

in recent research literature (Chen, 2009); even though, those models are probably the 

most mature amongst the methods for predicting ventilation performance in buildings 

and are still quite effective and powerful (Asfour & Gadi, 2007). Small-scale experimental 

setups are cheaper and easier to build than the full-scale models. However, when using 

small-scale setups scaling issues associated with the thermo-fluid dimensionless 

parameters may occur (Chen, 2009). Field measurements provide reliable information 

about the conditions in the real environment. Even though they may be expensive, time 

consuming and limited by the amount of instrumentation available and obstacles 

in operating buildings, field measurements are used to provide boundary conditions 

for the computational model and/or validate simulation results. However, field data are 

always to some degree uncertain and this uncertainty is only marginally caused by the 

instrumentation error (Schatzmann & Leitl, 2011). The variability and unexpected 

changes of conditions in operating (particularly naturally ventilated) buildings are 

challenging when collecting and interpreting measured data to support numerical 

simulations. 

Table 2.1 (Section 2.4) demonstrates that 37% of reported validated CFD studies 

of indoor environments are only qualitative. Moreover, a review of published literature 

found a lack of specific criteria for validating CFD simulations of built environments. 

Table 2.2 gives a more detailed overview of those validated CFD studies of indoor 

spaces, considering the source and type of validation data. 40% of presented CFD 

studies validated their results with field measurements, 37% used measurements in 

full-scale setups and 22% utilised small-scale setup measurements in order to validate 

CFD models. This shows that the field data together with the full-scale experimental 

measurements are the most popular data types to validate CFD models. Furthermore, 

only 28% of the CFD studies validated with field measurements considered natural 

ventilation. This may be due to the fact that interpretation of much variable field 

measurements, in terms of boundary and environmental conditions, in naturally 

ventilated spaces is challenging. 
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Table 2.2: Overview of validated CFD studies of built environments. 

Zone type Publication CFD code 
Validation 
data source 

Ventilation 
type 

Validation data type 

Air 
temp. 

Air 
velocity 

Flow 
rate 

Other 

Agricultural 
building 

(Nahor et al., 2005) CFX v.4.4 FM Mechanical √ √   
(Blanes-Vidal et al., 

2008) Fluent v.6.0 FM Mechanical  √   

(Norton et al., 2010) STAR-CCM+ SSM & FM Natural √ √  Heat flux 

(Delele et al., 2012) Ansys v.12.1 FSS Mechanical    Contaminant 
concentration (fungicide) 

(Mostafa et al., 2012) Fluent v.6.2 FM Natural √    

Atrium 
space 

(Ji et al., 2007) CFX v.4.4 AM & SSM Natural   √ 
Buoyancy force (reduced 

gravity) & Interface height 
(stratification level) 

(Gutiérrez-Montes 
et al., 2008) Fluent v.6.2 FSS Natural & 

Mechanical √ √ √ Wall temperature 

(Liu et al., 2009) AirPak v.2.1 SSM Natural √    
(Pan et al., 2010) Fluent v.6.3 FM Mechanical √    

(Rundle et al., 2011) Ansys CFX FM Mechanical √    

(Walker et al., 2011) Phoenics 
v.3.5 SSM Natural √ √ √  

(Hussain et al., 2012) Fluent 
v.6.3.26 FM Mechanical √    

(Hussain & 
Oosthuizen, 2012) 

Fluent 
v.6.3.26 FM 

Natural 
(Hybrid 
solar-

assisted) 

√    

Car park 
(Viegas, 2010) Fire Dynamics 

Simulator v.4 AM Mechanical √ √   

(Tilley et al., 2012) Fire Dynamics 
Simulator v.5.2.5 FM Mechanical √   Smoke blacklayering 

distance 

Classroom 
(Karimipanah et al., 

2007) Vortex v.4.0 FSS Mechanical √ √  Air exchange efficiency 

(Lin et al., 2011b) Fluent v.6.2 FM Mechanical √ √   

Clean room 
(Nam, 2000) REFLEQS SSM Mechanical √    

(Shih et al., 2009) STAR-CD v.3.24 FM Mechanical    Contaminant 
concentration (SF6) 

Data centre 
(Cho et al., 2009) STAR-CD FM Mechanical √    
(Siriwardana et al., 

2012) Ansys CFX FM Mechanical √    

Hospital 
room 

(Hathway et al., 2011) Fluent v.6.2 FSS Mechanical    Contaminant 
concentration (bioaerosol) 

(Wang & Chow, 2011) Fluent v.6.1 FSS Mechanical    Contaminant 
concentration (oil smoke) 

Ice skating 
arena (Yang et al., 2001) Phoenics v.3.1 FM Mechanical √ √  Contaminant 

concentration (PFT&CO) 

Industrial 
factory 

(Rohdin & Moshfegh, 
2007) Fluent v. 6.1 FM Mechanical √ √   

(Rohdin & Moshfegh, 
2011) 

Ansys Fluent 
v.12 FM Mechanical √ √  Contaminant removal 

(Tanasić et al., 2011) Fluent v.6 
& AirPak v.3.0.16 FM Mechanical √    

Model 
building 

(Jiang et al. ,2003) - SSM Natural  √  Mean pressure coefficient 
(Vera et al., 2010) AirPak v.3.012 FSS Mechanical √ √ √ Humidity ratio 
(Gao & Lee, 2011) AirPak FM Natural    MAA 

(Bangalee et al., 2012) Ansys CFX 12.0 SSM Natural  √   
(Caciolo et al., 2012) Fluent v.6.2 FM Natural √ √ √ Turbulence intensity 

(Shen et al., 2012) Ansys Fluent 
v.12.0 SSM Natural   √ Pressure coefficient 
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Zone type Publication CFD code 
Validation 
data source 

Ventilation 
type 

Validation data type 

Air 
temp. 

Air 
velocity 

Flow 
rate 

Other 

Model 
room 

(Jiang & Chen, 2003) - FSS Natural √ √  Air change rate & 
Turbulence energy spectra 

(Posner et al., 2003) Fluent v.4.3 SSM Mechanical  √   

(Gaspar & Pitarma, 
2004) 

CFX v.5.6 
& Fluent v.6.0 
& CLIMA 3D 

SSM Mechanical √ √   

(Lee & Awbi, 2004) Vortex SSM Mechanical  √  
Local air change index & 

Local MAA & 
Ventilation rate 

(Zhang & Chen, 2006) Fluent v.6.2 FSS Mechanical √ √  
Contaminant 
concentration 

(Di-Ethyl-Hexyl-Sebacat) 
(Asfour & Gadi, 2007) Fluent v.5.5 NM Natural   √  
(Kuznik et al., 2007) Fluent v.6.1.18 FSS Mechanical √ √  Jet expansion rate 

(Tapsoba et al., 2007) Fluent SSM Mechanical  √  
Static pressure & 

Turbulence intensity & 
 Jet trajectory 

(Tian et al., 2007) Fluent v.6.1 SSM & FSS Mechanical  √  Contaminant 
concentration (aerosol) 

(Rusch et al., 2008) Ansys CFX 
v.10.0 FSS Mechanical √ √   

(Catalina et al., 2009) STAR-CCM+ FSS Mechanical √   MRT 

(Audouin et al., 2011) FDS & ISIS 
& SAFIR FSS & ZM Mechanical   √ 

Gas temperature & 
Oxygen concentration & 
Wall temperature & Heat 
flux & Relative pressure 

(Chafi & Hallé, 2011) Comsol v.3.3 FSS Mechanical √ √  PMV & PPD 
(Hughes & Cheuk-

Ming, 2011) Fluent v.6.2 FM Natural  √   

(Nguyen & Reiter, 
2011) Phoenics 2009 SSM Natural  √   

(Sevilgen & Kilic, 
2011) Fluent v.6.0 FSS Natural √ √  RH 

(Chen et al., 2012) Ansys Fluent 
v.13 FSS Mechanical  √   

(Ramponi & Blocken, 
2012a) Fluent v.6.3 SSM Natural  √   

(Salmanzadeh et al., 
2012) Fluent FSS Mechanical  √  Contaminant 

concentration (aerosol) 

Office 

(Stamou & Katsiris, 
2006) CFX v.5.5.1 FM Mechanical √ √   

(Srebric et al., 2008) Phoenics v.3.6 FSS Mechanical √ √  Contaminant 
concentration (SF6) 

(Xu et al., 2009) Fluent v.6.2 FSS Mechanical √ √  Contaminant 
concentration (SF6) 

(Koskela et al., 2010) Ansys CFX v.11 FSS Mechanical  √   

(Lin et al., 2011a) Fluent v.6.2 FSS Mechanical √ √  Contaminant 
concentration (CO2) 

(Chiang et al., 2012) Phoenics FSS Mechanical √    
(Hajdukiewicz et al., 

2013b) 
Ansys CFX 

v.12.1 FM Natural √ √   

Operating 
theatre (Loomans et al., 2008) WISH3D FSS Mechanical    Contaminant 

concentration (SF6) 

Stadium 

(Hooff & Blocken, 
2010a) 

& (Hooff & Blocken, 
2010b) 

Fluent v.6.3 FM Natural  √  Wind direction 

Train 
station 

(Yuan & You, 2007) AirPak FM Mechanical  √   
(Li et al., 2009) STAR-CD v.3.26 FM Mechanical √ √   

FM – field measurements; FSS – full-scale setup; SSM – small-scale model; AM – analytical model; NM – network 
model; ZM – zone model; MAA – mean age of air; MRT – mean radiant temperature; RH – relative humidity; 
PMV – predicted mean vote; PPD – predicted percentage of dissatisfied; PFT - Perfluorocarbon tracer gas; 
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2.6 Uncertainty analysis 

Calibration has been described as the process of adjusting physical or numerical 

parameters in the CFD model in order to improve the agreement between model results 

and experimental data (AIAA, 1998). Once the computational model is calibrated with 

trusted experimental data, new model scenarios can be simulated and their results can be 

accepted with a low level of uncertainty (Avila & Pitt, 2008). However, the CFD model 

calibration process is not straightforward. As CFD simulations can be very sensitive to 

a large number of user-defined computational parameters, both numerical and 

non-numerical, detailed sensitivity studies are necessary to evaluate the impact of those 

parameters on model results. Once the most influential input parameters are known, 

they can be adjusted and the calibration process may be finalised.  

Previous research extensively investigated the influence of various CFD model input 

parameters on simulation results in the field of built environments. For instance, 

validated CFD results supplied valuable findings about the impact of internal partitioning 

on ventilation performance in rooms (Lee & Awbi, 2004) and the influence of 

obstructions on indoor airflow patterns (Posner et al., 2003). 

In terms of mechanical ventilation, Chen et al. (2012) explored the effects of input 

parameters (such as jet discharge height, diffuser geometry, supply airflow rate and 

confinement from surrounding environment) on airflow features in a room with 

an impinging jet concept ventilation strategy. Moreover, validated CFD models gave 

an indication of the significant influence of a thermal plume generated above a human 

occupant, on the particle transport in rooms with displacement ventilation (Salmanzadeh 

et al., 2012). 

From the natural ventilation point of view, Horan and Finn (2008) studied the impact 

of external wind speeds and directions on ventilation rates inside an atrium space; while, 

Hooff and Blocken (2010b) utilised coupled urban and indoor wind flow CFD 

simulations to assess the influence of wind direction and urban surroundings on 

ventilation rates in semi-enclosed stadium. The effects of window opening widths on the 

airflow inside a room (Visagavel & Srinivasan, 2009) or opening configurations on the 

airflow in a model room (Ayad, 1999) have been also previously investigated. In addition, 

Gao and Lee (2011) modelled the influence of opening configurations on ventilation 

performance in residential units.  Furthermore, Ramponi and Blocken (2012b) found that 
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no generic sensitivity studies for CFD simulation 

of natural cross-ventilation have been developed. Hence, the authors investigated the 

impact of a range of computational parameters (such as the size of the computational 

domain, resolution of the computational grid, inlet turbulent kinetic energy of the 

atmospheric boundary layer, turbulence model, order of discretisation schemes and 

convergence criteria) on simulation results. 

Despite the presence of literature presenting CFD model verification, validation and 

uncertainty analysis, no methodical procedures for the calibration of CFD models 

of indoor environments with field data measured in operating buildings, have been 

developed (Hajdukiewicz et al., 2013b). 

2.7 Wireless measurement systems 

A wireless sensor network (WSN) is a collection of wireless sensor nodes organized into 

a network (Figure 2.2). Those nodes consist of processing capability, contain a memory, 

have a radio frequency (RF) transceiver, a power source, and accommodate various 

sensors and actuators. The nodes communicate wirelessly and transmit processed data 

to a sink node and finally the user (Mhatre & Rosenberg, 2004). 

 
Figure 2.2: Wireless sensor network (WSN) architecture (Othman & Shazali, 2012). 

Recently, wireless sensors and WSN have become popular in the scientific community 

(Arampatzis et al., 2005). Wireless sensors have been getting smaller, cheaper and 

intelligent (Yick et al., 2008). Devices can be linked in networks and can have important 

applications, particularly in environmental monitoring. Wireless sensors measuring 

air/surface temperatures, airflow components, contaminant concentrations (e.g. CO2), 

light, noise, occupancy, energy consumption, position of the actuators, etc. can be 

utilised to control indoor environments. 
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The popularity of WSNs is due to the ease, flexibility and the low cost of deployment; 

as well as a possibility of fine resolution monitoring (relatively small monitoring grid). 

Demirbas (2005) provided a summary of the state-of-the-art in WSN, including those 

used for indoor environment monitoring; and investigated the feasibility of monitoring 

large public buildings using WSNs.  The authors found the WSNs had a high commercial 

potential in monitoring of large public buildings. However, such a monitoring in real-life 

scenarios required an interdisciplinary collaboration between researchers from computer 

science and engineering disciplines. Furthermore, Yick et al. (2008) presented 

a comprehensive review of the literature summarising WSN types, applications, internal 

systems, network services and communication protocols. The authors found many issues 

to be resolved regarding WSNs. However, it was noted that solving those issues could 

close the gap between technology and application. 

Research is constantly improving the design and deployment of WSNs in built 

environments. For instance, Rawi and Al-Anbuky (2011) developed a WSN for 

measuring human comfort factors (thermal, visual, air quality and acoustical comfort). 

The initial tests in a real WSN testbed showed great potential for a full sensor 

deployment. Furthermore, Chung and Oh (2006) developed a wireless module with 

several air quality monitoring sensors in order to monitor and control indoor 

environment. Yu et al. (2013) built an indoor air quality monitoring system based on 

WSN technology. Moreover, indoor contaminant sensor systems have been designed 

to protect a building from a chemical and biological warfare attack (Chen & Wen, 2008). 

The characteristics of data sensed by WSN are described as heavily noisy, exhibiting 

temporal and spatial correlation. Thus, data mining processes can be used to extract 

useful information from the measured data in building indoor environments; in order 

to optimise the conditions in an operating office space (Wu & Clements-Croome, 2007). 

The strategies and techniques for sensor placement in built environments have also been 

previously investigated. For instance, Riederer et al. (2002) explored the influence 

of sensor position on the building thermal control, from the zone models point of view. 

While, Younis & Akkaya (2008), in their comprehensive survey, discussed the effects 

of node placement strategies on the operation and performance of WSNs. 
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Experimental data in this research was generated utilising the prototype Egg-Whisk WSN 

(NAP, 2008) and off-the-shelf wireless sensors (Onset, 2011) (described in detail in 

Section 4.2.2). 

The Egg-Whisk WSN was developed by collaboration between the National University 

of Ireland (NUI) Galway, Cork Institute of Technology and Tyndall National Institute. 

The network performs environmental sensing and was specifically designed to obtain 

a comprehensive record of the environmental conditions at various spatiotemporal 

points within an indoor space. The Egg-Whisk network has been used to supply indoor 

measured data to this project; as well as the project on managing thermal comfort 

throughout the building life cycle (O’Grady, 2013) and the project on information 

technology for optimised building operation (ITOBO) (McGibney et al., 2012). 

The Egg-Whisk network comprises of a number of wireless Egg-Whisk motes connected 

to a base computer (Figure 2.3).  

 
Figure 2.3: Egg-Whisk Network schematic (O’Grady, 2013). 

Each Egg-Whisk mote is based on the Tyndall modular prototyping mote (Figure 2.4) 

(O’Flynn et al., 2005). The main component of the Tyndall system prototyping mote has 

been developed to address a wide array of scenarios in the WSN application space (Bellis 

et al., 2005). The implementation consists of a variable number of layers that are stacked 

on top of each other in order to satisfy application requirements.  To provide wireless 

communications capability between sensor nodes, a transceiver/microcontroller layer 

is included in the Egg-Whisk mote configuration. This module incorporates 

a microcontroller and transceiver transmitting in the 2.4GHz ISM band (Figure 2.5a). 

This layer is coupled with the 25 mm multisensor layer (Figure 2.5b) that measures 

ambient lighting levels, air temperature, relative humidity, sensor movement and noise. 
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A custom designed interface board allows the 25 mm Tyndall mote system to gather 

additional sensory data from CO2 and air speed sensors. The wireless and compact 

nature of the device enables increased mobility and flexibility allowing for ease of use 

in ambient indoor spaces. To extend sensing coverage area a number of Egg-Whisk 

motes are deployed in tandem. In this configuration, up to five Egg-Whisk motes 

at a sampling frequency of 1 Hz continuously transmit sensory data. The sensor readings 

are gathered at a central base station connected to a personal computer. A graphical user 

interface (GUI) displays data in real-time and logs the sensor information to file for 

further analysis.  

 

Figure 2.4: The fully assembled Egg-Whisk mote. 

a b 

  

Figure 2.5: (a) 25 mm Nordic RF transceiver layer and (b) 25mm multisensor layer. 

Environmental monitoring has become important in control and protection, providing 

real-time system and control communication with the physical world (Othman & Shazali, 

2012). Jang et al. (2008) showed how advanced the wireless sensor technology is and how 

it can be utilised to monitor conditions in buildings. This was done in order to encourage 

engineers to utilise WSN in monitoring conditions in and around buildings. 

The rapid development and adoption of advanced measurement platforms gives 

numerous opportunities for integrating WSN with computational analysis of indoor 
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environments in order to improve the monitoring, control and optimisation of built 

environments. 

2.8 Natural ventilation and CFD 

The use of natural ventilation as an effective solution to save energy in buildings has 

been recently actively promoted (Refs. (Build Up, 2012; SEAI, 2012b)). Well planned 

natural ventilation systems provide fresh air movement, which leads to comfortable and 

healthy indoor conditions. However, an effective design of a naturally ventilated space 

requires a good understanding of airflow patterns inside and outside the building 

(Allocca et al., 2003).  

Natural ventilation in buildings may be characterised as wind- and buoyancy-driven. 

While the wind-driven effects are caused by a wind force, the buoyancy-driven 

ventilation results from the differences in temperatures.  In the case of wind-driven 

ventilation, CFD has been used to study indoor airflow depending on outdoor 

conditions, such as wind speed/angle (e.g. Refs. (Cheng et al., 2007; Horan & Finn, 2008; 

Larsen et al., 2011; Hooff & Blocken, 2010b)) and ambient temperature (Liu et al., 2009). 

Moreover, the influence of inlet geometrical conditions, such as openings configurations 

has been investigated (e.g. Refs. (Ayad, 1999; Gao & Lee, 2011; Bangalee et al., 2012)). 

In the case of buoyancy-driven ventilation, CFD simulations are particularly sensitive to 

the specification of boundary conditions (Allocca et al., 2003). Hence, validation 

procedures, supported by modelling guidelines, are required to successfully simulate the 

nature 

of buoyancy-driven flows (Cook & Lomas, 1997). The buoyancy effects are induced 

by increased surface temperature, which leads to changes in an airflow field. Previous 

CFD research has widely described buoyancy phenomena occurring in street canyons 

(e.g. Refs. (Allegrini et al., 2012)), whole buildings (e.g. Refs. (Ji et al., 2007; Liu et al., 

2009)), rooms (e.g. Refs. (Hughes & Cheuk-Ming, 2011; Adamu et al., 2012)) or cavity 

walls (e.g. Refs. (Gan, 2010; Ng et al., 2011)). Recommendations regarding turbulence 

modelling in CFD analysis of naturally ventilated spaces have been developed. 

For instance, Horan and Finn (2005) found the standard k-ε and the k-ω turbulence 

models performed well in predicting airflow in a naturally ventilated building. Jiang and 

Chen (2003) showed that the standard k-ε turbulence model could model detailed airflow 

distribution inside a single sided naturally ventilated room and required less computing 
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time than the LES model. Also, the RNG k-ε turbulence model proved to be accurate 

when modelling ventilation rates and air distribution inside a room with a wind-driven 

natural ventilation (Evola & Popov, 2006). Caciolo et al. (2012) found the LES provided 

more accurate results than the RSM in a single sided natural ventilation scenario; 

however, this came at a higher computational cost than that of the RSM. 

Table 2.2 (Section 2.5) demonstrates that only 30% of presented validated CFD studies 

of built environments involved natural ventilation systems.  Moreover, it was shown that 

limited information is available regarding guidelines for best practice in CFD modelling 

of natural ventilation (Cook et al., 2005). In the case of natural ventilation, boundary 

conditions and indoor environmental data are field dependent and, thus, strongly 

variable. The buoyancy and wind effects might generate very complex airflow patterns; 

hence, modelling these types of ventilation systems may be problematic (Zhang & Ji, 

2007). Furthermore, even simple geometry CFD models, in a case of natural ventilation, 

may produce misleading results (Clifford et al., 1997). For those reasons, CFD analysis 

of natural ventilation in built environments requires CFD expertise, trusted validation 

data and should follow a systematic procedure to obtain reliable models of 

environmental conditions in operating buildings (Hajdukiewicz et al., 2013b). There are 

significant gaps regarding the lack of explicit and documented calibration methods for 

the development of CFD models of naturally ventilated internal environments. 

Moreover, those methods should account for field data in naturally ventilated buildings 

including both model boundary conditions and model results  

(i.e. indoor environmental conditions). 

2.9 Conclusion 

This chapter demonstrates the capabilities of and challenges posed by CFD analyses 

of indoor environmental conditions in operating buildings. The importance of trusted 

experimental data to support the credibility of CFD simulations is emphasised. 

It is shown that existing best practice guidelines explain in detail how to verify, validate 

and estimate uncertainty of CFD simulations. Moreover, published literature offers 

a wide range of CFD studies regarding various types of built environments. However,  

this review has found that a significant amount of current verification and validation 

procedures for CFD simulations are only qualitative and lack clearly specified validation 

criteria. This literature review expresses the need for explicit and documented 
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methodologies for calibrating CFD models in order to develop trusted and flexible  

(i.e. new scenarios applied to a calibrated model can be simulated and the results can be 

accepted with a low level of uncertainty) models that accurately represent environmental 

conditions in naturally ventilated buildings. There is also a need for comprehensive 

studies that systematically guide, explain and assess simulated data and post-occupancy 

field measurements during the process of developing calibrated CFD models of naturally 

ventilated built environments. There is potential for CFD to support the rapidly growing 

measurement technologies in the real-time monitoring, control and post-occupancy 

optimisation of environmental conditions in buildings. 

The following chapter describes the formal calibration methodology that improve 

 the process of development and evaluation of CFD models, supported by on-site 

measurements in naturally ventilated indoor environments. 
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Chapter 3 
Calibration methodology 

"Any intelligent fool can make things bigger, more complex, and more violent. 

It takes a touch of genius - and a lot of courage - to move in the opposite 

direction."  

        - Albert Einstein 
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3.1 Overview 

This chapter presents a formal methodology that supports the development of reliable 

calibrated CFD models of naturally ventilated internal environments. The methodology 

is based on best practice guidelines for verification and validation of CFD models. 

The methodology utilises a response surface method to perform uncertainty analysis and, 

thus, estimate the boundary conditions that have the highest impact on simulation 

results, i.e. indoor air temperatures and air speeds. 

The motivation for the development of this calibration methodology was the lack 

of detailed CFD studies that, based on the best practice guidelines, systematically present 

the whole process of model calibration utilising on-site measurements in operating 

buildings. This approach will allow the engineering community to better employ and 

operate natural ventilation systems in buildings, including post-occupant performance 

measurement. The methodology described here is later demonstrated using the example 

of two naturally ventilated internal environments in two operating full-scale buildings 

(Chapter 4).  

3.2 Proposed methodology 

The proposed methodology (Figure 3.1) explains how to (i) verify (green colour) and  

(ii) validate (orange colour) the CFD model, and (iii) perform uncertainty analysis (blue 

colour) to evaluate the influence of model boundary conditions on simulation results. 

The outcome of the calibration procedure is a reliable CFD model that, based on the 

on-site measured data, accurately represents the real indoor environment (yellow colour).  

This research used commercial CFD code Ansys CFX (Ansys 12.1, 2009; Ansys 13.0, 

2012). Ansys CFX is a verified code with many benchmark cases predicting airflow and 

heat transfer of indoor environments. Hence, the work presented here excludes 

the verification of the CFD code. 
 



 

43 

 

 
Calibration methodology 

 

Figure 3.1: Process of achieving a valid CFD model of indoor environment. 

Based on the technical documentation, site visits and on-site measurements the initial 

CFD model of the indoor space is created. Following this, a grid verification study takes 

place. Various runs of the initial CFD model are performed on different size meshes and 

their results are compared to analyse the grid independence of the solution. A grid 

independent solution implies the results do not change significantly with increasing 

number of mesh cells, i.e. the balance between accuracy and computational time is 

achieved.  In this research work, the grid independent solution is quantitatively evaluated 

using the GCI method introduced by (Roache, 1994). 

Once the grid independence is established, the simulated air speeds (m/s) and air 

temperatures (oC) inside the internal space are validated with on-site measurements.  

A validation process should be performed using available reliable data, in order to prove 

the ability of the CFD model to predict indoor conditions (ASHRAE, 2005). Generally, 

validation criteria depend on the modelled environment (e.g. office spaces require 

thermal comfort of the occupants, while data centres or clean rooms demand rigorous 

indoor conditions) and errors/uncertainties in measured and simulated data. This thesis 

describes the calibration methodology based on the example of two rooms occupied 

by people (the study room – Chapter 4, and the meeting room – Chapter 5). Thus, 

the validation criteria are determined based on the requirements of occupants’ comfort 

and measurement uncertainties (more details in Section 3.5). When the model meets the 

specified validation criteria, it is regarded as a true representation of the real 



 

44 

 

 
Calibration methodology 

environment. If the criteria are not met, an uncertainty analysis is performed. Uncertainty 

analysis allows for the determination of the boundary conditions that most influence 

model output results. The next step is the process of improving the agreement between 

experimental and simulated data by adjusting the most relevant input parameters. This 

step should be repeated as long as the CFD model meets the validation criteria 

of being a good representation of the real environment. It is worth mentioning, that 

significant changes in the input parameters might change the character of the flow. Thus, 

the grid independence study should be repeated for the model with new boundary 

conditions specified.   

3.3 CFD technique 

3.3.1 Governing equations 

CFD is based on the numerical resolution of fluid dynamics governing equations 

that describe the conservation laws of physics, such as: 

• Mass conservation for the fluid: 
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Equation 3.1 

• Momentum conservation - Newton’s second law says that the rate of change 

of momentum is equal to the sum of forces acting on the fluid and is described 

by the Navier-Stokes equations: 

X - momentum 
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Y - momentum 
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Z - momentum 
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• Energy conservation - 1st law of thermodynamics says that the rate of change 

of energy is equal to the sum of rate of heat addition to the rate of work done 

on the fluid: 
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Equation 3.5 

where: 

(x, y, z) – coordinates; (u, v, w) - velocity components; t – time; ρ – fluid density; 

p - pressure; q – heat flux; σ – normal stresses; τ – tangential stresses; ET – total energy; 

Re – Reynolds number; Pr – Prandtl number. 

The above equations can be encapsulated in a generic form of transport equation 

for the variable %, which is the starting point for CFD procedures: 
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  local acceleration              advection                                   diffusion                 source term 

Equation 3.6 

where Γ is a diffusion coefficient. 

There are two main steps in the process of obtaining a computational solution from the 

governing equations (Figure 3.2). The first one involves the conversion of the governing 

partial differential equations and boundary conditions into a system of discrete algebraic 

equations using finite difference or finite volume method (also less popular in CFD finite 

element and spectral methods). This work utilises the finite volume method, which 

divides the domain of interest into a finite number of control volumes where the 

governing equations are solved. The second stage of the CFD solution procedure 

includes the application of numerical methods (such as direct and iterative methods) in 

order to obtain the solution from the system of linear or non-linear algebraic equations. 
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Figure 3.2: CFD solution procedure (Tu et al., 2008). 

3.3.2 Turbulence model 

Fluid flows are mainly divided into laminar or turbulent flows. Laminar flows occur in 

parallel layers, without mixing between the layers. Laminar flows can be fully described 

by the continuity and momentum equations, mentioned in previous section (3.3.1), either 

using analytical methods for simple flows or CFD for more complex flows. However,  

any disturbances to the laminar flow may cause a chaotic and random fluid fluctuation 

called turbulence. The majority of engineering flows are of turbulent nature (Tu et al., 

2008). The CFD approaches to solve turbulent flows can be divided to (i) direct 

numerical simulation (DNS), (ii) large eddy simulation (LES) and (iii) Reynolds averaged 

Navier-Stokes (RANS) models. DNS solves the Navier-Stokes equations directly and, 

thus, requires a very fine mesh resolution and small time step in order to capture small 

eddies generated by the turbulent flow. Hence, even with the incredible level of 

computational power reached nowadays, DNS is still too computationally demanding for 

typical engineering flows.  

On the other hand, LES separates the turbulent flow into large (flow dependent and 

anisotropic) and small (viscous effects dependent and isotropic) eddies. This is done with 

an assumption that such a separation does not influence the evolution of large eddies, 

since large eddies are generated from the mean flow characteristics. The Navier-Stokes 

equations are directly solved for the large eddies (which are primarily responsible for all 

heat and momentum transport processes), while the small eddies are simulated using 
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turbulent transport approximations. LES approach facilitates a coarser mesh and larger 

timing step than DNS. Hence, LES can supply detailed information about the 

instantaneous airflow and turbulence (Zhang et al., 2007) with lower, but still 

considerable, computational time.  

Finally, RANS models calculate statistically Reynolds averaged variables for the flow,  

and simulate turbulence fluctuation effect on the mean airflow utilising turbulence 

models (Zhang et al., 2007). RANS models have shown the ability to accurately predict 

engineering flows in different environments. When RANS equations are utilised a new 

unknown variable is introduced (Reynolds stress tensor) and the system of equations is 

not ‘closed’ anymore. Thus, there is a necessity to introduce turbulence models to ‘close’ 

the system of equations. The turbulence models have to bridge the wide scale gap that 

exists between the DNS and RANS models.  

RANS models may be divided into eddy-viscosity and Reynolds stress model (RSM). 

RANS eddy-viscosity models are classified based on the number of transport equations 

utilised (i.e. zero equation, one equation, two equation and multiple equation). The most 

commonly used in engineering flows, because of its simple format, robustness and wide 

validations (Zhang et al., 2007), is RANS eddy-viscosity two equation standard k-ε model 

developed by (Launder & Spalding, 1974). The two equation models contain one algebra 

equation for turbulent viscosity and a second partial differential transport equation  

(z = k α l β , where l is a length scale and α, β depend on the type of two equation 

turbulence model) to represent more turbulent physics. The two equation models are 

complete, i.e. they can predict properties of a turbulent flow with no prior knowledge of 

turbulence structure (Wilcox, 2006). 

The turbulent eddy viscosity vT, for the standard k-ε model, can be calculated based 

on the turbulent kinetic energy k and rate of dissipation of turbulent energy ε, i.e. 

	� = ./0�1  

Equation 3.7 

where Cµ is an empirical constant. 

The standard k-ε model was developed to simulate flows with a high Reynolds number. 

Thus, the wall functions need to be implemented in order to simulate the near-wall flow 

(low Reynolds number flow). The wall functions are used to connect the outer-wall free 
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stream with the near-wall flow, and allow avoiding modelling rapid changes in the flow 

and turbulence near the walls (Zhang et al., 2007). 

Despite the weaknesses of the standard k-ε model (e.g. moderate agreement when 

predicting unconfined flows; problems in predicting swirling flows or flows with rapid, 

large strains; an assumption of an isotropic eddy viscosity; or an obliviousness to body 

forces due to rotation of the frame of reference) it is still the most widely used and 

validated turbulence model (Tu et al., 2008). 

3.3.3 Model errors 

Error estimation and control are crucial in the process of developing credible CFD 

models. The errors that occur in a CFD simulation may be acknowledged (there are 

procedures for identifying and, possibly, removing them) or unacknowledged (there are 

no set procedures for finding them and, thus, they may continue with the code/ 

simulation). 

Acknowledged errors: 

• Discretisation errors or numerical errors (between exact and numerical solution): 

o Spatial discretisation errors (due to finite mesh resolution); 

o Temporal discretisation errors (due to finite time step); 

o Truncation errors (due to the difference between the partial differential 

equations and the finite equations): 

� Dispersive errors (cause oscillations in the solution); 

� Dissipation errors (cause smoothing of gradients); 

• Round-off errors (due to the accuracy of a computer and the true value 

of a variable); 

• Iteration errors (due to the variation of the solution at the simulation 

completion); 

• Physical modelling error (due to uncertainty and deliberate simplifications). 

Unacknowledged errors: 

• Computer programming errors (due to coding and logical mistakes); 

• Human errors (due to wrong parameter values, settings or boundary conditions). 

The discretisation and round-off errors are of the most concern to CFD modellers  

(Tu et al., 2008). Those errors have a tendency to accumulate through the computational 
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analysis and may contribute spurious results. The discretisation errors depend directly on 

the mesh quality and resolution and, thus, should be evaluated using grid verification 

studies. The round-off errors are naturally random and depend on the number of 

calculations, rounding-off method and type, and sequence of calculations. In order to 

check whether the round-off error is significant, the calculations can be repeated using 

double precision calculations, i.e. with 15 significant digits (as opposed to the single 

precision, i.e. with 7 significant digits, which is used by default for many CFD codes) 

(Tu et al., 2008). If the results between the single and double precision calculations do 

not change significantly, the round-off error is not problematic in the simulation. 

Otherwise, the round-off error is significant and can be reduced by reducing the total 

number of calculations through increasing the mesh size or changing the order of 

computations. Since, discretisation errors decrease and round-off errors increase with an 

increasing mesh/time step, a reasonable compromise between those two types of errors 

must be sought by the modeller (Figure 3.3). 

 
Figure 3.3: Total, discretisation and round-off errors as functions of mesh/time step  

(Tu et al., 2008). 

CFD simulation results are only numerical approximations of the fluid flow and the heat 

transfer phenomena in the real physical problems. Thus, in order to create credible CFD 

models verification and validation procedures must be employed. 

3.4 CFD model verification 

The grid independence study should be performed in order to verify the CFD model 

solution. The grid independence (or refinement) estimates the error between the current 
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mesh solution and the solution obtained with the mesh cell size tending to zero  

(i.e. the assumption of an asymptotic behaviour).  

At least two different meshes, successively refined, should be used, together with 

knowledge of the order of accuracy of the numerical solution scheme (the lowest order 

term in the truncation error). However, it is recommended to use a minimum of three 

meshes in order to evaluate convergence with respect to input parameter (Stern et al., 

2001). 

The grid refinement ratio (r) is defined as the ratio between the number of grid elements 

in the fine (∆fine) and coarse (∆coarse) meshes: 

• for a 2D mesh: 

� = 2 ∆4567∆89:;<7=
>� 

Equation 3.8 

• for a 3D mesh: 

� = 2 ∆4567
∆89:;<7

=
>
? 

Equation 3.9 

Previous research (Celik, 2008) recommended using a grid refinement ratio greater than 

1.3 to allow the discretisation error to be separated from the other sources of error. 

The comparison between the results of the meshes can be done in a qualitative and 

quantitative manner. The qualitative comparison can be done graphically. 

The quantitative grid verification can be performed using the grid convergence index 

(GCI) method (Roache, 1994). Based on the Richardson extrapolation, the GCI for the 

fine grid solution helps to estimate the grid convergence error. The goal of the GCI 

method is to determine the error band for a given simulation result such that the exact 

solution is within that band with 95% confidence (Eça & Hoekstra, 2006). However,  

the ability to use the GCI method depends on the convergence conditions (such as 

monotonic or oscillatory convergence and divergence). For the three successfully refined 

meshes, the convergence ratio (R) is calculated from (Roache, 2003): 

� = @A7B5CA − @4567
@89:;<7 − @A7B5CA

 
Equation 3.10 
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where ffine, fmedium and fcoarse are solutions of the fine, medium and coarse meshes respectively, 

and 0 < R < 1 → monotonic convergence 

 -1 < R < 0 → oscillatory convergence 

 R > 1 → monotonic divergence 

 R < -1 → oscillatory divergence 

The GCI method can only be used for the monotonic convergence condition and, then, 

the grid convergence error is equal to the value of calculated GCI (E = GCIfine). 

If the monotonic convergence is not observed the grid convergence error can be 

calculated from (Eça & Hoekstra, 2006): 

� = 3∆E= 3FG�"H@89:;<7 − @4567H# 
Equation 3.11 

The GCI is described as: 

I.J4567 = K< 1
�L − 1 

       Equation 3.12  

where Fs is the safety factor and p is the order of convergence. 

Generally, it is recommended (Roache, 1998) to use the safety factor Fs of: 

• 3, when comparing two grids, 

• 1.25, when comparing three or more grids. 

The value of order of convergence p, when three successfully refined meshes are used, 

can be calculated from: 

� =
ln O@89:;<7 − @A7B5CA@A7B5CA − @4567 O

ln �  

Equation 3.13 

When the grid sensitivity is performed using multiple variable points of interest, 

an average value of p over all of the points of interest can be used (as opposed to the 

value of p at each point) in order to provide a uniform description of the order of 

convergence for the simulation (Freitas, 2002). In the case when only two meshes are 

used, the theoretical order of accuracy should be used (generally, the numerical methods 

are second order accurate). 
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The GCI can be evaluated using a relative error (ε) between the coarse (fcoarse) and fine (ffine) 

grid solutions: 

1 = @89:;<7 − @4567@4567  

Equation 3.14 

The GCI parameter may be applied to any variable in a CFD solution. In this work the 

GCI is calculated for the air temperatures inside the modelled rooms. Those are 

compared to the measurement accuracy at the same locations to justify the choice of the 

grid independent solution with the reasonable computational cost. 

3.5 CFD model validation 

An important step of the calibration procedure is validation of verified CFD model 

results. Validation of a CFD model is necessary (Roache, 2009) and should be done 

because no one believes the CFD results except the one who performed the calculation, and everyone 

believes the experimental results except the one who performed the experiment (Roache, 1998). 

However, the comparison between the model results and measured data should always 

take into account the measurement error.  

The qualitative and quantitative validation process should be performed to estimate how 

close the simulation results match the measurements. The qualitative comparison can be 

done graphically, while for the quantitative comparison the specification of validation 

criteria is needed. The validation criteria depend on the type of the modelled 

environment (e.g. office spaces require thermal comfort provided for the occupants, 

clean rooms must meet rigorous standards in terms of contaminant distribution, data 

centres may face the overheating issue, etc.), the purpose of the simulation/type of 

predicted phenomena (temperature, pressure, velocity, contaminant concentration, etc.) 

and the uncertainty of the measurements (accuracy of the sensors and measurements’ 

variation over the measuring period). It is the modeller’s responsibility to evaluate the 

validation criteria suitable for the particular model. 

Details regarding the validation criteria specified in this work for two demonstrators: 

(i) the study room in the Nursing Library building and (ii) the meeting room in the 

Engineering Building, both at the National University of Ireland (NUI) Galway, can be 

found in Section 4.4 and 5.4 respectively. 
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3.6 Uncertainty analysis 

The accuracy of the CFD simulation strongly depends on the model boundary 

conditions specified by the modeller. It is important to simulate the environment as close 

as possible to the real conditions. However, detailed information about the boundary 

conditions is not always easily available for the particular space. Gathering this 

information may be time consuming. At the same time, some parameters input to the 

model would more or less influence the results. It is up to a modeller to decide the 

accuracy of the model input parameters, which may be difficult, particularly for 

inexperienced CFD modellers.  

The aim of the uncertainty analysis shown here is to determine the importance of input 

boundary conditions in terms of their contribution to the change in the model output 

results, i.e. indoor air speeds and air temperatures. The analysis presented here uses the 

design of experiments (DOE) and response surface techniques. The procedure of 

obtaining the relationship between the input variable parameters and output results is 

divided into several steps: 

• The plausible ranges of variable input boundary conditions are specified 

by the modeller; 

• DOE uses sampling methods to generate design points, which are sets of varying 

(within specified ranges) input boundary conditions for newly generated CFD 

models; 

• CFD analysis is performed for all design points defined by DOE; 

• The output results of all design points CFD models are fitted as a function 

of input boundary conditions using regression analysis techniques, i.e. response 

surface method. 

At the first step of the uncertainty analysis, the plausible ranges for input parameters 

should be assessed. Those ranges are related to all of the uncertainties in the measured 

data, such as variations in the measurements during the experiment, uncertainty in the 

material properties of the building components, etc. 

Next, the DOE aims to locate the sampling points in a way that random input 

parameters are explored in the most efficient way (i.e. the required information is 

obtained with minimum sampling points). Sample points located efficiently reduce the 
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computational time and increase the accuracy of the response surface derived from the 

results of the simulations with sampling points as input parameters. 

In this research, the determination of the sample points for the input parameters is 

performed using the central composite design method with fractional factorial design. 

Central composite design provides traditional DOE sampling and combines one centre 

point, points along the axis of the input parameters and the points determined by 

a fractional factorial design. Factorial design allows for changing all input parameters 

within the specified ranges at the same time, instead of one parameter at a time. 

The fractional design is typically used for a larger number of input parameters  

(as opposed to a full design, which is used for five or less input parameters), since it 

reduces the computational cost by estimating only a few combinations between variables. 

Summarising, for selected input parameters and their ranges, the central composite 

design method generates sets of input parameters (design points), which provide 

boundary conditions for a number of CFD models to be solved. Changing the input 

boundary conditions within their ranges causes changes in the output model results.  

Finally, based on the generated sets of input boundary conditions (design points), and 

relevant output CFD results, the response surface method is introduced (Bradley, 2007). 

The response surface is a technique to analyse and optimise the response of output 

parameters influenced by varying several input parameters. The response surface can be 

represented graphically, as 3D surfaces or contour plots, and, thus, helps visualising the 

relationships between input and output parameters.  The approximation of the response 

surface can be of the first or the second order. The first order model is used when the 

response is well modelled by a linear function of independent variables. When the 

response surface has a parabolic curvature, a second or higher order model should be 

used (Montgomery et al., 2007). The errors in response surface method are assumed 

random.  

In this work, a second order response model is used. The second order response surface 

can be described by the following regression model: 


 = P9 +QPR�R
S

RT>
+QPRR�R�

S

5T>
+QQ P5R�5�R + 15UR  

Equation 3.15 
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where the coefficient βj measures the expected change in response y per unit increase in xi 

input parameter; i is the number of observation; j the level of independent input variable; 

ε is a random error and �V = 1, 2, … , Z�, �[ = 1, 2, … ,  �, �5 = "�>5, ��5, … , �5S#, 
P = "P>, P�, … , PS# . 

The response surface methodology was previously proven to be successful to perform 

the trend analysis of CFD predictions with different combinations of input variables  

(e.g. Refs. (Klemm et al., 2000; Chávez-Valencia et al., 2005; Ng et al., 2008)). This thesis 

evaluates the influence of a broad group of boundary conditions (outdoor air 

temperature, inlet velocity, heat sources, air density, etc.) on CFD model results (indoor 

air speeds and air temperatures). 

3.7 Conclusion 

This chapter presents a formal calibration methodology for the development of CFD 

models of naturally ventilated internal environments. The methodology explains how 

to qualitatively and quantitatively verify and validate CFD models; as well as, perform 

uncertainty analysis to support a robust calibration process. Applying the methodology 

optimises the decision making process when creating a final valid CFD model of internal 

environment, particularly naturally ventilated. The estimation of boundary conditions 

that most influence model results is facilitated by the design of experiments and response 

surface methods. The concepts and techniques presented here enhance the process 

of achieving reliable CFD models, supported by post-occupant performance 

measurement, that represent operating indoor spaces. Furthermore, the methodology 

provides new and valuable information for estimating the effects of the highly variable 

boundary conditions on the CFD model results when modelling naturally ventilated 

buildings.  

The development, validation and calibration of CFD models presented in this thesis were 

supported by on-site measurements in operating full-scale buildings exposed to outdoor 

conditions. The following chapters present the proposed systematic calibration 

methodology for CFD models on the example of two naturally ventilated internal 

environments: (i) the study room in the Nursing Library building (Chapter 4) and 

(ii) the meeting room in the Engineering Building (Chapter 5), both at the National 

University of Ireland (NUI) Galway, Ireland.  
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The choice of naturally ventilated demonstrators was supported by the following reasons: 

i. Nursing Library study room: 

o Located in the operating library building, occupied by students; 

o Relatively small internal dimensions with a simple geometry; 

o Limited number of varying boundary conditions; 

o The possibility of excluding solar radiation in the CFD model 

(because of the window shading) in order to simplify first simulations; 

o The possibility to control window openings (manual vs. automatic); 

o Easy access. 

ii. Engineering Building meeting room: 

o Located in the operating building, occupied by academic staff and 

students; 

o The opportunity to verify if the conditions in a newly designed and 

constructed building meet the requirements of thermal comfort for the 

occupants. 

o Bigger internal dimensions with more complicated geometry and 

boundary conditions (than Nursing Library study room); 

o Cross-ventilation; 

o High window glazing, which allowed for modelling the effects of solar 

radiation through windows; 

o The possibility to control window openings (manual vs. automatic); 

o Easy access. 
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Chapter 4 
Nursing Library demonstrator 

"I have been impressed with the urgency of doing. Knowing is not enough;  

we must apply. Being willing is not enough; we must do." 

        - Leonardo da Vinci 
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4.1 Overview of the building 

The first demonstration building used in this PhD work is a three storey Nursing Library 

extension to the James Hardiman Library at the NUI Galway, Ireland (Figure 4.1). 

 

Figure 4.1: Nursing Library building at the NUI Galway. 

The gross floor area of the building is about 800 m2. The building accommodates library 

reading spaces, group study rooms, computer study spaces and book stacks. The building 

operates with mixed mode ventilation (mostly natural ventilation, except for the air 

conditioned computer rooms). The internal and external air temperatures, CO2 

concentrations and energy consumption are monitored by a building management system 

(BMS). The BMS controls dampers and window openings depending on the internal air 

temperatures and CO2 concentrations. The Nursing Library was opened to the public 

in September 2009.  

One of the study rooms (Figure 4.2) on the top floor of the Nursing Library building was 

chosen for an investigation using CFD analysis and on-site measurements.  

 
Figure 4.2: Modelled study room in the Nursing Library building.  
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The dimensions of the room are 2.70 m (D) x 4.46 m (L) x 3.10 m (H). The room is 

naturally ventilated (at the time of the measurements the window actuators were disabled 

and windows were operated manually) with the heat sources such as lights, radiators, 

computers and human occupants. The external wall, consisting of windows, allows for 

solar irradiation. This wall faces the southeast direction with a surface azimuth angle 

of 66o. The internal wall, opposite to the external wall, contains a glass surface and the 

door leading to the open reading space. The remaining two internal walls border with 

other study rooms, similar to the one modelled. The location of the modelled room 

in the Nursing Library building is presented in Figure 4.3. 

 
Figure 4.3: Top floor plan of the Nursing Library with a modelled room shown. 

4.2 On-site measurements 

4.2.1 Outdoor measurements 

The measurement of outdoor weather conditions for the case study was possible with the 

aid of an automatic weather station (Campbell Scientific, 2011) at the NUI Galway 

campus (Figure 4.4) (IRUSE Weather, 2011). The weather station was specified and 

sourced for the purpose of this project in order to support the calibration of CFD 

models representing indoor environmental conditions in the NUI Galway buildings. 

The station was installed in July 2010 on the roof of one of the University buildings  

(in the centre of the campus), approximately 150 m from the Nursing Library. 

The weather station measures dry-bulb air temperature (oC) and relative humidity (RH) 

(%), barometric pressure (mBar), wind speed (m/s) and wind direction (o), global and 

diffuse solar irradiance (W/m2) and rainfall (mm). The type and accuracy of the weather 

station sensors are listed in Table 4.1. 
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Table 4.1: The accuracy of the weather station sensors. 

Measurement  Sensor type Accuracy 

Dry-bulb air 
temperature HMP45AC – Vaisala Oyj, Finland ± 0.13 oC 

Relative humidity HMP45AC – Vaisala Oyj, Finland 
(with Vaisala’s HUMICAP RH sensor) 

± 1.0% @ 0% - 15% RH; 
± 1.5% @ 15% - 78% RH 

Wind direction W200P-1 Potentiometer Wind vane ± 2o (in steady winds over 5 m/s) 

Wind speed A100R Switching Anemometer 
± 0.1 m/s (0.3 - 10 m/s); 

± 1% (10 - 55 m/s); 
± 2% (> 55 m/s) 

Rainfall ARG100 – Campbell Scientific 0.2 mm/tip 

Barometric 
pressure Model CS100 – Setra SetraceraTM 

± 0.5 mb @ + 20 oC; 
± 1.0 mb @ 0 to 40 oC; 

± 1.5 mb @ -20 to + 50 oC; 
± 2.0 mb @ -40 to + 60 oC 

Solar global 
irradiation BF3H-UM-1.0 – Delta-T Devices Ltd. ± 5 W/m2 ± 12% 

Solar diffuse 
irradiation BF3H-UM-1.0 – Delta-T Devices Ltd. ± 20 W/m2 ± 15% 

The data logger, with a compact flash memory card, records and stores the weather data. 

The Ethernet module allows for downloading data via an internet connection. The data 

collection time step is 1 minute for all sensors except rainfall, for which it is 1 hour.  

Summarising, the weather station provides essential data to support the development and 

calibration of computational models (CFD, whole building simulation and reduced order 

models) at the NUI Galway. Moreover, the weather station gives a reliable overview of 

the weather conditions in Galway (it is the only weather station in Galway city with the 

high accuracy sensors). Finally, the live and historical weather data measured by the 

station can be accessed by general public online (IRUSE Weather, 2011) or by using 

a smart phone application (Everiss, 2012).   

 
Figure 4.4: The automatic weather station at the NUI Galway. 
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4.2.2 Indoor measurements 

For the CFD model validation purposes a network of fourteen wireless air temperature 

sensors (denoted by the letter S) (Onset, 2011) was deployed in the Nursing Library 

study room (however, after the measurements were carried out, it was discovered that 

one of the sensors (S8) stopped working during the measurement; thus, only thirteen air 

temperature sensors were used in the CFD model validation). Additionally, in order 

to validate the airflow field four air speed sensors (denoted by letters EW) (Section 2.7) 

were used. The air temperature sensors were deployed in four horizontal layers to 

observe the air temperature stratification inside the room. The air speed sensors were 

located in one horizontal layer near the floor level, where the highest air speeds were 

expected. The measurement setup is presented in Figure 4.5 and exact locations of 

indoor sensors are available in Appendix A. All the sensors were deployed in locations 

where the measurements best described the influence of air speeds and air temperatures 

on the occupant’s thermal comfort. Furthermore, an air speed sensor (Figure 4.6)  

(Onset 2011) was located at the window opening in order to provide inlet air speed 

boundary condition for the CFD model. 

 

Figure 4.5: The measurement setup. 

The air speeds inside the room were measured by the Egg-Whisk (Figure 2.4 in Section 

2.7) wireless sensor network system based on the Tyndall (Tyndall, 2012) modular 

prototyping Egg-Whisk mote (O’Flynn et al., 2005). The platform was specifically 
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designed to provide a comprehensive record of indoor environmental conditions. Within 

the Egg-Whisk mote, the airflow sensing was accomplished using a transducer type 

54T21 (Dantec Dynamics, 2011) – a self-contained anemometer with a built-in 

omnidirectional sensor. The air speed sensors were capable of measuring indoor 

convection air speeds between 0.05 – 1 m/s with an accuracy of ± 0.01 m/s. Indoor air 

temperatures were recorded by the Hobo U12 data loggers (Figure 4.6a) (Onset, 2011). 

The Hobo U12 data loggers could measure air temperatures between -20 oC and 70 oC, 

with an accuracy of ± 0.35 oC in a range between 0 oC and 50 oC. The air speed sensor 

(Figure 4.6b) (Onset, 2011) located at the window opening  measured air speeds between 

0.15 m/s and 5 m/s, with an accuracy greater of 10% of reading or ± 0.05 m/s or 1% 

full-scale. The indoor air speeds and air temperatures were measured with a time step 

of 1 s. The indoor and outdoor measurements for the time of the measurements in the 

Nursing Library study room are available in Appendix A. 

a b 

  
Figure 4.6: (a) Hobo U12 data logger and (b) air speed senor at the window. 

4.3 CFD analysis 

The CFD simulation of the study room in the Nursing Library building was performed 

using the commercial software Ansys CFX v.12.1 (Ansys 12.1, 2009). The airflow and 

the air temperature stratification were simulated in a naturally ventilated room occupied 

by a person working on a laptop. The settings of the CFD model imitated the conditions 

inside the room during the on-site measurements. The results presented in this section 

and Section 4.4 apply to the final model (called later a ‘base model’) calibrated using the 

proposed methodology. The results of earlier stages of the model development are 

shown in Section 4.6. The output files of the CFD models and calculations necessary for 

model verification, validation, turbulence testing and uncertainty analysis are available in 

Appendix A. 
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4.3.1 Geometry and mesh 

The 3D geometry of the Nursing Library study room was created based on technical 

drawings, operation and maintenance (O&M) manuals and site visits. Previous research 

has shown that a high level of detail in the CFD model would not influence the overall 

airflow inside the room but significantly increase grid and computational cost (ASHRAE, 

2005). Additionally, when the focus is on the global airflow of a ventilated space,  

a simple geometry of a human manikin is sufficient (Topp et al., 2002). Thus,  the 

elements of the modelled study room, i.e. an occupant, windows, chair and tables were 

simplified. Figure 4.7 shows the level of detail in the geometry of the modelled room. 

The computational domain was divided into a number of mesh cells (tetrahedrons, 

hexahedrons, prisms and pyramids) where the governing equations were solved in order 

to obtain a numerical solution. Figure 4.8a shows the mesh of the modelled study room 

containing 581 764 mesh cells. Figure 4.8b shows sections of the mesh demonstrating 

the regions of mesh inflation at the walls and refinement at window inlet and proximity 

of the occupant. More details regarding the mesh can be found in Section 4.3.5. 

 
Figure 4.7: The geometry of the Nursing Library study room CFD model. 
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a b 

  

Figure 4.8: Mesh of the modelled study room (581 764 elements). 

4.3.2 Boundary conditions 

The boundary conditions for the CFD model were provided by (i) the automatic weather 

station installed at the NUI Galway campus (IRUSE Weather, 2011), (ii) the air speed 

sensor placed at the centre of the window opening (Onset, 2011) and (iii) typical values 

found in the literature (e.g. human body, laptop, etc.).  

The data supporting CFD simulations were gathered during the on-site measurements in 

the Nursing Library study room on the cloudy day of April 10th, 2011 (Appendix A). 

The external weather conditions, and indoor air speeds and air temperatures, were 

monitored throughout the day. The outdoor air entered the room through the open 

window. An open internal door allowed for the airflow between the modelled room and 

adjacent open plan space. The modelled study room was occupied by a sitting person 

working on a laptop. The conditions over a 12 minute period at noon, when the outdoor 

and indoor conditions were relatively steady, were chosen to be used in the CFD 

simulation. The measurements were taken during the typical operation of the building 

and maintaining steady conditions inside the room was difficult. The intention was 

to take into account the longest continuous period of the measured steady conditions 

possible in order to obtain the plausible ranges of the input parameters used later in the 

uncertainty study (Section 4.5). The average values over the 12 minute period provided 

the boundary conditions and validation data for the model, while their variations were 
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used in the uncertainty analysis. Table 4.2 presents the boundary conditions for the base 

CFD model of the Nursing Library study room. 

Table 4.2: Boundary conditions for the base CFD model of the Nursing Library study room. 

Boundary Type Heat transfer Mass & momentum 

Window bottom gap Inlet To = 13.38 [oC] Vnormal = 0.47 [m/s] 

Window side gaps Opening To = 13.38 [oC] Prelative = 0 [Pa] 

Internal door Opening Ti = 23.20 [oC] Prelative = 0 [Pa] 

External double glazed windows Wall hc = 2.30 [W/m2K] 
To = 13.38 [oC] No slip wall 

Internal single glazed window Wall hc = 4.04 [W/m2K] 
Ti = 23.2 [oC] No slip wall 

Internal walls Wall Adiabatic No slip wall 

External wall Wall Adiabatic No slip wall 

Roof slab/room ceiling Wall hc = 0.15 [W/m2K] 
To = 13.38 [oC] No slip wall 

Room floor Wall Adiabatic No slip wall 

Person sitting Wall qconvective = 60 [W/m2] No slip wall 

Laptop Wall Qconvective = 30 [W] No slip wall 

Tables & chair Wall Adiabatic No slip wall 
To – outdoor temperature; Ti – indoor temperature (for the adjacent reading space); hc – heat transfer coefficient; 
qconvective – convective heat flux; Qconvective – convective heat source; Vnormal – air speed normal to the boundary plane; 
Prelative – pressure relative to the reference pressure (Preference = 102300 Pa - absolute pressure datum from which all other 
pressure values were taken); 

The on-site measurements were conducted on a cloudy day. The average global solar 

irradiance for the period monitored was only 220 W/m2 (IRUSE Weather, 2011). 

The shading outside the windows of the building (Figure 4.1) blocked a large portion 

of the radiation coming into the room. Thus, the part of the solar radiation entering the 

room was considered insignificant in comparison to the heat transfer from the indoor 

sources. There were two heat sources inside the room - a person and a laptop. 

The internal walls and the floor were assumed adiabatic. Two similar CFD simulations 

were performed to investigate the influence of the radiation model on the indoor air 

speeds and air temperatures. Apart from the heat transfer setting that included a person, 

the boundary conditions for both simulations were the same. In the first simulation, 

there was no radiation model included and the convective heat flux from the person was 

set to 60 W/m2 (ASHRAE, 2005). In the second simulation, the discrete transfer 

radiation model (assumption of an isotropic scattering and reasonably homogenous 

system) was chosen, with the person’s convective heat flux being set to 18 W/m2 and 

a radiative heat flux of 42 W/m2 (recommended C:R ratio of 30:70 (Srebric et al., 2008)). 

The results of the two models did not differ significantly (up to 0.1 m/s and 0.76 oC 
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absolute difference between two models compared at measurement points) 

(Appendix A). However, there were problems with the solution convergence for the 

second CFD model. For this reason, no radiation model was included in the CFD 

simulation. Additionally, the surface temperatures were not measured due to the lack of 

available instrumentation. The previous CFD research (Srebric et al., 2008) showed that 

a temperature difference across the insulated walls (additional heat flux of 10 W for the 

room envelope) as small as 1oC influenced the indoor air temperatures and velocities 

significantly, and improved (when compared to the results of the simulation where the 

room walls were assumed adiabatic) the agreement between measured and simulated 

data. Hence, for the second demonstrator (Chapter 5) the need for additional 

measurements at the room surface temperatures and the incorporation of the radiation 

model was accommodated. 

The outdoor air entered the room through the velocity inlet at the 15 cm wide bottom 

gap of the window awning. The angle between the boundary plane and the horizontal 

plane was only 5o. Because of the relatively small size of the window gap and almost 

horizontal position of the boundary plane, the air velocity was measured and set in the 

model as normal to the boundary plane. Window side gaps (vertical triangular planes 

formed after opening the window) were modelled as openings at the same reference 

pressure as the outdoor conditions. The influence of the airflow through the window 

side gaps was not expected to be significant for the airflow inside the room. The internal 

door was specified as the opening to allow for the flow in both directions. The door led 

to the open reading space, where other windows were open. When measured, there was 

no significant pressure difference between the internal door and external conditions; 

hence, zero relative pressure was specified at the boundary. 

4.3.3 Model setup 

The steady state conditions were used in the CFD analysis of the single phase airflow 

inside the room. The full buoyancy model, where the fluid density was a function of 

temperature or pressure, was applied. The air was modelled as an ideal gas with the 

reference buoyancy density of 1.185 kg/m3 (an approximate value of the domain air 

density calculations are available in Appendix A). A high resolution advection scheme 

(that denotes a class of numerical discretisation for solving partial differential equations) 

was applied. A high resolution scheme is essentially second order accurate and values 
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of blend factor vary throughout the domain based on the local solution field, i.e. in flow 

regions with low variable gradients the blend factor is close to 1 (equivalent to second 

order differencing for advection schemes) for accuracy, but in regions where gradients 

change sharply the blend factor is close to 0 (equivalent to first order advection scheme) 

in order to maintain robustness (Ansys, 2012). 

Satisfactory convergence was achieved using the criteria of 0.01% of root mean square 

residuals for mass and momentum equations, 1% of the energy conservation target and 

the numerical results at points of interest no longer changing with additional iterations. 

Simulations were performed with a single precision accuracy. The simulation with 

a double precision accuracy did not produce different results from the results of a single 

precision accuracy; thus, the round-off error was not considered significant in this case. 

4.3.4 Turbulence model 

In order to achieve a good accuracy of the results with the robustness of the solution, 

the standard k-ε turbulence model was chosen (e.g. Refs. (Srebric et al., 2008; Ansys, 

2012)). Moreover, the standard k-ε model is one of the most common turbulence models 

for indoor airflow CFD analysis due to its simple format, robust performance and wide 

range of validations (Zhai et al., 2007). In order to confirm the correct choice of 

a turbulence model, various RANS models, such as zero equation, standard k-ε, RNG 

k-ε, k-ε EARSM, standard k-ω and SST k-ω, were tested (Hajdukiewicz et al., 2013a).  

Figure 4.9 and Figure 4.10 present a qualitative comparison between the results obtained 

with different turbulence models considered (quantitative results are available in 

Appendix A). In Figure 4.9, the air temperature stratification in a vertical slice passing 

through the sitting person is shown. Figure 4.10 illustrates air velocity vectors 

distribution for the same slice.  

The general airflow patterns and temperature distribution were similar for all turbulence 

models. However, differences between the various turbulence models were evident in the 

prediction of the recirculation zones underneath the window and behind the person. 

The zero equation model predicted a stronger downward velocity for the flow entering 

through the window and generated a smaller recirculation zone underneath the window 

inlet. Also, more cold air was engulfed in the recirculation zone when compared to the 

other turbulence models. The results obtained with the standard k-ε and RNG k-ε were 

qualitatively similar and no major differences could be highlighted between those two 
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turbulence models. The k-ε EARSM model generated a smaller recirculation zone 

underneath the window inlet and a stronger fluid flow close to the floor than the 

standard k-ε model. 

The vortex behind the person was also different due to the interaction of the eddy with 

the stronger flow along the floor. The standard k-ω and SST k-ω turbulence models 

presented, as expected, strong differences between the evaluation of the recirculation 

zone underneath the window inlet and behind the person. The two models indicated the 

formation of two counter-rotating vortices behind the person, which were not calculated 

by other models. 

Zero equation Standard k-ε 

  
RNG k-ε k-ε EARSM 

  
Standard k-ω SST k-ω 

  

 

 Figure 4.9: Air temperature stratification inside the modelled study room. 
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Zero equation Standard k-ε 

  
RNG k-ε k-ε EARSM 

  
Standard k-ω SST k-ω 

  

 

 Figure 4.10: Airflow distribution inside the modelled study room. 

Figure 4.11 compares temperature profiles along four vertical poles inside the room with 

gathered experimental data. The experimental data error bars were evaluated considering 

the accuracy of the instruments and the standard deviation of the data analysed. 

The temperature profiles at pole 1 were almost overlapping and quite close to the 

experimental measurements. The temperature variation at pole 2 presented a different 

profile between 1 and 1.5 m from the floor level at the recirculation zones’ locations. 

Nevertheless, no turbulence model was able to predict the steep temperature reduction 

observed with the experimental data. It is believed that this could have been 

a consequence of the pole being positioned behind the person. In this case the person 

geometry approximation may have been simplified too much. The measured and 
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simulated results at pole 3 were almost overlapping but all turbulence models failed 

to predict the air temperature at the lowest measurement level.  All of the turbulence 

models tested accurately predicted the temperature profiles at pole 4. Generally, the air 

temperatures were overestimated at the upper sensor levels and underestimated at the 

lowest level by the investigated turbulence models. Measured data did not show as large 

air temperature variation as the CFD results. 

 
Figure 4.11: Indoor air temperature profiles simulated by various turbulence models. 

The quantitative analysis was also carried out for air velocity profiles predicted along four 

poles (Figure 4.12). The different turbulence models presented an uneven distribution 

of the velocity profiles especially for the poles closer to the recirculation zones previously 

highlighted (pole 2 and 3). In general, the zero equation model showed a flatter (than 

other turbulence models) profile, which is the most evident at pole 2. The standard k-ω 

model also showed significant differences (from other turbulence models predictions)  

on the velocity profile in proximity of two recirculation zones. At the measurement 

locations all turbulence models behaved similar and fitted within the error band of 
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measured data. However, the distribution of results at the pole 2 was more diversified 

and the k-ω family models appeared to match the air speed measurement the best. 

 
Figure 4.12: Indoor air speed profiles simulated by various turbulence models. 

Summarising, from the qualitative point of view, the results showed some substantial 

differences in the airflow recirculation zones predicted by various turbulence models. 

However, those differences did not affect the quantitative comparison with the 

measurements. The zero equation model could give a good first approximation of indoor 

environmental conditions while being computationally efficient and robust at the same 

time. The other turbulence models seemed to play a more significant role when 

recirculation zones were present. No differences were observed between the two k-ε 

models.  However, different vortex structures were predicted by the k-ω family. In order 

to determine the most accurate model to predict the particular environment, the CFD 

simulation needs to be validated with data obtained from a larger quantity of 

measurement points. Considering the limited number of the measurement points, the 

results showed a very close agreement between the investigated turbulence models in the 
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locations of interest and, thus, confirmed the selection of the standard k-ε model for 

further analysis. 

4.3.5 Model verification 

The grid independence study of indoor air temperatures was performed in order to verify 

the base CFD model solution. Three different meshes, successively refined, were created 

using unstructured elements. The number of grid elements (∆) and the refinement ratio 

(r) for each mesh are presented in Table 4.3 based on Equation 3.9 in Section 3.4. 

Table 4.3: Grid parameters for three different mesh sizes. 

∆3 ∆2 ∆1 r32 r21 

228 946 581 764 1 532 120 1.36 1.38 

Figure 4.13 represents the qualitative grid verification (indoor air temperature results are 

available in Appendix A). Axial air temperature profiles along the room height are plotted 

for three mesh sizes (∆3, ∆2 and ∆1).  

The quantitative grid verification was performed using the grid convergence index (GCI) 

for the locations where a monotonic convergence was observed. The GCI was calculated 

for air temperatures at five sensors’ locations inside the modelled room (Equation 3.12, 

Section 3.4). The safety factor Fs was taken as 1.25; the order of convergence p  was 

calculated based on  Equation 3.13 and taken as the average value over the monitored 

points with the monotonic convergence observed (p = 1.5); and the relative error ε was 

calculated based on Equation 3.14. At the remaining nine locations, where an oscillatory 

convergence was observed, the grid convergence error was estimated based 

on Equation 3.11. Next, the grid convergence error values for the simulated air 

temperatures at fourteen locations were compared to the measurement accuracy at the 

same locations. This was done in order to justify the choice of the grid independent 

solution at the reasonable computational cost (Table 4.4). 
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Figure 4.13: Simulated indoor air temperatures. 

Table 4.4: Grid convergence error and measurement accuracy for indoor air temperatures. 

Sensor 
location R [-] 

Convergence 
type 

E32 [%] E21 [%] 
Measurement 
accuracy [%] 

S1 0.54 Monotonic conv. 1.11 0.58 1.58 

S2 -0.71 Oscillatory conv. 2.34 1.66 1.56 

S3 0.93 Monotonic conv. 0.53 0.49 1.57 

S4 -0.31 Oscillatory conv. 1.94 0.61 1.58 

S5 0.92 Monotonic conv. 0.12 0.11 1.55 

S6 0.23 Monotonic conv. 1.36 0.30 1.55 

S7 -0.07 Oscillatory conv. 0.48 0.03 1.54 

S8 -0.95 Oscillatory conv. 0.05 0.05 - 

S9 0.88 Monotonic conv. 0.04 0.03 1.53 

S10 -0.30 Oscillatory conv. 1.39 0.41 1.53 

S11 -0.01 Oscillatory conv. 0.17 0.00 1.53 

S12 -0.93 Oscillatory conv. 1.01 0.93 1.54 

S13 -0.99 Oscillatory conv. 0.08 0.08 1.53 

S14 -0.94 Oscillatory conv. 0.87 0.82 1.54 

The qualitative comparison reported in Figure 4.13 showed a very good agreement 

between the medium (∆2) and fine (∆1) mesh. The small values of the grid convergence 
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error confirmed grid independence and grid ∆2 was therefore used for further analysis. 

The majority of the calculated values of the error E32 (associated with the resolution of 

the grid ∆3) were close to the measurement accuracy (except locations S2 and S4). 

However, the values of the error E21 (associated with the resolution of the grid ∆2) 

showed a very good agreement between the results between the medium (∆2) and fine 

(∆1) mesh. Thus, the grid ∆2 was distinguished as the mesh with the right compromise 

between the level of uncertainty and computational cost. Table 4.5 shows the properties 

of the ∆2 mesh, which indicate a good mesh quality. 

Table 4.5: Properties of the ∆2 mesh (averaged through the domain). 

Element quality 0.74 [-] 

Aspect ratio 2.60 [-] 

Skewness 0.25 [-] 

Maximum corner angle 91.71 [deg] 

 

4.3.6 Model results 

Table 4.6 lists the properties of the simulated flow inside the room. The Reynolds 

number confirmed the flow was of turbulent nature. With the expected range of indoor 

air temperatures the dynamic viscosity and thermal conductivity were assumed constant. 

Table 4.6: Properties of the flow inside the modelled room. 

Reynolds number 
(considering global length) 

44 146 [-] 

Prandtl number 0.70462 [-] 

Dynamic viscosity  1.831e-5 [kg/(ms)] 

Thermal conductivity 2.61e-2 [W/(mK)] 

Figure 4.14 shows the location of three vertical planes: A (through the occupant), 

B (through the locations EW2, EW4, S2, S4, S6, S8, S10, S12, S14) and C (through 

the locations EW1, EW3, S1, S3, S5, S7, S9, S11, S13) used to present the CFD model 

results. Figure 4.15 demonstrates the air temperature stratification and airflow 

distribution inside the room. 
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Figure 4.14: Location of the vertical planes. 

A 

  

B 

  

C 

  
Figure 4.15: Verified base model results. 

The results showed a stratified fluid inside the room, with a main flow of cold air 

entering through the window inlet and exiting through the lower part of the door 

opening (Figure 4.16a). At the same time, the warm air from an open plan space entered 

the room through the upper part of the door opening (plane C in Figure 4.15). Planes A 
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and B demonstrate the heat plumes generated above the person and laptop heat sources. 

However, the draught dominated the flow inside the room, so the heat plumes were not 

as large as they would be expected in a buoyancy-driven environment. 

The average air speeds (over a particular plane) inside the room ranged from 0.27 m/s 

at ankle level (h = 0.1 m), to 0.12 m/s at sitting person’s waist level (h = 0.6 m), 

and to 0.16 m/s at sitting or standing person’s head level (hsitting = 1.1 m; hstanding = 1.7 m). 

The average air temperatures (over a particular plane) were 18.62 oC at ankle level, 

20.72 oC at sitting person’s waist level, 21.79 oC at sitting person’s head level and 22.95 oC 

at standing person’s head level.  

In terms of local thermal discomfort, the vertical air temperature differences between the 

head (h = 1.1 m) and ankle (h = 0.1 m) level were less than 4 oC. This caused 

a dissatisfaction level of 15% (ISO, 2005). Furthermore, the previous research found that 

the level of occupant thermal acceptability at preferred temperatures was unaffected by 

air speeds of 0.25 m/s or lower (Berglund & Fobelets, 1987). Figure 4.16b presents 

an isosurface of indoor air speeds of 0.25 m/s (the higher air speeds were present inside 

this isosurface). The airflow jet generated at the window inlet entered the room through 

the bottom gap and dropped down. The jet of a high air speed flow aimed towards the 

sitting occupant at the floor level and embraced occupant’s ankles (this might have 

caused occupant’s dissatisfaction, because the temperature of the air entering the room 

was quite low (13.38 oC) in comparison to indoor temperatures). This airflow jet was 

then directed towards the lower part of the door opening. There was an additional 

airflow jet of 0.25 m/s air speed generated at the upper part of the door opening and 

aiming towards windows. This airflow jet was created by the air entering the modelled 

room from the adjacent open space. This air movement can also be seen in the vector 

plot at plane C in Figure 4.15. 

 

 

 

 

 

 



 

77 

 

 
Nursing Library demonstrator 

a b 

 
 

Figure 4.16: (a) Indoor airflow streamlines from the window inlet towards the door opening 
and (b) indoor air speeds of 0.25 m/s. 

4.4 Model validation 

The first step of the validation procedure consisted of a qualitative comparison between 

the measured and simulated data (Figure 4.17 and Figure 4.18). Generally, it can be seen 

that the simulated data vary much more than the measurements. The vertical differences 

in measured air temperatures (between lower and higher room heights) are lower than 

those in simulated results. Also measured air speeds (0.15 – 0.19 m/s) do not vary 

as much as the simulated values (0.05 – 0.27 m/s). 

 
Figure 4.17: Qualitative comparison of measured and simulated indoor air speeds  

(range of measured data shown). 
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Figure 4.18: Qualitative comparison of measured and simulated indoor air temperatures  

(range of measured data shown). 

Office spaces require a calculation of air speeds and air temperatures in order to evaluate 

the thermal comfort of the occupants. Based on that, the validation criteria for the 

Nursing Library demonstrator were defined as 0.10 m/s absolute difference between 

measured and simulated air speeds; and 0.60 oC absolute difference between measured 

and simulated air temperatures. The validation criteria were based on the maximum 

uncertainties in measured data (0.11 m/s for air speeds and 0.57 oC for air temperatures). 

The uncertainties included the measurement uncertainty (standard deviation) and 

sensors’ accuracy (± 0.01 m/s for air speeds and ± 0.35 °C for air temperatures). 

Additionally, the air speed criterion was supported by the strictest design specification 

of the air velocity in buildings (the mean air velocity in a single office or kindergarten 

during the winter season may not exceed 0.10 m/s) (ISO, 2005). The criterion for air 

temperatures was supported by the allowable peak-to-peak variation in indoor air 

temperatures, which, if less than 1 K, causes no influence on the occupants’ comfort 

(ISO, 2005). Also, the maximum indoor operative temperature change allowed in 

a 15 minute period is 1.1 oC (ANSI/ASHRAE, 2004). 
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Table 4.7 shows the absolute difference between measured and simulated indoor air 

speeds and air temperatures.  

Table 4.7: Quantitative comparison of measured and simulated indoor data  
(values in bold red exceed validation criteria). 

Data type Location Measured Simulated 
Absolute 
difference 

Air speed 
[m/s] 

EW1 0.16 0.17 0.01 
EW2 0.15 0.05 0.10 
EW3 0.17 0.11 0.06 
EW4 0.19 0.27 0.08 

Air temperature 
[oC] 

S1 22.21 20.94 1.27 

S2 22.42 20.25 2.17 

S3 22.36 20.52 1.84 

S4 22.19 21.73 0.46 
S5 22.54 23.12 0.58 
S6 22.61 22.09 0.52 
S7 22.78 23.13 0.35 
S9 22.81 23.21 0.40 
S10 22.85 23.38 0.53 
S11 22.87 23.20 0.33 
S12 22.67 23.20 0.53 
S13 22.93 23.23 0.30 
S14 22.80 23.19 0.39 

To a significant extent, the model met the validation criteria, and thus provided a good 

prediction of the indoor airflow and air temperature stratification. This confirmed the 

CFD model as a reliable representation of the measured environment. At the upper 

levels of sensor locations inside the room, the air temperatures were slightly 

overestimated by the model. On the other hand, the model underestimated air 

temperatures at the lower level (h = 0.6 m). At the locations S1, S2 and S3 the absolute 

difference in air temperatures exceeded 0.60 oC. A wide range of computational 

parameters, either numerical or non-numerical (e.g. the assumption of adiabatic room 

surfaces), might have influenced the discrepancy in CFD predictions. Additionally, 

a higher air temperature difference at the location S2 might have been caused by the 

sensor placement behind the sitting person. The simplified geometry of the manikin in 

the model, by blocking the air coming from the window inlet, might have created slightly 

different flow than in reality. A higher difference in air temperature at the locations S1 

and S3 could have been explained by the influence of the airflow at the internal door 

boundary, which was not known from the on-site measurements and fully predicted by 

the model. However, further analysis of the other model input parameters (not taken into 



 

80 

 

 
Nursing Library demonstrator 

account in this work) would be required to determine the reasons of the discrepancy 

between measured and simulated data at the S1, S2 and S3 locations. 

Draughts are the common complaints in indoor environments, particularly naturally 

ventilated environments. The parameter that is associated with the draught sensation 

of the moving air is turbulence intensity (TI) expressed as a percent. The turbulence 

intensity is defined as 

\J = �′
^  

Equation 4.1 

where u’ is the root mean square or standard deviation of the turbulent velocity 

fluctuations at a particular location over the specified period of time; and U is the average 

air velocity at the same location over the same period of time.  

In environments equipped with mixed-flow air distribution the turbulence intensity may 

vary between 30% – 60%. In environments equipped with displacement ventilation,  

or those without mechanical ventilation, the turbulence intensity may be lower (ISO, 

2005). Table 4.8 presents a quantitative comparison between measured and simulated 

turbulence intensities (calculations available on the CD attached). Measured turbulence 

intensities at all Egg-Whisk locations are lower than 60%. Furthermore, it can be seen 

that the simulated turbulence intensity was strongly underestimated at the location EW1 

(the furthest from the window inlet and the closest to the door opening). However, 

at the remaining three locations (EW2, EW3 and EW4) the simulated turbulence 

intensity was predicted quite well (error of < 33%); particularly with the simplifications 

assumed in the model (e.g. the measurement of only one velocity component at the inlet, 

uniform velocity condition over the window gap, geometry simplifications, etc.). 

Table 4.8: Turbulence intensities at the indoor air speed measurement locations. 

Location TImeasured [%] TIsimulated [%] Error [%] 

EW1 46.5 19.8 57.4 

EW2 46.0 61.1 32.8 

EW3 59.1 48.1 18.6 

EW4 46.7 33.5 28.3 
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4.5 Uncertainty analysis 

As mentioned in Section 3.6, at the first step of the uncertainty analysis the plausible 

ranges of input parameters were assessed (Table 4.9). Those ranges were related to the 

variations in the measurements and uncertainty in the material properties of building 

components. The range of the air reference density (RefDen) was calculated using the 

ideal gas law equation based on the minimum and maximum expected indoor air 

temperatures (Appendix A). The ranges of the inlet air temperature (AirTemp) and the 

inlet air speed (AirVel) were based on the minimum and maximum measured air 

temperature (weather station) and air speed (window inlet). The heat flux generated from 

the person (PerHeat) was taken as minimum for the seated person reading and maximum 

for the seated person filing (ASHRAE, 2005) (Appendix A). The range of the heat 

generated by the laptop (CompHeat) was based on the manufacturer’s specification 

± 20%. The ranges of the windows’ heat transfer coefficients (IntGlassHTC, WinHTC) 

were calculated based on the uncertainties in thermal resistance values for windows. 

Finally, the range of the heat transfer coefficient of the ceiling (CeilingHTC) was 

calculated based on the structural drawings including the uncertainties in the thickness 

of roof layers and material properties. The calculation of the ranges of input parameters 

is available in Appendix A. 

Table 4.9: Input parameters and their ranges. 

Input parameter Description Lower bound Upper bound 

RefDen Air density 1.185 [kg/m3] 1.222 [kg/m3] 

AirTemp Outdoor air temperature 13.16 [oC] 13.50 [oC] 

AirVel Air speed at the inlet 0.21 [m/s] 1.80 [m/s] 

PerHeat Person heat flux 55 [W/m2] 70 [W/m2] 

CompHeat Laptop heat source 24 [W] 36 [W] 

IntGlassHTC 
Heat transfer coefficient 
of the internal window 3.77 [W/m2K] 4.30 [W/m2K] 

WinHTC 
Heat transfer coefficient 
of the external window 1.55 [W/m2K] 3.05 [W/m2K] 

CeilingHTC 
Heat transfer coefficient 

of the ceiling 0.13 [W/m2K] 0.17 [W/m2K] 

For selected eight input parameters, central composite design method generated 

81 design points (sets of varying input parameters), which provided boundary conditions 

for 81 CFD models to be solved. Changing the input boundary conditions within their 

ranges caused changes in the output indoor air speeds up to 0.26 m/s from the base 

model result and indoor air temperatures up to 9.08 oC. The variation in the uncertainty 
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analysis results (indoor air temperatures and air speeds) was quite high due to the highly 

variable input boundary conditions, particularly inlet air speed (AirVel) and air density 

(RefDen). 

Based on the 81 sets of input boundary conditions, together with the relevant output 

indoor air speeds and air temperatures, the response surfaces were created using the 

second order approximation (MATLAB, 2012) (Appendix A).  

The accuracy of the fit of the predicted response values in the response surfaces 

generated by 81 CFD models was estimated using the coefficient of determination (R2) 

(Table 4.10). When the value of R2 is closer to 1, the estimation of the regression 

equation fits the data generated by the CFD better. The R2 values for indoor air speeds 

and air temperatures simulated in this work indicated a good accuracy of the response 

predictions. Figure 4.19 shows the relationship between observed (simulated by CFD) 

and predicted (by the response surface approximation) indoor air speeds and air 

temperatures at the locations with the lowest coefficients of determination R2  

(i.e. the worst estimation of the regression equation). The graphs represent the data 

points with the outliers marked red.  

Table 4.10: Coefficient of determination for simulated indoor air speeds and air temperatures. 

Measurement Sensor location R2 

Air speed [m/s] 

EW1 0.941 
EW2 0.975 
EW3 0.859 
EW4 0.728 

Air temperature 
[oC] 

S1 0.884 
S2 0.921 
S3 0.890 
S4 0.978 
S5 0.998 
S6 0.989 
S7 0.987 
S8 0.995 
S9 0.997 
S10 0.998 
S11 0.994 
S12 0.994 
S13 0.998 
S14 0.992 
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EW3 EW4 

 
S1 S3 

  
Figure 4.19: Relationship between observed and predicted indoor air speeds and air temperatures. 

Figure 4.20 graphs the global sensitivities of the output air speeds and air temperatures 

inside the room to input boundary conditions. The global sensitivities were calculated 

based on the coefficient β, which was the measurement of the expected change in the 

output parameters with varying inputs. The input inlet air speed (AirVel) and air 

reference density (RefDen) influenced air temperatures and air speeds inside the room the 

most. The inlet air temperature (AirTemp) had a slight effect on the air velocity results; 

however, its variation in the uncertainty analysis was not large enough to cause 

a significant change in indoor air speeds. The remaining input parameters, which varied 

within specified ranges, did not show any significant effects on the relevant air speed 

results. Figure 4.21 gives a closer view on the sensitivity of output indoor air 

temperatures on input boundary conditions, without the reference density (RefDen) and 

the inlet air velocity (AirVel) included. It is clear that, except those two most influential 

boundary conditions, the inlet air temperature (AirTemp), the ceiling heat transfer 

coefficient (CeilingHTC), the person and the laptop heat fluxes (PerHeat and CompHeat) 

influenced indoor air temperatures to some extent. However, the influence of those 

input boundary conditions (AirTemp, CeilingHTC, PerHeat and CompHeat), was not large 

enough to cause a significant change in output indoor air temperatures. The window’s 
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heat transfer coefficients (WinHTC and IntGlassHTC) had the least influence on the 

model results. 

 

Figure 4.20: Sensitivity of indoor air speeds and air temperatures to input boundary conditions. 

 
Figure 4.21: Sensitivity of indoor air temperatures to input boundary conditions, without the 

reference density and the inlet air velocity inputs. 

The response surface plots are presented in order to better visualise the response of the 

indoor air speeds to the most important boundary conditions, i.e. the inlet air speed and 

the air reference density (Figure 4.22). The plots show minimum, maximum, ridge 
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or saddle points in the response data and are very useful when analysing the influence 

of the input boundary conditions to the output results, and optimising the CFD model 

to better fit the measured data.  

EW1 EW2 

  
EW3 EW4 

  
Figure 4.22: Indoor air speed responses to changing input air speed and air reference density. 

Changing the input parameters caused the highest changes in air speeds at the location 

EW4 (0.36 m/s) and the lowest at the location EW1 (0.22 m/s). The indoor air 

temperatures were the most sensitive (to changing input boundary conditions)  at 

locations S13 (9.31 oC), S11 (9.07 oC) and S9 (9.01 oC); and the least sensitive at the 

location S2 (6.16 oC). Figure 4.23 displays the impact of the inlet air speed and the air 

reference density on indoor air temperatures at locations S9, S11 and S13 (where the 

uncertainty analysis caused the highest changes in indoor air temperatures); and at 

locations S1, S2 and S3 (where the simulated data did not meet the validation criteria). 

The graphs (S1, S2 and S3) show only small changes in air temperatures with changing 

boundary conditions. 

This proves the statement mentioned in Section 4.4, explaining the possible reasons 

(such as the assumption of adiabatic walls, sensor placement or simplified boundary 

condition at the door opening) for the absolute difference in air temperatures at S1, S2 

and S3 locations exceeding the validation criterion. Further analysis of the additional 
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model input parameters, would be required to determine the reasons of the discrepancies 

at the S1, S2 and S3 locations. 

S9 S1 

  
S11 S2 

  
S13 S3 

  
Figure 4.23: Indoor air temperature responses to changing input air speed 

and air reference density. 

4.6 Evaluation of model improvement 

The CFD model described in Section 4.3 and validated with on-site measurements 

in Section 4.4  is the final CFD model (base model) obtained by following the steps 

of the proposed calibration methodology (Chapter 3). Table 4.11 compares absolute 

differences between measured and simulated data for the base and two previous CFD 

models.  
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Table 4.11: Comparison of the results of CFD models generated during the calibration process  
(values in bold red exceed validation criteria).  

Sensor 
location 

Absolute difference 
|measured – simulated| 

1st model  2nd model  Base model  

EW1 [m/s] 0.05 0.03 0.01 
EW2 [m/s] 0.08 0.11 0.10 
EW3 [m/s] 0.08 0.06 0.06 
EW4 [m/s] 0.13 0.02 0.08 

S1 [oC] 4.85 1.12 1.27 

S2 [oC] 5.10 2.01 2.17 

S3 [oC] 5.32 1.84 1.84 

S4 [oC] 4.36 0.35 0.46 
S5 [oC] 2.15 0.52 0.58 
S6 [oC] 2.24 0.28 0.52 
S7 [oC] 2.16 0.36 0.35 
S9 [oC] 0.64 0.39 0.40 
S10 [oC] 0.69 0.75 0.53 
S11 [oC] 0.72 0.37 0.33 
S12 [oC] 0.52 0.66 0.53 
S13 [oC] 0.50 0.38 0.30 
S14 [oC] 0.31 0.56 0.39 

The 1st model was created with the air reference density set to 1.214 kg/m3 (calculated 

based on the ideal gas law and measured at one location indoor air temperature and 

relative humidity). This caused a significant underestimation of air temperatures inside 

the room (S1 – S11), since the reference density was a highly influential input parameter. 

Thus, the air reference density was improved to the value of 1.185 kg/m3 (the possible 

ranges of air density were calculated based on the ideal gas law, minimum and maximum 

measured relative humidity, and minimum and maximum simulated by 1st model indoor 

air temperature ); and the 2nd model was developed. The air density of 1.185 kg/m3 was 

also suggested by (Ansys, 2012) to be used in the analysis of indoor environmental 

conditions. However, the 2nd model also showed some discrepancies between measured 

and simulated data. The model boundary conditions were examined and specified with 

higher accuracy (heat transfer coefficients for the ceiling, external and internal windows). 

The changes were made to represent those boundaries accurately and the base model was 

created (which results are presented in Section 4.3). There was a slight improvement in 

the prediction of the air speed at EW2 and air temperatures at S10 and S12 locations. 

The prediction of air temperatures at S1, S2 and S3 still did not meet the validation 

criteria. In general, CFD simulations may be sensitive to a wide range of computational 

parameters (Ramponi & Blocken, 2012b). The discrepancy between measured and 
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simulated air temperatures (S1, S2 and S3) might have been caused by inaccurate or 

inappropriate assumptions in the model (e.g. assumption of the adiabatic walls and floor 

or neglected radiation model), so changing the boundary conditions within their ranges 

(Table 4.9) did not improve the prediction at those locations. As mentioned before, 

further analysis (not in the scope of this work) of the model input parameters not taken 

into account in this work, would be required to determine the reasons of those 

discrepancies. 

4.7 Evaluation of calibrated model with new field measurements 

It has been previously stated that calibration occurs only when the calibrated model 

predictions are evaluated against a set of data not used in the tuning (AIAA, 1998; 

Roache, 1998). Thus, the calibrated base CFD model of the Nursing Library study room 

was evaluated with the new set of indoor/outdoor measurements. A few numerical 

boundary conditions (outside air temperature, barometric pressure, inlet air speed) were 

changed in the base model of the Nursing Library study room, according to the 

measurements taken on January 28th, 2012. Then, the results of the new CFD model 

were validated with the indoor air temperatures and air speeds also measured on 

January 28th, 2012. 

The data supporting the new CFD simulation were gathered during the on-site 

measurements in the Nursing Library study room on a cloudy day of January 28th, 2012 

(no solar radiation included; global solar irradiance measured was only 48 W/m2 and, 

thus, was neglected). Similar to the base model, the measured boundary conditions were 

provided by the automatic weather station and by the air speed sensor placed at the 

centre of the window opening (Appendix A).The conditions inside the room, such as 

window inlet, door opening, person working on the laptop at the same position, were 

identical to the base model. The average conditions over a 10 minute period at noon, 

when the outdoor and indoor conditions were relatively steady, were chosen to be used 

in the new CFD simulation. Table 4.12 presents the boundary conditions for the new 

CFD model of the Nursing Library study room. Values in bold red show the boundary 

conditions that were different to the base model. Only nine air temperature sensors  

(S1-S8 and S12) and two air speed sensors (V1 and V2) were available for validation 

purposes (Figure 4.24). 
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The model setup settings imitated the settings in the base model, such as the mesh size 

(581 764 elements), the standard k-ε turbulence model, no radiation model included, 

convergence criteria. 

Table 4.12: Boundary conditions for the new CFD model of the Nursing Library study room 
(values in bold red show different conditions to the base model). 

Boundary Type Heat transfer Mass & momentum 

Window bottom gap Inlet To = 6.03 [oC] Vnormal = 0.38 [m/s] 

Window side gaps Opening To = 6.03 [oC] Prelative = 0 [Pa] 

Internal door Opening Ti = 19.00 [oC] Prelative = 0 [Pa] 

External double glazed windows Wall hc = 2.30 [W/m2K] 
To = 6.03 [oC] No slip wall 

Internal single glazed window Wall hc = 4.04 [W/m2K] 
Ti = 19.00 [oC] No slip wall 

Internal walls Wall Adiabatic No slip wall 

External wall Wall Adiabatic No slip wall 

Roof slab/room ceiling Wall hc = 0.15 [W/m2K] 
To = 6.03 [oC] No slip wall 

Room floor Wall Adiabatic No slip wall 

Person sitting Wall qconvective = 60 [W/m2] No slip wall 

Laptop Wall Qconvective = 30 [W] No slip wall 

Tables & chair Wall Adiabatic No slip wall 
To – outdoor temperature; Ti – indoor temperature (for the adjacent reading space); hc – heat transfer coefficient; 
qconvective – convective heat flux; Qconvective – convective heat source; Vnormal – air speed normal to the boundary plane; 
Prelative – pressure relative to the reference pressure (Preference = 103000 Pa - absolute pressure datum from which all other 
pressure values were taken); 

 
Figure 4.24: The measurement setup. 

Figure 4.25 Figure 4.26 and Table 4.13 the comparison between measured and simulated 

indoor air temperatures and air speeds for the new model. To a significant extent,  

the new model met the validation criteria specified previously (Section 4.4). There was 
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a slight underestimation of the air speed at location V1; however, only by 0.03 m/s above 

the validation criterion. The air temperature criterion was exceeded quite significantly at 

locations S2 and S3 (the same locations where the base model did not meet the criteria). 

This reaffirmed the statement mentioned in Section 4.5 that the inaccurate prediction of 

air temperatures at S2 and S3 locations might have been caused by inaccurate 

assumptions in the model, such as an assumption of adiabatic walls and floor or 

neglected solar radiation. 

 

Figure 4.25: Qualitative comparison of measured and simulated indoor air temperatures 
for the new CFD model (range of measured data shown). 

 
Figure 4.26: Qualitative comparison of measured and simulated indoor air speeds 

for the new CFD model (range of measured data shown). 
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Table 4.13: Quantitative comparison of measured and simulated indoor data for the new CFD 
model (values in bold red exceed validation criteria). 

Data type Location Measured Simulated 
Absolute 
difference 

Air speed 
[m/s] 

V1 0.18 0.05 0.13 
V2 0.08 0.13 0.06 

Air temperature 
[oC] 

S1 18.02 17.52 0.49 

S2 17.97 16.45 1.52 

S3 17.45 15.87 1.58 

S4 17.39 17.83 0.43 
S5 18.60 18.82 0.22 
S6 18.60 19.12 0.51 
S7 18.16 18.70 0.54 
S8 18.02 18.79 0.77 

S12 18.51 18.91 0.41 

4.8 Conclusion 

This chapter describes the application of proposed calibration methodology (defined 

in Chapter 3). The formal and systematic methodology ensured the development of 

a verified and validated CFD model of the study room in the Nursing Library building at 

the NUI Galway, Ireland. The CFD model predicted indoor environmental conditions 

(air temperatures and air speeds) in satisfactory agreement with on-site measurements 

carried out in the normally operating building. Moreover, the uncertainty analysis 

identified the most influential input boundary conditions on output indoor air 

temperatures and air speeds. The uncertainty analysis assisted in the decision making 

process during the model calibration.  

Furthermore, the calibrated CFD model of the study room was evaluated against 

a second set of measured data (boundary and indoor conditions). The new model 

showed a good agreement with validation data. Thus, the capability of the calibrated 

CFD model to be reused, e.g. for the purpose of indoor space retrofitting, was proven. 
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Chapter 5 
Engineering Building demonstrator 

 “Stay in college, get the knowledge. Stay there till you are through. 

If they can make penicillin out of mouldy bread, they sure'll make something 

out of you!” 

     - Muhammad Ali (to a troubled student) 
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5.1 Overview of the building 

The second demonstrator used in this PhD work is the Engineering Building at the NUI 

Galway, Ireland (Figure 5.1). With a gross floor area of 14 100 m2, the Engineering 

Building is the largest school of engineering in Ireland. The building was opened to 

public in September 2011. The Engineering Building was designed as a ‘living laboratory’ 

in order to provide real-time measured data of structural and environmental building 

performance (NUI Galway, 2012).  

 
Figure 5.1: Engineering Building at the NUI Galway. 

A naturally ventilated meeting room (Figure 5.2) on the top floor of the Engineering 

Building was chosen in order to study indoor environmental conditions. The dimensions 

of the room are 4.90 m (D) x 5.89 m (L) x 3.47 m (H). The room is cross-ventilated with 

two external walls consisting of windows (facing north and east directions). The internal 

wall facing towards the west direction is a concrete structural wall adjacent to the internal 

staircase. The second internal wall facing towards the south direction is a partition wall 

adjacent to an office space. The location of the modelled meeting room in the 

Engineering Building is presented in Figure 5.3. 

 

Figure 5.2: Modelled meeting room. 
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Figure 5.3: Top floor plan of the Engineering Building with a modelled room shown. 

5.2 On-site measurements 

5.2.1 Outdoor measurements 

The measurement of outdoor weather conditions was facilitated by the automatic 

weather station located at the NUI Galway campus (the same station that provided 

weather data for the Nursing Library case study in Section 4.2.1) (IRUSE Weather, 2011). 

The Engineering Building is located approximately 500 m from the weather station. 

The outdoor measurements were taken with a time step of 1 min (except the rainfall,  

for which it was 1 hour). 

5.2.2 Indoor measurements 

For the CFD model validation purposes indoor air temperatures and air speeds were 

measured using the same sensors as the ones used in the Nursing Library case study 

(Section 4.2.2). A network of fourteen wireless Hobo U12 data loggers (denoted by the 

letter S) (Onset, 2011) was deployed to measure air temperatures in the meeting room. 

Those data loggers were located in four horizontal layers (ankle level (h = 0.1 m), sitting 

person’s waist level (h = 0.6 m), sitting person’s head level (h = 1.1 m) and standing 
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person’s head level (h = 1.7 m)) in order to observe the air temperature stratification 

inside the room that affected occupants’ thermal comfort. Figure 5.4 shows the location 

of the data loggers at four different heights along the pole 1. Moreover, three Egg-Whisk 

sensors (denoted by letters EW) (NAP, 2008) were used in order to measure air speeds 

inside the room. The measurement setup for air temperature and air speed sensors inside 

the room is presented in Figure 5.5 (the exact location of the indoor sensors is available 

in Appendix B). Two air speed sensors (Onset, 2011) located at the window opening 

(Figure 5.6a) provided the components of inlet air speed boundary condition for the 

CFD model (horizontal component parallel to the window plane (X) and vertical 

component (Y)). Moreover, an air speed sensor (Onset, 2011) located at the window 

outlet (V1) (Figure 5.6b) provided the measurement of the speed of air (vertical 

component) exiting the room, which was used for the validation purposes. The accuracy 

of Hobo U12 data loggers, Egg-Whisk sensors and air speed sensors located at window 

openings are described in Section 4.2.2. Flags placed at both window openings  

(Figure 5.6a) provided an indication of the direction of the indoor flow (inlet – outlet).  

The temperatures of internal walls were measured at one location for each wall by 

temperature sensors TMC6-HE (Onset, 2011) (Figure 5.7a). The floor temperature was 

measured at two locations inside the room by temperature sensors TMC20-HD (Onset, 

2011) (Figure 5.7b). The accuracy of both temperature sensors was ± 0.25 oC in a range 

between 0 oC and 50 oC. The surface temperatures of the column, external walls and 

the ceiling were measured using a thermal camera FLIR T335 (FLIR, 2012). 

The measurement accuracy of the camera was ± 2 oC or 2% of the reading. 

The measurements of indoor air/surface temperatures and air speeds at windows were 

taken with a time step of 1 min; while, the indoor air speeds (EW) were measured by the 

Egg-Whisk sensors every second. The indoor and outdoor measurements for the 

meeting room are available in Appendix B. 
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Figure 5.4: Hobo U12 setup in the modelled meeting room. 

 

 

 

 

Figure 5.5: The measurement setup. 
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a b 

 
Figure 5.6: Air speed sensors at the window (a) inlet and (b) outlet. 

a b 

Figure 5.7: (a) Wall and (b) floor temperature sensors. 

5.3 CFD analysis 

The CFD simulation of the meeting room in the Engineering Building was performed 

using the commercial software Ansys CFX v.13.0 (Ansys 13.0, 2012). The airflow and the 

air temperature stratification were simulated in a naturally ventilated room occupied 

by two people working on laptops. The settings of the CFD model imitated the 

conditions inside the room during the on-site measurements. The results presented in 

this section and Section 5.4 apply to the final model (called later a ‘base model’) 

calibrated using the proposed methodology. The results of the additional CFD models 

developed during the calibration process are shown in Section 5.6. Moreover, the output 

files of the CFD models and calculations necessary for model verification, validation and 

uncertainty analysis are available in Appendix B. 

5.3.1 Geometry and mesh 

The 3D geometry of the meeting room was created based on technical drawings, 

operation and maintenance (O&M) manuals and site visits. Similar to the previous case 

study (Nursing Library study room, Section 4.3.1) the elements of the modelled study 

room, i.e. the occupants, windows, chairs and tables, were simplified. Figure 5.8 shows 
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the level of detail in the geometry of the modelled room. The computational domain was 

divided into a number of mesh cells (tetrahedrons, prisms and pyramids) where the 

governing equations were solved in order to obtain a numerical solution. Figure 5.9a 

shows the mesh of the modelled meeting room containing 1 066 002 mesh cells. Figure 

5.9b shows sections of the mesh demonstrating the regions of mesh inflation at the walls 

and refinement at proximity of the occupant. More details regarding the mesh can be 

found in Section 5.3.4. 

 

Figure 5.8: The geometry of the meeting room CFD model. 

a b 

  
Figure 5.9: Mesh of the modelled meeting room (1 066 002 elements). 
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5.3.2 Boundary conditions 

The boundary conditions for the CFD model, were provided by (i) the automatic 

weather station installed at the NUI Galway campus (IRUSE Weather, 2011), (ii) two air 

speed sensors placed at the centre of the window opening (Onset, 2011), (iii) surface 

temperature sensors (Onset, 2011), (iv) thermal camera images (FLIR, 2012) and  

(v) typical values found in the literature (e.g. human body, laptop, etc.).  

The data supporting CFD simulations were gathered during the on-site measurements 

in the meeting room on August 17th, 2012 (Appendix B). The external weather 

conditions, as well as indoor air speeds and air temperatures, were monitored throughout 

the day. The outdoor air entered the room through the east facing window (window 

bottom gap) and exited the room through the north facing window (window outlet). 

The modelled meeting room was occupied by two sitting people working on laptops. 

The conditions over a 45 minute period in the afternoon, when outdoor and indoor 

conditions were relatively steady, were chosen to be used in the CFD simulation. 

The average values over the 45 minute period provided the boundary conditions and 

validation data for the model (Section 5.4), while their variations were used in the 

uncertainty analysis (Section 5.5). Table 5.1 presents the boundary conditions for the 

base CFD model of the meeting room. 

The meeting room is a highly glazed space, with windows covering the majority of 

external walls. Thus, the radiation model was included in the CFD simulation. A discrete 

transfer model (assumption of an isotropic scattering and reasonably homogenous 

system) was chosen in the analysis, since it is very efficient and provides accurate results 

(Ansys 2012). For the period monitored, the average global solar irradiance was 

445.63 W/m2 and the average diffuse solar irradiance was 203.10 W/m2 (IRUSE 

Weather, 2011).The windows of the meeting room face north and east and the 

measurements were taken in the afternoon; thus, only the diffuse part of solar irradiance 

was considered in the CFD model. The heat sources inside the room consisted of two 

people working on their laptops. Similar to the Nursing Library demonstrator (Section 

4.3.2), the convective and radiative heat fluxes from the people were set to 18 W/m2 and 

42 W/m2 respectively. The laptops generated 131 W of electrical power each (it was 

assumed that all generated electrical power was transformed into heat). The surface 

temperatures of internal walls and the floor were specified in the model based on average 
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measurements taken with the temperature sensors (Onset, 2011) (Figure 5.7). 

The surface temperatures of the ceiling, external walls and the concrete column were 

specified based on the thermal images (FLIR, 2012), which are available in Appendix B. 

The closed internal door, chairs, table, lamps and sound panels were assumed adiabatic. 

The emissivity and diffuse fraction (a ratio between the diffuse reflected energy and the 

total reflected energy at an opaque boundary) of all surfaces inside the room were 

assumed 0.9 and 1.0 respectively. 

Table 5.1: Boundary conditions for the base CFD model of the meeting room. 

Boundary Type Heat transfer 
Mass & 

momentum 
Radiation 

Window bottom gap Inlet To = 20.82 [oC] VX = 0.47 [m/s] 
VY = 0.56 [m/s] n/a 

Window side gaps Opening To = 20.82 [oC] Prelative = 0 [Pa] n/a 

Window outlet Opening To = 20.82 [oC] Prelative = 0 [Pa] n/a 

Internal closed door Wall Adiabatic No slip wall ε = 0.9 
DF = 1.0 

External double 
glazed windows Wall 

hc = 2.30 [W/m2K] 
To = 20.82 [oC] 

qradiative = 203.10 [W/m2] 
No slip wall ε = 0.9 

DF = 1.0 

Internal wall 
facing south Wall Twall = 23.64 [oC] No slip wall ε = 0.9 

DF = 1.0 
Internal wall 
facing west Wall Twall = 24.45 [oC] No slip wall ε = 0.9 

DF = 1.0 
External wall 
facing north Wall Twall = 22.6 [oC] No slip wall ε = 0.9 

DF = 1.0 
External wall 

facing east Wall Twall = 22.6 [oC] No slip wall ε = 0.9 
DF = 1.0 

Column Wall Twall = 22.8 [oC] No slip wall ε = 0.9 
DF = 1.0 

Ceiling Wall Twall = 23.0 [oC] No slip wall ε = 0.9 
DF = 1.0 

Floor Wall Twall = 23.5 [oC] No slip wall ε = 0.9 
DF = 1.0 

People sitting Wall qconvective = 18 [W/m2] 
qradiative = 42 [W/m2] No slip wall ε = 0.9 

DF = 1.0 

Laptops Wall Qconvective = 131 [W] No slip wall ε = 0.9 
DF = 1.0 

Tables, chairs, sound 
panels and lamps Wall Adiabatic No slip wall ε = 0.9 

DF = 1.0 
To – outdoor temperature; Twall – wall temperature; hc – heat transfer coefficient; qconvective – convective heat flux; 
qradiative – radiative heat flux; Qconvective – convective heat source; Vx – air speed horizontal component parallel to the windows’ 
plane; Vy – air speed vertical component; Prelative – pressure relative to the reference pressure (Preference = 100200 Pa - absolute 
pressure datum from which all other pressure values were taken); ε – emissivity; DF – diffuse fraction; 

The outdoor air entered the room through the velocity inlet at the 27 cm wide bottom 

gap of the window awning. Two air velocity components were measured at the centre 

of the gap (X component – horizontal and parallel to the window plane, Y component - 

vertical) and the CFD boundary conditions were specified as the average measured 
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values, constant at the whole velocity inlet. The air exited the room through the window 

outlet (27 cm wide gap), which was specified with no pressure difference between the 

boundary and outdoor conditions. Window side gaps (vertical triangular planes formed 

after opening the window) were modelled as openings at the same reference pressure as 

the outdoor conditions. The influence of the airflow through the window side gaps was 

not expected to be significant for the airflow inside the room. 

5.3.3 Model setup 

The steady state conditions were used in the CFD analysis of the single phase airflow 

inside the meeting room. The full buoyancy model, where the fluid density was 

a function of temperature or pressure, was applied. The air was modelled as an ideal gas 

with the reference buoyancy density of 1.173 kg/m3 (calculations are available in 

Appendix B). A blend factor of 0.75 was applied in the model in order to maintain 

robustness and accuracy of the results (Ansys, 2012). 

Similar to the Nursing Library demonstrator, the standard k-ε turbulence model was 

chosen for a good accuracy of the results with the robustness of the solution. Satisfactory 

convergence was achieved using the criteria of 0.01% of root mean square residuals 

for mass and momentum equations, 1% of the energy conservation target and the 

numerical results at points of interest no longer changing with additional iterations. 

Simulations were performed with a single precision accuracy. The simulation with 

a double precision accuracy did not produce different results from the results of a single 

precision accuracy; thus, the round-off error was not considered significant in this case. 

5.3.4 Model verification 

The grid independence study of indoor air temperatures was performed in order to verify 

the base CFD model solution. Three different meshes, successively refined, were created 

using unstructured elements. The number of grid elements (∆) and the refinement ratio 

(r) for each mesh are presented in Table 5.2 based on Equation 3.9 (Section 3.4). 

Table 5.2: Grid parameters for three different mesh sizes. 

∆3 ∆2 ∆1 r32 r21 

479 289 1 066 002 2 480 318 1.31 1.33 

Figure 5.10 demonstrates the qualitative grid verification (the quantitative results of 

indoor air temperatures are available in Appendix B). Axial air temperature profiles along 
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the room height are plotted for three mesh sizes (∆3, ∆2 and ∆1). Presented profiles 

indicate a very close prediction between the medium (∆2) and fine (∆1) meshes  

(except the lower locations at the pole 3, where the prediction of ∆2 mesh is closer to ∆3 

than ∆1). The coarse mesh (∆3) failed to predict accurately air temperatures along the 

poles 2, 3 and 4. 

The quantitative grid verification could only be performed using the grid convergence 

index (GCI) for two sensors’ locations where a monotonic convergence was observed 

(S1 and S6). At four locations where an oscillatory convergence was observed, the grid 

convergence error was estimated using Equation 3.11. For the remaining eight locations 

with a clearly divergent solution (S3-S5, S7, S8, S11, S12 and S14) no grid verification 

error could have been calculated and only qualitative grid verification was carried out. 

The calculated values of grid convergence error for the simulated air temperatures at six 

locations (S1, S2, S6, S9, S10 and S13) were compared to the measurement accuracy at 

the same locations. This was done in order to justify the choice of the grid independent 

solution at the reasonable computational cost (Table 5.3). 

 

Figure 5.10: Simulated indoor air temperatures. 
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Table 5.3: Grid convergence error and measurement accuracy for indoor air temperatures. 

Sensor 
location R [-] 

Convergence 
type 

E32 [%] E21 [%] 
Measurement 
accuracy [%] 

S1 0.82 Monotonic conv. 2.04 1.62 1.49 

S2 -0.01 Oscillatory conv. 3.88 0.04 1.49 

S3 1.06 Monotonic diverg. n/a n/a 1.50 

S4 2.46 Monotonic diverg. n/a n/a 1.50 

S5 1.57 Monotonic diverg. n/a n/a 1.47 

S6 0.09 Monotonic conv. 0.05 0.00 1.48 

S7 1.77 Monotonic diverg. n/a n/a 1.48 

S8 12.79 Monotonic diverg. n/a n/a 1.49 

S9 -0.42 Oscillatory conv. 0.61 0.26 1.46 

S10 -0.47 Oscillatory conv. 2.31 1.08 1.46 

S11 5.60 Monotonic diverg. n/a n/a 1.47 

S12 9.38 Monotonic diverg. n/a n/a 1.48 

S13 -0.66 Oscillatory conv. 1.32 0.86 1.45 

S14 -3.58 Monotonic diverg. n/a n/a 1.46 

Despite the problems with convergence the medium mesh size ∆2 was chosen for further 

analysis. The air temperature profiles inside the room (Figure 5.10) showed that the 

results of the medium (∆2) and fine (∆1) meshes were very close. Moreover, the low 

values of the grid convergence error E21 in comparison with the measurement accuracy 

proved a good accuracy of the results of the ∆2 mesh, at a reasonable computational 

cost. Table 5.4 shows the properties of the ∆2 mesh, which indicate a good mesh quality. 

Table 5.4: Properties of the ∆2 mesh (averaged through the domain). 

Element quality 0.73 [-] 

Aspect ratio 2.68 [-] 

Skewness 0.24 [-] 

Maximum corner angle 90.25 [deg] 

5.3.5 Model results 

Table 5.5 lists the properties of the simulated flow inside the room. The Reynolds 

number confirmed the flow was of turbulent nature. With the expected range of indoor 

air temperatures the dynamic viscosity and thermal conductivity were assumed constant. 

Table 5.5: Properties of the flow inside the modelled room. 

Reynolds number 
(considering global length) 

40 236 [-] 

Prandtl number 0.70462 [-] 

Dynamic viscosity 1.831e-5 [kg/(ms)] 

Thermal conductivity 2.61e-2 [W/(mK)] 
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Figure 5.11 shows the location of three vertical planes: A and C (through the occupants), 

B (through the middle of the window inlet) are used to show the CFD results. 

Figure 5.12 demonstrates the air temperature stratification and airflow distribution inside 

the modelled room. 

 
Figure 5.11: Location of the vertical planes. 

A 

  

B 

  

C 

  

 

  

Figure 5.12: Verified model results. 
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The results showed the airflow inside the room was strongly wind-driven. The cold air 

entered the room through the window inlet (plane B in Figure 5.12) and exited through 

the window outlet. Figure 5.13a shows that the airflow streamlines were spread inside the 

whole room. The heat plumes above the sitting people (planes A and C) were relatively 

small. This was due to two reasons: (i) it was mostly a wind-, as opposed to buoyancy-, 

driven flow and (ii) in the model the majority of the heat was transferred through 

radiation, as opposed to convection. 

The average air speeds inside the room ranged from 0.14 m/s at ankle level (h = 0.1 m); 

to 0.08 m/s at sitting person’s waist level (h = 0.6 m); to 0.10 m/s at sitting person’s head 

or standing person’s waist level (h = 1.1 m); and to 0.08 m/s at standing person’s head 

level (h = 1.7 m). Respectively, the average air temperatures were 23.11 oC at ankle level; 

23.41 oC at sitting person’s waist level; 23.61 oC at sitting person’s head or standing 

person’s waist level; and 24.16 oC at standing person’s head level. The average vertical air 

temperature difference between the head (h = 1.1 m) and ankle (h = 0.1 m) levels was 

less than 2 oC. This caused a dissatisfaction level of only 6% (ISO, 2005).  

Figure 5.13b presents an isosurface of indoor air speeds of 0.25 m/s (the higher air 

speeds were present inside this isosurface). It is clear from Figure 5.13b that the airflow 

jet generated at the window inlet entered the room almost vertically, dropped down near 

the corner of the room and aimed towards the window outlet at the floor level. 

This airflow jet omitted the occupants, except the ankle level of the person P1  

(Figure 5.8) situated in the room corner (which might have caused a local discomfort 

of this person). Moreover, there were two small airflow jets of 0.25 m/s air speed 

generated above the laptops with convective heat fluxes. There were no 0.25 m/s air 

speed jets created above the occupants. This was due to the fact that the heat generated 

by the occupants was transferred mostly through radiation, as opposed to convection. 
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a b 

  

Figure 5.13: (a) Indoor airflow streamlines from the window inlet towards the window outlet  
and (b) indoor air speeds of 0.25 m/s. 

5.4 Model validation 

The first step of the validation procedure consisted of a qualitative comparison between 

the measured and simulated data (Figure 5.14 and Figure 5.15). 

 
Figure 5.14: Qualitative comparison of measured and simulated indoor air speeds  

(range of measured data shown). 
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Figure 5.15: Qualitative comparison of measured and simulated indoor air temperatures  

(range of measured data shown). 

The validation criteria for this case study were defined as 0.15 m/s absolute difference 

between measured and simulated air speeds; and 0.50 oC absolute difference between 

measured and simulated air temperatures. Similar to the Nursing Library demonstrator, 

the validation criteria were based on the maximum uncertainties in measured data  

(0.15 m/s for air speeds and 0.49 oC for air temperatures). The uncertainties included the 

measurement uncertainty (standard deviation) and sensors’ accuracy (± 0.01 m/s for air 

speeds and ± 0.35 °C for air temperatures).  

Table 5.6 shows the absolute differences between measured and simulated indoor air 

speeds and air temperatures. The model met the validation criterion when predicting air 

temperatures (except the location S2, where the air temperature was slightly under 

predicted). At the EW4 Egg-Whisk location, which was the closest to the window inlet, 

the model failed to predict the air speed accurately. However, despite the excess over the 

validation criterion, the difference between the measured and simulated value at the 

location EW4 was not extremely high; and may be considered acceptable. 
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Table 5.6: Quantitative comparison of measured and simulated indoor data  
(values in bold red exceed validation criteria). 

Data type Location Measured Simulated 
Absolute 
difference 

Air speed 
[m/s] 

V1 0.22 0.20 0.02 
EW2 0.17 0.04 0.13 
EW3 0.11 0.06 0.05 
EW4 0.27 0.07 0.20 

Air temperature 
[oC] 

S1 23.56 23.26 0.30 
S2 23.48 22.95 0.53 
S3 23.34 23.16 0.18 
S4 23.40 23.16 0.24 
S5 23.79 23.31 0.47 
S6 23.58 23.42 0.16 
S7 23.61 23.25 0.36 
S8 23.50 23.49 0.01 
S9 23.97 23.57 0.40 
S10 24.00 23.84 0.16 
S11 23.76 23.65 0.11 
S12 23.59 23.80 0.21 
S13 24.09 24.35 0.26 
S14 24.02 24.24 0.42 

Table 5.7 presents a quantitative comparison between measured and simulated 

turbulence intensities (TI) (calculations available on the CD attached). Measured 

turbulence intensities at four locations were lower than 60%. At the location EW3 the 

turbulence intensity was lower than 30%; however it is acceptable in the environments 

without mechanical ventilation (ISO, 2005). Furthermore, it can be seen that the 

turbulence intensity was strongly overestimated at the location EW2 (the closest to the 

window outlet) and underestimated at the location EW4 (the closest to the window 

inlet). At the V1 and EW3 locations the simulated turbulence intensity was predicted 

quite well (< 34%). The EW3 sensor was located in the southeast corner of the room, 

free of the main wind-driven flow and, thus, the simulated turbulence intensity was more 

accurate there. The measurement at the V1 location (window outlet) strongly depended 

on the air velocity at the inlet. For this reason the airflow was well established there and 

easier to predict than at the locations inside the room. 

Table 5.7: Turbulence intensities at the indoor air speed measurement locations. 

Location TImeasured [%] TIsimulated [%] Error [%] 

V1 50.8 33.6 33.8 
EW2 41.0 75.9 85.0 
EW3 22.6 29.9 32.2 
EW4 53.0 20.3 61.7 



 

110 

 

 
Engineering Building demonstrator 

5.5 Uncertainty analysis 

The first step of the uncertainty analysis consisted of assessing the plausible ranges of 

input parameters (Table 5.8). The input parameters for this demonstrator were chosen 

based on the results of the uncertainty analysis in the Nursing library case study. The air 

reference density (RefDen), inlet air velocity components (AirVelX and AirVelY) and the 

inlet air temperature (AirTemp) were expected to have a high impact on the environment 

in the Engineering Building meeting room. The solar radiation (WinRad) was included 

because of the fact that the room is highly glazed. The heat fluxes from the occupants 

(PerHeat and PerRad) and laptops (CompHeat) were also expected to be influential. 

The window heat transfer coefficient was not significant in the results for the Nursing 

Library study room, thus it was not considered as an input parameter in the Engineering 

Building meeting room.  

Table 5.8: Input parameters and their ranges. 

Input parameter Description Lower bound Upper bound 

RefDen Air density 1.163 [kg/m3] 1.183 [kg/m3] 

AirTemp Outdoor air temperature 20.63 [oC] 21.02 [oC] 

AirVelX 
Inlet air velocity 

(horizontal component, parallel 
to the window plane) 

0.30 [m/s] 0.64 [m/s] 

AirVelY 
Inlet air velocity 

(vertical component)  0.38 [m/s] 0.73 [m/s] 

CompHeat 
Laptops convective heat 

source 105 [W] 157 [W] 

PerHeat People convective heat flux 14.4 [W/m2] 21.6 [W/m2] 

PerRad People radiative heat flux 33.6 [W/m2] 50.4 [W/m2] 

WinRad Solar radiation at windows 135.74 [W/m2] 270.46 [W/m2] 

The input parameter ranges were related to the variation in the measurements and 

uncertainty in assumptions of the boundary conditions. The range of the air reference 

density (RefDen) was calculated using the ideal gas law equation based on the minimum 

and maximum expected indoor air temperatures. The ranges of the inlet air temperature 

(AirTemp), inlet air velocity components (AirVelX and AirVelY) and solar radiation 

(WinRad) were based on the average measurements ± standard deviation in air 

temperature, solar irradiance (weather station) and air speeds (window inlet). The heat 

flux generated by people was taken as 60 W/m2 for the seated person (ASHRAE, 2005). 

It was assumed the heat from the people was transferred through convection (PerHeat) 

and radiation (PerRad) with a C:R ratio of 30:70 (Srebric et al., 2008). The ranges of the 

convective and radiative heat fluxes were specified as the average values ± 20%. 
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The range of the heat generated by the laptops (CompHeat) was based on the 

manufacturer’s specification ± 20%. The calculation of the ranges of input parameters is 

available in Appendix B. 

Similar to the Nursing Library demonstrator, for selected eight input parameters, central 

composite design method generated 81 design points (sets of varying input parameters), 

which provided boundary conditions for 81 CFD models to be solved. Changing the 

inputs within their ranges caused changes in the output indoor air speeds up to 0.11 m/s 

from the base model result and indoor air temperatures up to 0.72 oC. Based on the 81 

sets of input boundary conditions, together with the relevant output indoor air speeds 

and air temperatures, the response surfaces were created using the second order 

approximation (MATLAB, 2012). 

The accuracy of the fit of the predicted response values in the response surfaces 

generated by 81 CFD models was estimated using the coefficient of determination (R2) 

(Table 5.9). The R2 values for indoor air speeds and air temperatures simulated in this 

work indicated good accuracy of the responses’ prediction. Figure 5.16 shows the 

relationship between observed (simulated by CFD) and predicted (by the response 

surface approximation) indoor air speeds and air temperatures at the locations with the 

lowest coefficients of determination R2 (i.e. the worst estimation of the regression 

equation). The graphs demonstrate the data points with the outliers marked red.  

Table 5.9: Coefficient of determination for simulated indoor air speeds and air temperatures. 

Measurement Sensor location R2 

Air speed [m/s] 

V1 0.994 
EW2 0.932 
EW3 0.857 
EW4 0.815 

Air temperature 
[oC] 

S1 0.977 
S2 0.989 
S3 0.970 
S4 0.936 
S5 0.988 
S6 0.979 
S7 0.986 
S8 0.987 
S9 0.997 
S10 0.995 
S11 0.995 
S12 0.992 
S13 0.998 
S14 0.997 
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Figure 5.16: Relationship between observed and predicted indoor air speeds and air temperatures. 

Figure 5.17 graphs the global sensitivities of the input boundary conditions to output air 

speeds and air temperatures inside the room. The vertical component of inlet air velocity 

(AirVelY) influenced air speeds inside the room the most. Generally, higher the inlet air 

velocity vertical component, the indoor air speeds were higher (except at the location 

EW3, where the measured air speed was inversely proportional to the inlet air velocity 

vertical component). The indoor air temperatures were mostly influenced by the inlet 

velocity vertical component (AirVelY) (inversely proportional), solar radiation through 

the windows (WinRad), inlet velocity horizontal component (AirVelX) and outdoor air 

temperature (AirTemp) (all proportional). 

Moreover, changing the input parameters had the highest impact on air speed changes 

at the location V1 (0.15 m/s) and the lowest at the location EW2 (0.05 m/s). The indoor 

air temperatures were the most sensitive (to changing input boundary conditions)  

at locations S13 (1.33 oC) and S14 (1.18 oC); and the least sensitive at locations 

S1 (0.47 oC), S3 (0.54 oC) and S4 (0.51 oC). 
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Figure 5.17: Sensitivity of indoor air speeds and air temperatures to input boundary conditions. 

Figure 5.18 displays the impact of two inlet velocity components (AirVelX and AirVelY) 

on indoor air speeds. The uncertainty study showed that changing input parameters 

within the possible ranges produced the maximum air speed of 0.12 m/s at the location 

EW4 (the closest to the window inlet), which would then comply with the validation 

criterion. However, the underprediction of the EW4 air speed by the model might have 

been caused by the simplification of the inlet boundary condition and the assumption 

of the uniform conditions along the window gap.  
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Figure 5.18: Indoor air speed responses to changing input air velocity components. 

5.6 Evaluation of model improvement 

The CFD model described in Section 5.3 and validated with the on-site measurements 

in Section 5.4 is the base CFD model obtained by following the steps of the proposed 

calibration methodology (Chapter 3). Table 5.10 compares the absolute differences 

between measured and simulated data for the 1st and base model, and two design points 

(dp33 and dp70) generated by the uncertainty study (Table 5.11 presents input 

parameters used as boundary conditions in the dp33 and dp70 models).  

The 1st model was created without the radiation model activated and no solar irradiance 

specified through windows. It was clear that indoor air temperatures were 

underestimated by the model. Thus, the radiation model was activated, solar irradiance 

was specified on windows’ boundaries, the convective and radiative heat fluxes from the 

occupants were specified and the base model was developed. The base model showed 

a very good agreement with the measured data (except the slight underprediction of air 

speed at location EW4). However, an uncertainty study has been performed in order 

to determine which input parameters influenced the output indoor air speeds and air 

temperatures the most (Section 5.5). Among the 81 CFD models (design points) 



 

115 

 

 
Engineering Building demonstrator 

generated by the central composite method, the results of the dp33 and dp70 showed the 

closest agreement with the measured data. Those models presented a more accurate 

prediction of the air speed at location EW4 than the base model. The green shading 

in Table 5.10 indicates better, and the blue shading indicates worse indoor air 

temperature/speed prediction by the dp33 or dp70 models, than the base model. At the 

majority of measurement locations the dp33 or dp70 predictions agreed better with the 

measurements than the base model results. However, the differences between the results 

of the base, dp33 and dp70 models did not differ significantly (in most measurement 

locations the validation criteria were not exceeded). Moreover, in the calibration process 

more than one model may meet the validation criteria, because of the limited number of 

measurement points. Thus, the base model, which boundary conditions were averaged 

over the measurement period (i.e. assumed the most accurate), was considered the final 

calibrated CFD model of the meeting room in the Engineering Building.  

Table 5.10: Comparison of the results of CFD models generated during the calibration process  
(values in bold red exceed validation criteria). 

Sensor 
location 

Absolute difference 
|measured – simulated| 

1st model Base model dp33 dp70 

V1 [m/s] 0.05 0.02 0.02 0.03 

EW2 [m/s] 0.12 0.13 0.12 0.12 

EW3 [m/s] 0.04 0.05 0.05 0.06 

EW4 [m/s] 0.19 0.20 0.16 0.16 

S1 [oC] 0.80 0.30 0.14 0.18 

S2 [oC] 0.66 0.53 0.45 0.41 

S3 [oC] 0.77 0.18 0.02 0.11 

S4 [oC] 0.83 0.24 0.07 0.01 

S5 [oC] 0.99 0.47 0.28 0.39 

S6 [oC] 0.74 0.16 0.08 0.04 

S7 [oC] 0.90 0.36 0.24 0.17 

S8 [oC] 0.65 0.01 0.09 0.09 

S9 [oC] 1.03 0.40 0.23 0.42 

S10 [oC] 0.99 0.16 0.21 0.23 

S11 [oC] 0.76 0.11 0.04 0.22 

S12 [oC] 0.40 0.21 0.31 0.30 

S13 [oC] 0.57 0.26 0.11 0.00 

S14 [oC] 0.36 0.42 0.25 0.30 
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Table 5.11: Input parameters for the dp33 and dp70. 

Input parameter dp33 dp70 

RefDen 1.178 [kg/m3] 1.178 [kg/m3] 

AirTemp 20.92 [oC] 20.73 [oC] 

AirVelX 0.39 [m/s] 0.55 [m/s] 

AirVelY 0.64 [m/s] 0.64 [m/s] 

CompHeat 144 [W] 118 [W] 

PerHeat 16.2 [W/m2] 19.8 [W/m2] 

PerRad 37.8 [W/m2] 46.2 [W/m2] 

WinRad 236.61 [W/m2] 236.61 [W/m2] 

5.7 Thermal comfort 

Thermal comfort expresses occupants’ satisfaction with thermal environment in 

buildings. Thermal comfort is determined using the predicted mean vote (PMV), 

predicted percentage of dissatisfied (PPD) and local thermal comfort criteria (ISO, 2005).  

This work utilised field measurements and validated CFD model (base model) in order 

to determine global and local thermal comfort indices and ensure acceptable 

environmental conditions in the Engineering Building meeting room. 

5.7.1 PMV & PPD 

The PMV and PPD indicate warm and cold discomfort for the whole body of the 

occupant. The PMV predicts the mean value of the thermal votes of a large group 

of occupants exposed to the same environment and is expressed by the thermal 

sensation scale (Figure 5.19). The PPD quantitatively predicts the percentage of thermally 

dissatisfied occupants (those, who would vote hot, warm, cold or cool in the thermal 

sensation scale) (ISO, 2005). 

Table 5.12 shows measured and simulated PMV and PPD values for the occupants of 

the meeting room in the Engineering Building. The PMV values were calculated based 

on Equations B.1 – B.4 (Appendix B). For both measured and simulated values, 

metabolic rate for the occupants was assumed based on Figure A.1 (Appendix A); 

clothing insulation was based on Figure B.2 (Appendix B); relative humidity was the 

average relative humidity measured in the room at locations (S1 – S14) (Appendix B). 

Measured and simulated air temperatures and air velocities were the average values of air 

temperatures measured and simulated at locations S1 – S14, and air speeds measured and 

simulated at EW2 – EW4. Measured mean radiant temperature inside the room was the 

average value between calculated (ASHRAE, 2005) mean radiant temperatures at the 
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centre points of occupants P1 and P2; while, the simulated mean radiant temperature was 

the average value of the mean radiant temperature inside the room simulated by the base 

CFD model. Both measured and simulated PPD values were calculated from Equation 

B.5 based on the adequate PMV values. 

The simulated values indicate an almost neutral thermal sensation with only 6% of 

thermally dissatisfied people; while, measured values indicate a slightly cool sensation 

with 14% of thermally dissatisfied people. The discrepancies between measured and 

simulated PMV and PPD values were caused by the difference in measured and 

simulated air speeds at locations EW2 – EW4, and the fact that the calculated mean 

radiant temperature was not measured during the experiment using the black globe 

thermometer, but calculated based on approximate values of angle factors between 

the occupants and room surfaces (ASHRAE, 2005). 

 
Figure 5.19: Thermal sensation scale for PMV (ISO, 2005). 

Table 5.12: Measured and simulated PMV and PPD for the occupants of the meeting room. 

 Measured Simulated 

PMV [-] -0.7 - 0.2 
PPD [%] 14.2 5.8 

5.7.2 Local thermal comfort 

Thermal dissatisfaction of building occupants can be caused by unwanted cooling 

or heating of a particular part of their body, called local discomfort. The most common 

source of local discomfort in buildings is draught. Moreover, occupants comfort is also 

influenced by a vertical air temperature difference (between head and ankles), floor 

temperature or radiant asymmetry (ISO, 2005). Table 5.13 lists local thermal discomfort 

indices for two occupants (P1 and P2 in Figure 5.8) of the meeting room.  

Table 5.13: Local thermal discomfort indices for two occupants of the meeting room. 

Criteria Person P1 Person P2 

DR [%] 5.3  7.1 
PD vertical temperature difference [%] 1.7  0.8  

PD floor temperature [%] 5.5  
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5.7.2.1 Draught rate  

A draught rate (DR) higher than 15% is considered unacceptable (Fanger et al., 1988). 

Thus, the calculated DR in the meeting room (5.3% for P1 and 7.1% for P2) did not 

cause local discomfort of the room occupants. The DR was calculated from Equation 

B.6 based on simulated (CFD base model) local air temperature, local mean air velocity 

and local turbulence intensity at neck level (h = 1.0 m) for each occupant. 

5.7.2.2 Vertical air temperature difference 

The difference in air temperature between the head and ankle level may cause local 

discomfort for the occupants. Typically, the air temperature increases upwards (as in the 

case of the meeting room). However, when the thermal stratification is in the opposite 

direction, it is more favourable for the occupants. The vertical air temperature difference 

for occupants P1 (2.01 oC) and P2 (1.10 oC) in the meeting room indicated the thermal 

dissatisfaction level lower than 2%. The percentage of dissatisfied due to vertical air 

temperature difference (PD vertical temperature difference) was calculated from Equation B.7 based 

on the simulated (CFD base model) vertical air temperature difference between head  

(h = 1.1 m) and ankles (h = 0.1 m) of the occupants (both were averaged over eight 

points around occupants’ head and ankles). 

5.7.2.3 Warm and cold floor 

The floor temperature, rather than the floor covering material, is the most important 

factor for thermal comfort of people wearing shoes. Thus, building occupants may feel 

uncomfortable due to too warm or too cold floor surface. The limit for floor 

temperature was specified as 19 oC – 29 oC (ANSI/ASHRAE, 2004). In the case of the 

meeting room, the floor temperature of 23.50 oC caused a dissatisfaction level of just 

above 5%. The percentage of dissatisfied due to floor temperature (PD floor temperature) was 

calculated from Equation B.8 based on the measured (average over two locations) floor 

temperature.  

5.7.2.4 Radiant asymmetry 

Radiant temperature asymmetry may also cause local discomfort for building occupants, 

due to cold windows, uninsulated walls, improperly sized heating panels, etc. (ASHRAE, 

2005). The percentage of dissatisfied due to radiant asymmetry (by warm/cool ceiling 

or warm/cool wall) can be calculated from Equations B.9 – B.12 based on the plane 

radiant temperature asymmetry. However, in this case, the occupants were not affected 
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by hot and cold surfaces (tfloor = 23.50 oC, tceiling= 23.00 oC, twall S = 23.64 oC, twall N = 22.60 oC, 

twall E = 22.60 oC, twall W = 24.45 oC, twindows = 24.45 oC, remaining surfaces were adiabatic and 

there were no other heat sources than occupants and laptops) or direct sunlight (only 

diffuse solar irradiance through windows was present). Figure 5.20 shows the simulated 

temperature patterns on the floor and external walls (including windows), with the 

maximum and minimum surface temperature of 37 oC and 21 oC respectively. 

Thus, radiant asymmetry was taken under consideration in this case. 

 
Figure 5.20: Simulated floor and external walls temperatures. 

5.7.3 Operative temperature 

The operative temperature is a uniform temperature of an imaginary black enclosure, 

where an occupant would exchange the same amount of heat through radiation and 

convection as in the actual non-uniform environment (ISO, 2005). The operative 

temperature combines the air temperature and mean radiant temperature to express their 

joint effect on thermal comfort of building occupants. Table 5.14 shows the average, 

minimum and maximum simulated operative temperature inside the meeting room. 

The operative temperature was calculated based on Equation B.13 (Appendix B). 

Table 5.14: Simulated operative temperatures inside the meeting room. 

AVE tc [oC] 25.35 
MIN tc [oC] 22.12  
MAX tc [oC] 36.25 

For the clothing insulation of 0.7 clo (0.108 m2K/W) and metabolic rate of 60 W/m2  

(1.0 met), the optimum operative temperature should be about 25 oC (Figure 5.21). 
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This shows that the average simulated operative temperature in the meeting room  

(25.35 oC) was very close to the optimum value recommended by (ISO, 2005).  

Moreover, the average simulated operative air temperature (25.35 oC) and air speed  

(0.09 m/s) met the strictest design criteria for offices in the summer season (operative 

temperature of 24.5 ± 1oC and maximum air speed of 0.12 m/s) (ISO, 2005). 

 
Figure 5.21: Optimum operative temperature as a function of clothing and activity 

for PPD < 6% (ISO, 2005). 

5.8 Conclusion 

This chapter describes the results of verified and validated CFD model of a meeting 

room in the Engineering Building at the NUI Galway, Ireland. The comprehensive 

on-site measurements supported CFD model generation and validation.  

It has been shown that in the case when the complete and detailed boundary conditions 

are specified in the model, there is no need to perform the uncertainty analysis in order 

to generate an accurate representation of the real environment (the base model of the 

meeting room met the validation criteria to a significant extent after activating radiation 

model). However, the uncertainty analysis may still play an effective role in estimating the 

influence of boundary conditions on model results.   

Furthermore, the validated CFD model and field measurements were used to evaluate 

thermal comfort indices for the occupants of the meeting room. The satisfactory and 

optimal operation of the meeting room for the particular scenario, in terms of thermal 

environment, has been confirmed. 
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Chapter 6 
Conclusions and future work 

“With realisation of one’s own potential and self-confidence in one’s ability, 

one can build a better world.” 

        - Dalai Lama  
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6.1 Research conclusions 

6.1.1 Methodology 

Natural ventilation is a sustainable solution for maintaining healthy and comfortable 

environmental conditions in buildings. However, due to complex airflow patterns that 

highly depend on outdoor weather conditions, the design, operation and retrofit of 

naturally ventilated buildings is challenging and often results in unsatisfied building 

occupants. 

This work started with the realisation of the potential, but also difficulties, in utilising 

CFD to simulate naturally ventilated environments. Since creating an accurate CFD 

model requires a high level of CFD expertise, trusted validation data and an ability to 

interpret model input parameters; this work develops robust and more accessible CFD 

models of operating naturally ventilated indoor environments. 

The literature review has shown that a significant amount of current verification and 

validation procedures for CFD simulations of indoor environments are only qualitative 

and lack clearly specified validation criteria. Moreover, the importance of trusted field 

measurements has not been fully recognised. This research considered the need for 

explicit and documented methodologies for calibrating CFD models, in order to develop 

trusted and flexible models that accurately represent environmental conditions in 

buildings.  

This thesis proposed a formal calibration methodology for CFD models of naturally 

ventilated internal environments. The proposed methodology (Figure 3.1) explains how 

to (i) verify and (ii) validate CFD models, and (iii) perform uncertainty analysis to 

evaluate the influence of model boundary conditions on simulation results, considering 

the uncertainty of available measured data. The outcome of this calibration procedure is 

a reliable CFD model that, based on the field measured data, accurately represents the 

operating indoor environment. The methodology has the following advantages: 

• It enhances the process of achieving reliable CFD models of indoor 

environments, supported by post-occupant performance measurement. 

This is done through a systematic guidance, explanation and assessment of 

simulated data and post-occupancy field measurements. 



 

123 

 

 
Conclusions and future work 

• It provides new and valuable information for estimating the effects of the highly 

variable numerical boundary conditions on CFD model results when modelling 

naturally ventilated buildings.  

• It utilises the collection and interpretation of field data measured in operating 

buildings. 

• It provides reliable data sets to specifically design, develop and distribute control 

(WSN) and optimisation (reduced order modelling) technologies in built 

environments (NEMBES project). 

In summary, applying the methodology optimises the decision making process when 

creating a final valid CFD model of operating internal environment, particularly naturally 

ventilated environment. The analysis performed contributes to existing knowledge 

regarding CFD simulation of operating naturally ventilated spaces, while the presented 

field data adds to the information on natural ventilation and is valuable for validation of 

CFD simulations. Moreover, calibrated CFD models contribute to a holistic building 

management, by delivering reliable data sets for developing novel environmental control 

technologies in buildings. 

The concepts and techniques presented here are based on the best practice guidelines 

and standards. However, through a systematic utilisation of those practices and 

standards, the methodology bridges a gap between understanding and application 

of natural ventilation simulation and field measurement. Moreover, this research gives 

a comprehensive view of the environmental conditions in two naturally ventilated 

office-type spaces (a study and a meeting room). The uncertainty analysis of the influence 

of numerical input boundary conditions on output indoor air temperatures and air speeds 

provides significant information regarding CFD modelling for these types of 

environments. 

Systematically calibrated CFD models can be used in the design and deployment 

of WSNs in buildings, with a particular focus on naturally ventilated buildings. This can 

improve understanding, and, thus, support operation and retrofit processes in naturally 

ventilated buildings. Furthermore, calibrated CFD models together with wireless sensors 

deployed in operating buildings can lower the barriers to natural ventilation solutions, 

improve environmental conditions, increase occupants’ comfort and effectively save 

energy in buildings. 
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6.1.2 Results of the Nursing Library demonstrator 

Applying the proposed methodology optimised the decision making process when 

creating a final valid CFD model of the study room in Nursing Library building. 

Since there were many unknown boundary conditions in the CFD model,  the 

methodology, facilitated by the response surface method, provided guidance for input 

parameter adjustment. From the Nursing Library demonstrator the following 

conclusions can be drawn: 

1) The results of the CFD model showed that, considering a limited number of the 

measurement points used in the model validation, the standard k-ε turbulence 

model proved to be both accurate and robust.  

2) The grid convergence index method was found to be effective in CFD model 

verification, in order to find the right compromise between the level of numerical 

uncertainty and computational cost.  

3) The specification of validation criteria based on the purpose of the model (here, 

thermal comfort requirements) proved to be a clear and straightforward way 

of validating CFD results with field measurements. 

4) The simulated flow was strongly wind-driven. Thus, the indoor air temperature 

stratification was not as strong as expected in a buoyancy-dominating flow. 

5) The assumptions made in the model, recommended by published research,  

that simplifications in the CFD model (such as simplified geometry, constant 

conditions over the whole inlet boundary, adiabatic walls and floor, etc.) 

influence simulation results to some extent. Thus, precise and comprehensive 

measurements must be taken in order to achieve accurate CFD results. 

6) The response surface method (particularly surface plots) clearly helped in model 

evaluation and successfully guided towards achieving a calibrated CFD model. 

6.1.3 Results of the Engineering Building demonstrator 

The second case study demonstrated the development of a valid CFD model 

representing environmental conditions in a highly-glazed meeting room. In this case,  

the comprehensive on-site measurements supported CFD model generation and 

validation. Based on the findings from the Nursing Library demonstrator, the need 

for additional boundary condition measurements (wall surface temperatures,  
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two components of inlet air velocity) was accommodated. The following conclusions can 

be drawn from the Engineering Building demonstrator: 

1) The grid convergence index method for model verification could only be used 

where the monotonic convergence of the solution was observed. In the case 

of divergence of the solution (the majority of the points of interest), only 

qualitative verification was performed. 

2) Solar radiation played a significant role in the highly-glazed room, even if only 

the diffuse part of solar irradiance was considered in the analysis. 

3) There were less (in comparison to the Nursing Library demonstrator) 

assumptions made in the model boundary conditions (walls and floor 

temperatures were measured, as well as two components of inlet air velocity). 

Thus, the model quickly showed a very good agreement with measured indoor air 

speeds and air temperatures, without the need for input parameters tuning.  

4) The uncertainty analysis was performed in order to establish that inlet air velocity 

vertical component influenced air speeds inside the room the most. The indoor 

air temperatures were mostly influenced by the inlet velocity vertical component, 

solar radiation through the windows, inlet velocity horizontal component and 

outdoor air temperature. 

5) The variation in input parameters for the Engineering building demonstrator 

(particularly inlet air velocity) was not as high as for the Nursing Library 

demonstrator, and did not cause as high variation in output indoor air 

temperatures and air speeds as for the Nursing Library study room. 

6) The thermal comfort analysis of the particular scenario confirmed satisfactory 

and optimal operation of the meeting room in terms of thermal environment. 

The PMV, PPD values and local discomfort indices indicated an almost neutral 

thermal sensation with very low percentage of thermally dissatisfied occupants. 

The average simulated operative temperature was very close to the optimum 

value recommended by standards. Moreover, average simulated indoor operative 

air temperature and air speed for the particular scenario met the strictest design 

criteria for offices in the summer season specified by standards. 

The conclusions numbers 3 and 4 in Section 6.1.2 also apply to the Engineering Building 

demonstrator. 
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6.2 Future work 

This research has proposed a systematic calibration methodology for developing reliable 

CFD models in order to support operation and retrofitting of naturally ventilated internal 

environments. Robust and valid CFD models can lower the barriers to natural ventilation 

solutions and, thus, improve indoor environmental conditions, increase occupants’ 

comfort and effectively save energy in buildings.  

This methodology relates to research, rather than commercial applications, due to the 

significant measurement and computational power constraints. However, there is 

a potential for CFD, through the proposed methodology, to support the rapidly growing 

wireless measurement technologies in the real-time monitoring, control and 

post-occupancy optimisation of environmental conditions in buildings. 

Future work may include the following aspects: 

• Calibrated CFD models may allow for efficient and effective design and 

deployment of WSNs in buildings. 

• Calibrated CFD models are reliable and scalable data generators and may be used 

in developing novel control technologies (such as reduced order modelling)  

in naturally ventilated buildings. The calibration methodology has already 

contributed to the project funded by the United Technologies Research Centre 

Ireland (UTRCI, 2013). This project focuses on understanding natural ventilation 

phenomena, particularly when the flow passes from a buoyancy driven regime to 

a forced convection regime, for future natural ventilation optimisation strategies. 

• The calibration methodology may be used in a CFD simulation that considers 

two phase airflow (including humid air or contaminant). This would allow 

for modelling the influence of relative humidity, CO2 or other contaminant 

concentration on building occupants health and comfort. 

• The calibration methodology may be used in a transient state CFD simulation, 

capturing the effects of automatic windows operation. 

• This thesis presents the methodology applied to two demonstration naturally 

ventilated environments. However, this calibration methodology may also apply 

to buoyancy-driven natural ventilation, hybrid or mechanically ventilated spaces, 

where there is a need for determining the most influential input parameters 

on indoor environmental conditions. 
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The proposed calibration methodology has been adopted as part of a new two-year 

Irish Research Council Enterprise Partnership Scheme Postdoctoral Fellowship  

(Irish Research Council, 2013). The overall aim of this project is to develop a standard-

based theoretical and experimental framework for evaluating the effectiveness of 

innovative building structural elements regarding their individual and potentially 

combined thermal, acoustic, air tightness and fire resistance properties on indoor 

environments. This will be done through a combination of the development of CFD 

models and real-time data provided by an industrial scale demonstrator building 

and laboratory experiments. 
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A.1  On-site measurements 

Table A.1 and Table A.3 present measured outdoor and indoor data for the period 

monitored. Moreover, Table A.2 describes the location of indoor sensors (based on the 

coordinate system shown in Figure 4.7). The indoor and outdoor measurements for the 

period monitored are also available in ‘D1_measurements.xlsx’ file on the CD attached. 

Table A.1: Weather station measurements. 

Time  
Air temp. 

[oC] 

Barometric 
Pressure 
[mBar] 

Global 
Solar 

Irradiance 
[W/m2] 

Diffuse 
Solar 

Irradiance 
[W/m2] 

10/04/2011 11:47 13.50 1023.00 193.70 191.70 
10/04/2011 11:48 13.43 1023.00 214.80 212.80 
10/04/2011 11:49 13.40 1023.00 257.00 251.50 
10/04/2011 11:50 13.50 1023.00 276.60 273.60 
10/04/2011 11:51 13.43 1023.00 248.00 243.50 
10/04/2011 11:52 13.46 1023.00 231.30 229.20 
10/04/2011 11:53 13.43 1023.00 233.90 231.50 
10/04/2011 11:54 13.46 1023.00 232.00 229.90 
10/04/2011 11:55 13.36 1023.00 254.30 248.40 
10/04/2011 11:56 13.29 1023.00 264.40 260.50 
10/04/2011 11:57 13.26 1023.00 236.40 233.20 
10/04/2011 11:58 13.26 1023.00 217.50 214.40 
10/04/2011 11:59 13.16 1023.00 213.00 211.00 

Table A.2: Indoor sensor locations. 

 
X [m] Y [m] Z [m] 

EW1 2.1 0.3 3.26 
EW2 0.6 0.3 3.46 
EW3 2.1 0.3 1.26 
EW4 0.6 0.3 1.46 

S1 2.1 0.6 3.26 
S2 0.6 0.6 3.46 
S3 2.1 0.6 1.26 
S4 0.6 0.6 1.46 
S5 2.1 1.1 3.26 
S6 0.6 1.1 3.46 
S7 2.1 1.1 1.26 
S8 0.6 1.1 1.46 
S9 2.1 1.6 3.26 
S10 0.6 1.6 3.46 
S11 2.1 1.6 1.26 
S12 0.6 1.6 1.46 
S13 2.1 2.1 3.26 
S14 0.6 2.1 1.46 
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Table A.3: Indoor measurements. 

Location Average Minimum Maximum 
Standard 
deviation 

EW1 [m/s] 0.16 0.05 0.64 0.08 
EW2 [m/s] 0.15 0.05 0.51 0.07 
EW3 [m/s] 0.17 0.05 0.63 0.10 
EW4 [m/s] 0.19 0.05 0.57 0.09 

S1 [oC] 22.21 22.08 22.47 0.14 
S2 [oC] 22.42 22.30 22.68 0.14 
S3 [oC] 22.36 22.20 22.68 0.18 
S4 [oC] 22.19 21.99 22.61 0.22 
S5 [oC] 22.54 22.42 22.75 0.12 
S6 [oC] 22.61 22.47 22.85 0.15 
S7 [oC] 22.78 22.63 23.04 0.15 
S9 [oC] 22.81 22.71 23.02 0.12 
S10 [oC] 22.85 22.71 23.11 0.16 
S11 [oC] 22.87 22.71 23.14 0.16 
S12 [oC] 22.67 22.51 23.06 0.18 
S13 [oC] 22.93 22.87 23.06 0.08 
S14 [oC] 22.80 22.68 23.11 0.15 

Air speed at 
window [m/s] 0.47 0.21 1.80 0.24 

A.2  Boundary conditions 

Table A.4 compares the measurements to the results of the base CFD model with and 

without discrete transfer radiation model (Section 4.3.2). 

Table A.4: Comparison of the measured data and CFD simulation results  
(with and without radiation model). 

Data type Location Measured Base model 
Model with 

radiation 

Air speed 
[m/s] 

EW1 0.16 0.17 0.17 
EW2 0.15 0.05 0.06 
EW3 0.17 0.11 0.09 
EW4 0.19 0.27 0.17 

Air 
temperature 

[oC] 

S1 22.21 20.94 20.75 
S2 22.42 20.25 20.02 
S3 22.36 20.52 19.76 
S4 22.19 21.73 21.22 
S5 22.54 23.12 22.78 
S6 22.61 22.09 22.77 
S7 22.78 23.13 22.38 
S9 22.81 23.21 23.14 
S10 22.85 23.38 22.76 
S11 22.87 23.20 22.92 
S12 22.67 23.20 22.96 
S13 22.93 23.23 23.14 
S14 22.80 23.19 22.96 
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A.3 Turbulence model 

Tables A.5 – A.8 present indoor air temperatures and Tables A.9 – A.12 present indoor 

air speeds predicted by various turbulence models tested along the vertical poles inside 

the room.  

Table A.5: Indoor air temperatures along Pole 1 (predicted by various turbulence models). 

Y [m] zero eqn. stand. k-ε RNG k-ε k-ε EARSM stand. k-ω SST k-ω 
0.00 18.56 19.46 19.46 18.83 18.25 18.52 
0.08 18.60 19.50 19.50 18.99 18.60 18.92 
0.16 18.73 19.52 19.52 19.14 18.88 19.11 
0.24 18.94 19.52 19.52 19.29 19.11 19.17 
0.32 19.24 19.58 19.59 19.49 19.33 19.30 
0.40 19.61 19.81 19.81 19.78 19.63 19.59 
0.48 20.05 20.17 20.16 20.15 20.01 20.01 
0.56 20.55 20.66 20.66 20.63 20.50 20.56 
0.60 20.82 20.94 20.93 20.90 20.77 20.86 
0.64 21.05 21.16 21.16 21.13 21.01 21.10 
0.72 21.53 21.66 21.66 21.62 21.55 21.65 
0.79 21.97 22.12 22.12 22.06 22.08 22.18 
0.87 22.33 22.52 22.52 22.45 22.59 22.65 
0.95 22.61 22.84 22.84 22.76 22.96 22.96 
1.03 22.82 23.04 23.04 22.98 23.14 23.12 
1.10 22.94 23.12 23.12 23.08 23.18 23.17 
1.11 22.96 23.14 23.14 23.10 23.18 23.18 
1.19 23.06 23.19 23.19 23.18 23.21 23.21 
1.27 23.12 23.21 23.21 23.21 23.22 23.22 
1.35 23.15 23.21 23.21 23.21 23.23 23.22 
1.43 23.17 23.21 23.21 23.21 23.22 23.22 
1.51 23.18 23.21 23.21 23.21 23.22 23.21 
1.59 23.19 23.21 23.21 23.20 23.21 23.20 
1.60 23.19 23.21 23.21 23.20 23.21 23.20 
1.67 23.19 23.20 23.20 23.20 23.21 23.20 
1.75 23.19 23.20 23.20 23.20 23.20 23.20 
1.83 23.19 23.20 23.20 23.20 23.20 23.20 
1.91 23.19 23.20 23.20 23.20 23.19 23.19 
1.99 23.18 23.21 23.21 23.19 23.18 23.18 
2.07 23.16 23.23 23.23 23.18 23.17 23.17 
2.10 23.16 23.23 23.23 23.17 23.16 23.16 
2.15 23.15 23.25 23.25 23.16 23.15 23.15 
2.23 23.13 23.26 23.26 23.14 23.13 23.14 
2.31 23.11 23.25 23.25 23.12 23.11 23.14 
2.38 23.09 23.24 23.24 23.10 23.10 23.14 
2.46 23.07 23.25 23.25 23.10 23.10 23.14 
2.54 23.06 23.26 23.26 23.11 23.11 23.14 
2.62 23.04 23.28 23.28 23.11 23.12 23.14 
2.70 23.02 23.29 23.29 23.12 23.12 23.13 
2.78 23.00 23.30 23.30 23.13 23.13 23.13 
2.86 22.98 23.30 23.30 23.13 23.13 23.13 
2.94 22.95 23.29 23.29 23.13 23.13 23.14 
3.02 22.93 23.27 23.27 23.11 23.09 23.14 
3.10 22.91 23.12 23.12 22.93 22.52 22.95 
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Table A.6: Indoor air temperatures along Pole 2 (predicted by various turbulence models). 

Y [m] zero eqn. stand. k-ε RNG k-ε k-ε EARSM stand. k-ω SST k-ω 
0.00 19.16 19.09 19.10 18.66 18.82 18.63 
0.08 19.18 19.24 19.25 18.91 19.04 18.87 
0.16 19.25 19.48 19.48 19.29 19.28 19.19 
0.24 19.36 19.70 19.70 19.65 19.53 19.51 
0.32 19.50 19.86 19.86 19.92 19.76 19.76 
0.40 19.66 19.98 19.98 20.05 19.92 19.93 
0.48 19.86 20.05 20.05 20.12 20.01 20.05 
0.56 20.10 20.16 20.16 20.21 20.03 20.23 
0.60 20.24 20.25 20.26 20.29 20.05 20.33 
0.64 20.37 20.35 20.36 20.38 20.11 20.39 
0.72 20.67 20.62 20.63 20.62 20.31 20.47 
0.79 20.98 20.96 20.97 20.93 20.57 20.57 
0.87 21.28 21.31 21.31 21.28 20.79 20.75 
0.95 21.58 21.63 21.64 21.64 21.01 20.99 
1.03 21.85 21.91 21.91 22.01 21.35 21.30 
1.10 22.05 22.09 22.09 22.33 21.86 21.72 
1.11 22.09 22.12 22.12 22.40 21.98 21.83 
1.19 22.32 22.33 22.33 22.89 22.83 22.65 
1.27 22.52 22.75 22.73 23.39 23.48 23.47 
1.35 22.69 23.35 23.33 23.60 23.52 23.62 
1.43 22.84 23.68 23.68 23.52 23.27 23.37 
1.51 22.95 23.55 23.56 23.32 23.11 23.15 
1.59 23.03 23.41 23.41 23.21 23.08 23.08 
1.60 23.04 23.38 23.39 23.19 23.08 23.08 
1.67 23.08 23.31 23.31 23.17 23.11 23.09 
1.75 23.10 23.29 23.29 23.19 23.14 23.11 
1.83 23.10 23.28 23.28 23.21 23.16 23.13 
1.91 23.09 23.28 23.29 23.22 23.17 23.14 
1.99 23.08 23.28 23.28 23.22 23.17 23.14 
2.07 23.07 23.28 23.28 23.22 23.17 23.15 
2.15 23.06 23.27 23.28 23.22 23.16 23.15 
2.23 23.04 23.27 23.27 23.22 23.15 23.15 
2.31 23.03 23.27 23.27 23.22 23.14 23.15 
2.38 23.02 23.28 23.28 23.22 23.14 23.15 
2.46 23.01 23.29 23.29 23.22 23.15 23.16 
2.54 23.00 23.30 23.30 23.22 23.16 23.17 
2.62 22.99 23.31 23.31 23.22 23.18 23.18 
2.70 22.98 23.32 23.32 23.23 23.20 23.19 
2.78 22.97 23.33 23.33 23.23 23.21 23.20 
2.86 22.95 23.34 23.34 23.24 23.22 23.20 
2.94 22.93 23.34 23.34 23.23 23.22 23.19 
3.02 22.91 23.32 23.32 23.21 23.20 23.19 
3.10 22.89 23.16 23.16 23.03 22.87 22.99 
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Table A.7: Indoor air temperatures along Pole 3 (predicted by various turbulence models). 

Y [m] zero eqn. stand. k-ε RNG k-ε k-ε EARSM stand. k-ω SST k-ω 
0.00 18.56 19.23 19.23 19.02 19.00 18.95 
0.08 18.57 19.29 19.29 19.07 19.00 18.96 
0.16 18.59 19.30 19.31 19.10 18.96 18.92 
0.24 18.63 19.31 19.31 19.14 18.89 18.89 
0.32 18.69 19.34 19.34 19.21 18.84 18.93 
0.40 18.86 19.47 19.46 19.36 18.95 19.07 
0.48 19.20 19.72 19.72 19.64 19.32 19.36 
0.56 19.78 20.19 20.19 20.10 20.05 19.87 
0.60 20.15 20.52 20.51 20.40 20.52 20.25 
0.64 20.46 20.82 20.81 20.67 20.88 20.57 
0.72 21.09 21.51 21.50 21.28 21.55 21.29 
0.79 21.58 22.16 22.15 21.82 21.97 21.81 
0.87 21.91 22.68 22.68 22.30 22.27 22.15 
0.95 22.16 22.97 22.97 22.71 22.55 22.50 
1.03 22.37 23.08 23.08 22.98 22.79 22.82 
1.10 22.52 23.13 23.13 23.10 22.95 23.02 
1.11 22.55 23.13 23.13 23.12 22.97 23.04 
1.19 22.71 23.16 23.16 23.17 23.08 23.14 
1.27 22.84 23.18 23.18 23.19 23.13 23.18 
1.35 22.95 23.19 23.19 23.19 23.14 23.19 
1.43 23.03 23.19 23.19 23.19 23.15 23.19 
1.51 23.08 23.20 23.20 23.19 23.14 23.19 
1.59 23.12 23.20 23.20 23.19 23.14 23.19 
1.60 23.12 23.20 23.20 23.19 23.14 23.19 
1.67 23.14 23.20 23.20 23.19 23.15 23.19 
1.75 23.15 23.21 23.21 23.19 23.15 23.19 
1.83 23.16 23.21 23.21 23.19 23.16 23.19 
1.91 23.16 23.21 23.21 23.19 23.17 23.19 
1.99 23.16 23.21 23.21 23.18 23.17 23.19 
2.07 23.16 23.21 23.21 23.18 23.17 23.19 
2.15 23.15 23.22 23.21 23.18 23.17 23.19 
2.23 23.14 23.22 23.22 23.18 23.17 23.19 
2.31 23.13 23.22 23.22 23.18 23.17 23.19 
2.38 23.13 23.22 23.21 23.17 23.16 23.19 
2.46 23.12 23.21 23.21 23.17 23.16 23.19 
2.54 23.11 23.21 23.21 23.16 23.15 23.19 
2.62 23.11 23.21 23.21 23.16 23.15 23.19 
2.70 23.10 23.21 23.21 23.15 23.15 23.19 
2.78 23.11 23.21 23.21 23.14 23.15 23.18 
2.86 23.11 23.20 23.20 23.13 23.15 23.17 
2.94 23.11 23.19 23.19 23.12 23.14 23.16 
3.02 23.10 23.16 23.16 23.10 23.13 23.13 
3.10 23.08 23.02 23.01 22.97 22.93 22.89 
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Table A.8: Indoor air temperatures along Pole 4 (predicted by various turbulence models). 

Y [m] zero eqn. stand. k-ε RNG k-ε k-ε EARSM stand. k-ω SST k-ω 
0.00 17.48 17.44 17.44 17.89 17.28 17.62 
0.08 18.10 17.97 17.98 18.47 17.78 18.23 
0.16 19.28 18.66 18.67 19.21 18.61 19.07 
0.24 20.18 19.49 19.50 19.97 19.56 19.93 
0.32 20.67 20.28 20.29 20.57 20.29 20.53 
0.40 20.94 20.90 20.91 21.01 20.76 20.88 
0.48 21.11 21.32 21.33 21.34 21.07 21.09 
0.56 21.27 21.61 21.61 21.61 21.31 21.26 
0.60 21.36 21.73 21.74 21.75 21.43 21.36 
0.64 21.43 21.82 21.83 21.86 21.54 21.44 
0.72 21.61 22.02 22.02 22.08 21.80 21.67 
0.79 21.81 22.22 22.22 22.29 22.08 21.92 
0.87 22.02 22.43 22.43 22.49 22.37 22.20 
0.95 22.22 22.63 22.63 22.66 22.64 22.48 
1.03 22.43 22.82 22.82 22.80 22.86 22.73 
1.10 22.58 22.95 22.95 22.90 23.01 22.90 
1.11 22.61 22.96 22.97 22.91 23.02 22.92 
1.19 22.77 23.07 23.07 23.00 23.12 23.06 
1.27 22.88 23.13 23.13 23.04 23.15 23.12 
1.35 22.97 23.17 23.17 23.08 23.16 23.16 
1.43 23.02 23.19 23.18 23.10 23.16 23.16 
1.51 23.06 23.20 23.19 23.11 23.16 23.17 
1.59 23.08 23.20 23.20 23.12 23.16 23.16 
1.60 23.08 23.20 23.20 23.12 23.16 23.16 
1.67 23.09 23.20 23.20 23.13 23.16 23.16 
1.75 23.09 23.20 23.20 23.13 23.16 23.16 
1.83 23.09 23.20 23.20 23.13 23.16 23.16 
1.91 23.09 23.20 23.20 23.13 23.16 23.16 
1.99 23.09 23.20 23.20 23.13 23.16 23.16 
2.07 23.09 23.20 23.19 23.13 23.16 23.16 
2.10 23.09 23.19 23.19 23.13 23.16 23.16 
2.15 23.09 23.19 23.19 23.13 23.16 23.15 
2.23 23.09 23.19 23.19 23.13 23.16 23.15 
2.31 23.09 23.18 23.18 23.12 23.16 23.15 
2.38 23.09 23.18 23.18 23.12 23.16 23.15 
2.46 23.09 23.17 23.17 23.12 23.16 23.15 
2.54 23.09 23.17 23.16 23.12 23.15 23.15 
2.62 23.09 23.16 23.16 23.12 23.14 23.15 
2.70 23.09 23.15 23.15 23.11 23.13 23.15 
2.78 23.08 23.14 23.14 23.11 23.12 23.14 
2.86 23.08 23.12 23.12 23.10 23.10 23.14 
2.94 23.07 23.10 23.10 23.08 23.06 23.12 
3.02 23.05 23.05 23.05 23.05 22.99 23.09 
3.10 23.03 22.85 22.84 22.87 22.46 22.71 
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Table A.9: Indoor air speeds along Pole 1 (predicted by various turbulence models). 

Y [m] zero eqn. stand. k-ε RNG k-ε k-ε EARSM stand. k-ω SST k-ω 
0.00 0.18 0.15 0.15 0.20 0.18 0.16 
0.08 0.20 0.18 0.18 0.21 0.22 0.21 
0.16 0.20 0.18 0.18 0.20 0.20 0.20 
0.24 0.20 0.18 0.18 0.19 0.19 0.20 
0.30 0.19 0.17 0.17 0.18 0.17 0.19 
0.32 0.18 0.17 0.17 0.18 0.17 0.19 
0.40 0.17 0.16 0.16 0.16 0.15 0.17 
0.48 0.15 0.14 0.14 0.14 0.14 0.15 
0.56 0.13 0.11 0.11 0.12 0.12 0.12 
0.64 0.11 0.09 0.09 0.09 0.10 0.10 
0.72 0.09 0.06 0.06 0.07 0.07 0.08 
0.79 0.07 0.04 0.04 0.06 0.04 0.05 
0.87 0.05 0.02 0.02 0.04 0.02 0.02 
0.95 0.04 0.04 0.04 0.03 0.03 0.02 
1.03 0.05 0.07 0.07 0.06 0.05 0.05 
1.11 0.08 0.10 0.11 0.10 0.08 0.08 
1.19 0.12 0.14 0.14 0.14 0.10 0.11 
1.27 0.16 0.18 0.18 0.18 0.13 0.15 
1.35 0.19 0.21 0.21 0.21 0.16 0.19 
1.43 0.23 0.24 0.24 0.25 0.20 0.23 
1.51 0.27 0.27 0.27 0.28 0.24 0.27 
1.59 0.31 0.31 0.31 0.32 0.28 0.31 
1.67 0.34 0.34 0.34 0.35 0.32 0.34 
1.75 0.36 0.37 0.37 0.37 0.36 0.37 
1.83 0.37 0.38 0.39 0.39 0.38 0.39 
1.91 0.37 0.39 0.39 0.38 0.39 0.39 
1.99 0.36 0.37 0.37 0.35 0.38 0.37 
2.07 0.32 0.33 0.33 0.30 0.34 0.32 
2.15 0.27 0.24 0.24 0.22 0.27 0.25 
2.23 0.22 0.15 0.15 0.13 0.17 0.16 
2.31 0.17 0.08 0.08 0.06 0.08 0.09 
2.38 0.13 0.06 0.06 0.04 0.05 0.06 
2.46 0.09 0.06 0.06 0.04 0.05 0.05 
2.54 0.07 0.05 0.05 0.03 0.04 0.04 
2.62 0.05 0.04 0.04 0.03 0.02 0.03 
2.70 0.04 0.03 0.03 0.03 0.03 0.03 
2.78 0.02 0.02 0.02 0.02 0.05 0.03 
2.86 0.01 0.02 0.02 0.02 0.06 0.03 
2.94 0.01 0.03 0.03 0.03 0.07 0.04 
3.02 0.00 0.05 0.05 0.04 0.08 0.07 
3.10 0.00 0.06 0.06 0.04 0.04 0.08 
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Table A.10: Indoor air speeds along Pole 2 (predicted by various turbulence models). 

Y [m] zero eqn. stand. k-ε RNG k-ε k-ε EARSM stand. k-ω SST k-ω 
0.00 0.06 0.05 0.05 0.09 0.10 0.11 
0.08 0.06 0.08 0.08 0.12 0.14 0.16 
0.16 0.07 0.08 0.08 0.11 0.13 0.14 
0.24 0.06 0.06 0.06 0.09 0.10 0.11 
0.30 0.06 0.05 0.05 0.07 0.08 0.08 
0.32 0.05 0.04 0.04 0.06 0.08 0.08 
0.40 0.04 0.02 0.02 0.03 0.06 0.06 
0.48 0.03 0.02 0.02 0.01 0.04 0.05 
0.56 0.02 0.02 0.02 0.03 0.02 0.07 
0.64 0.01 0.02 0.02 0.04 0.03 0.09 
0.72 0.02 0.02 0.02 0.04 0.05 0.08 
0.79 0.03 0.01 0.01 0.04 0.07 0.06 
0.87 0.03 0.02 0.02 0.02 0.08 0.04 
0.95 0.04 0.02 0.02 0.01 0.09 0.03 
1.03 0.04 0.03 0.03 0.01 0.09 0.05 
1.11 0.04 0.02 0.02 0.05 0.11 0.08 
1.19 0.04 0.02 0.02 0.09 0.14 0.12 
1.27 0.05 0.09 0.08 0.13 0.17 0.16 
1.35 0.06 0.14 0.14 0.15 0.18 0.16 
1.43 0.07 0.17 0.17 0.14 0.17 0.15 
1.51 0.08 0.15 0.15 0.12 0.14 0.12 
1.59 0.09 0.11 0.12 0.10 0.12 0.10 
1.67 0.09 0.08 0.08 0.07 0.09 0.07 
1.75 0.09 0.06 0.06 0.06 0.07 0.05 
1.83 0.09 0.05 0.05 0.05 0.06 0.04 
1.91 0.08 0.04 0.04 0.04 0.05 0.04 
1.99 0.08 0.03 0.03 0.04 0.05 0.05 
2.07 0.07 0.03 0.03 0.04 0.04 0.05 
2.15 0.07 0.02 0.02 0.03 0.04 0.04 
2.23 0.06 0.02 0.02 0.03 0.04 0.04 
2.31 0.06 0.02 0.02 0.03 0.04 0.03 
2.38 0.05 0.03 0.02 0.02 0.05 0.03 
2.46 0.05 0.03 0.03 0.02 0.05 0.04 
2.54 0.05 0.03 0.03 0.03 0.06 0.05 
2.62 0.05 0.04 0.04 0.03 0.06 0.06 
2.70 0.05 0.04 0.04 0.04 0.07 0.07 
2.78 0.04 0.05 0.05 0.05 0.08 0.08 
2.86 0.04 0.06 0.06 0.06 0.08 0.08 
2.94 0.04 0.08 0.08 0.07 0.09 0.07 
3.02 0.04 0.09 0.09 0.07 0.09 0.07 
3.10 0.03 0.09 0.09 0.07 0.06 0.06 
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Table A.11: Indoor air speeds along Pole 3 (predicted by various turbulence models). 

Y [m] zero eqn. stand. k-ε RNG k-ε k-ε EARSM stand. k-ω SST k-ω 
0.00 0.12 0.15 0.15 0.15 0.12 0.15 
0.08 0.13 0.16 0.16 0.16 0.15 0.17 
0.16 0.13 0.13 0.13 0.14 0.13 0.14 
0.24 0.12 0.12 0.12 0.12 0.11 0.13 
0.30 0.11 0.11 0.11 0.11 0.11 0.12 
0.32 0.11 0.11 0.11 0.11 0.10 0.12 
0.40 0.10 0.11 0.11 0.11 0.10 0.12 
0.48 0.10 0.12 0.12 0.11 0.10 0.12 
0.56 0.09 0.11 0.11 0.10 0.10 0.12 
0.64 0.08 0.10 0.10 0.10 0.09 0.11 
0.72 0.06 0.07 0.07 0.08 0.06 0.09 
0.79 0.04 0.04 0.04 0.05 0.02 0.05 
0.87 0.02 0.08 0.08 0.04 0.03 0.02 
0.95 0.04 0.13 0.13 0.11 0.08 0.08 
1.03 0.06 0.16 0.16 0.17 0.12 0.14 
1.11 0.09 0.19 0.19 0.21 0.15 0.18 
1.19 0.11 0.22 0.22 0.23 0.18 0.21 
1.27 0.14 0.24 0.24 0.25 0.19 0.23 
1.35 0.17 0.26 0.26 0.27 0.20 0.24 
1.43 0.20 0.28 0.28 0.28 0.20 0.25 
1.51 0.22 0.29 0.29 0.29 0.20 0.26 
1.59 0.24 0.30 0.30 0.29 0.20 0.26 
1.67 0.26 0.30 0.30 0.29 0.21 0.27 
1.75 0.28 0.30 0.30 0.28 0.22 0.27 
1.83 0.29 0.29 0.29 0.27 0.23 0.27 
1.91 0.29 0.27 0.27 0.26 0.24 0.27 
1.99 0.29 0.23 0.23 0.23 0.25 0.26 
2.07 0.28 0.20 0.20 0.21 0.25 0.24 
2.15 0.27 0.17 0.17 0.19 0.25 0.23 
2.23 0.26 0.14 0.14 0.17 0.23 0.21 
2.31 0.23 0.12 0.12 0.15 0.21 0.19 
2.38 0.21 0.09 0.09 0.13 0.18 0.17 
2.46 0.18 0.06 0.06 0.10 0.16 0.16 
2.54 0.15 0.03 0.03 0.08 0.13 0.15 
2.62 0.11 0.01 0.01 0.05 0.10 0.12 
2.70 0.08 0.04 0.04 0.03 0.06 0.09 
2.78 0.06 0.07 0.07 0.06 0.02 0.04 
2.86 0.07 0.10 0.11 0.10 0.04 0.06 
2.94 0.11 0.14 0.14 0.12 0.10 0.11 
3.02 0.13 0.17 0.17 0.14 0.14 0.14 
3.10 0.12 0.16 0.16 0.14 0.14 0.12 
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Table A.12: Indoor air speeds along Pole 4 (predicted by various turbulence models). 

Y [m] zero eqn. stand. k-ε RNG k-ε k-ε EARSM stand. k-ω SST k-ω 
0.00 0.48 0.43 0.44 0.46 0.45 0.45 
0.08 0.48 0.48 0.48 0.46 0.49 0.48 
0.16 0.36 0.42 0.42 0.39 0.43 0.39 
0.24 0.23 0.35 0.35 0.28 0.33 0.27 
0.30 0.16 0.27 0.27 0.19 0.25 0.18 
0.32 0.14 0.25 0.25 0.17 0.23 0.16 
0.40 0.09 0.16 0.16 0.10 0.16 0.09 
0.48 0.07 0.11 0.11 0.06 0.10 0.06 
0.56 0.05 0.08 0.08 0.04 0.07 0.04 
0.64 0.05 0.06 0.06 0.03 0.05 0.04 
0.72 0.04 0.04 0.04 0.02 0.04 0.03 
0.79 0.04 0.02 0.02 0.01 0.02 0.01 
0.87 0.04 0.01 0.01 0.01 0.02 0.00 
0.95 0.04 0.02 0.02 0.02 0.03 0.02 
1.03 0.05 0.03 0.03 0.02 0.04 0.03 
1.11 0.05 0.04 0.04 0.03 0.05 0.03 
1.19 0.06 0.04 0.04 0.04 0.05 0.04 
1.27 0.06 0.04 0.05 0.04 0.06 0.04 
1.35 0.06 0.05 0.05 0.04 0.07 0.04 
1.43 0.06 0.06 0.06 0.05 0.08 0.05 
1.51 0.06 0.06 0.06 0.05 0.09 0.06 
1.59 0.06 0.07 0.07 0.05 0.09 0.07 
1.67 0.06 0.08 0.08 0.06 0.10 0.07 
1.75 0.06 0.08 0.08 0.06 0.10 0.08 
1.83 0.06 0.08 0.09 0.07 0.10 0.08 
1.91 0.06 0.09 0.09 0.07 0.11 0.09 
1.99 0.06 0.09 0.09 0.07 0.11 0.09 
2.07 0.06 0.09 0.09 0.07 0.11 0.09 
2.15 0.06 0.09 0.09 0.07 0.11 0.09 
2.23 0.06 0.09 0.09 0.07 0.11 0.09 
2.31 0.07 0.09 0.09 0.07 0.11 0.08 
2.38 0.07 0.09 0.09 0.07 0.11 0.08 
2.46 0.07 0.08 0.08 0.07 0.11 0.07 
2.54 0.08 0.08 0.08 0.07 0.10 0.07 
2.62 0.08 0.08 0.08 0.07 0.10 0.06 
2.70 0.09 0.07 0.07 0.06 0.10 0.06 
2.78 0.09 0.06 0.06 0.06 0.09 0.06 
2.86 0.10 0.06 0.06 0.06 0.08 0.06 
2.94 0.10 0.05 0.05 0.06 0.07 0.07 
3.02 0.09 0.04 0.04 0.06 0.07 0.07 
3.10 0.08 0.03 0.03 0.05 0.04 0.04 

 

A.4 Model verification 

Table A.13 presents indoor air temperatures along the vertical poles inside the room, 

predicted by CFD models with three meshes (∆3, ∆2, ∆1). Moreover, the calculations 

necessary for qualitative and quantitative CFD model verification are available in 

‘D1_verification.xlsx’ file on the CD attached. 
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Table A.13: Results of indoor air temperatures predicted by the CFD models 
with three different meshes (∆3, ∆2, ∆1). 

Y [m] 
Pole 1 Pole 2 Pole 3 Pole 4 

f3 f2 f1 f3 f2 f1 f3 f2 f1 f3 f2 f1 
0.00 18.58 19.46 18.94 18.72 19.09 19.46 19.15 19.23 19.16 17.81 17.44 17.55 
0.08 18.91 19.50 19.25 19.09 19.24 19.54 19.19 19.29 19.22 18.72 17.97 18.06 
0.16 19.09 19.52 19.40 19.61 19.48 19.67 19.24 19.30 19.25 19.65 18.66 18.79 
0.24 19.28 19.52 19.45 20.04 19.70 19.85 19.27 19.31 19.26 20.44 19.49 19.65 
0.32 19.53 19.58 19.50 20.27 19.86 20.03 19.34 19.34 19.29 20.97 20.28 20.45 
0.40 19.86 19.81 19.69 20.35 19.98 20.18 19.49 19.47 19.39 21.38 20.90 21.01 
0.48 20.31 20.17 20.08 20.35 20.05 20.25 19.79 19.72 19.66 21.60 21.32 21.39 
0.56 20.77 20.66 20.59 20.38 20.16 20.30 20.26 20.19 20.13 21.78 21.61 21.65 
0.60 21.05 20.94 20.88 20.41 20.25 20.37 20.58 20.52 20.47 21.87 21.73 21.78 
0.64 21.28 21.16 21.11 20.45 20.35 20.44 20.88 20.82 20.77 21.95 21.82 21.87 
0.72 21.75 21.66 21.60 20.54 20.62 20.66 21.72 21.51 21.42 22.13 22.02 22.08 
0.79 22.19 22.12 22.05 20.63 20.96 20.94 22.60 22.16 22.03 22.31 22.22 22.28 
0.87 22.54 22.52 22.44 20.77 21.31 21.24 23.02 22.68 22.58 22.50 22.43 22.48 
0.95 22.82 22.84 22.77 20.99 21.63 21.57 23.13 22.97 22.93 22.68 22.63 22.67 
1.03 23.02 23.04 22.99 21.42 21.91 21.88 23.15 23.08 23.07 22.84 22.82 22.84 
1.10 23.14 23.12 23.11 21.94 22.09 22.12 23.16 23.13 23.13 22.94 22.95 22.94 
1.11 23.15 23.14 23.13 22.06 22.12 22.16 23.17 23.13 23.14 22.96 22.96 22.96 
1.19 23.20 23.19 23.18 22.92 22.33 22.43 23.18 23.16 23.17 23.04 23.07 23.04 
1.27 23.22 23.21 23.20 23.76 22.75 22.80 23.19 23.18 23.19 23.09 23.13 23.08 
1.35 23.23 23.21 23.21 24.09 23.35 23.46 23.20 23.19 23.20 23.11 23.17 23.11 
1.43 23.22 23.21 23.20 23.84 23.68 23.92 23.20 23.19 23.20 23.12 23.19 23.12 
1.51 23.22 23.21 23.20 23.45 23.55 23.68 23.19 23.20 23.20 23.12 23.20 23.13 
1.59 23.21 23.21 23.20 23.28 23.41 23.37 23.19 23.20 23.20 23.12 23.20 23.13 
1.60 23.21 23.21 23.20 23.28 23.38 23.35 23.19 23.20 23.20 23.12 23.20 23.13 
1.67 23.21 23.20 23.20 23.27 23.31 23.29 23.18 23.20 23.20 23.12 23.20 23.13 
1.75 23.21 23.20 23.20 23.29 23.29 23.28 23.18 23.21 23.20 23.12 23.20 23.13 
1.83 23.20 23.20 23.20 23.31 23.28 23.28 23.17 23.21 23.20 23.12 23.20 23.13 
1.91 23.20 23.20 23.20 23.32 23.28 23.29 23.17 23.21 23.19 23.12 23.20 23.13 
1.99 23.21 23.21 23.21 23.32 23.28 23.29 23.17 23.21 23.19 23.13 23.20 23.13 
2.07 23.23 23.23 23.23 23.32 23.28 23.30 23.16 23.21 23.19 23.13 23.20 23.13 
2.15 23.24 23.25 23.25 23.32 23.27 23.30 23.16 23.22 23.19 23.13 23.19 23.13 
2.23 23.24 23.26 23.25 23.32 23.27 23.30 23.16 23.22 23.19 23.13 23.19 23.13 
2.31 23.24 23.25 23.23 23.32 23.27 23.30 23.16 23.22 23.19 23.13 23.18 23.13 
2.38 23.22 23.24 23.21 23.32 23.28 23.30 23.15 23.22 23.18 23.13 23.18 23.14 
2.46 23.21 23.25 23.22 23.32 23.29 23.30 23.15 23.21 23.18 23.14 23.17 23.14 
2.54 23.20 23.26 23.26 23.33 23.30 23.30 23.15 23.21 23.17 23.14 23.17 23.14 
2.62 23.21 23.28 23.29 23.33 23.31 23.31 23.15 23.21 23.17 23.14 23.16 23.14 
2.70 23.23 23.29 23.30 23.34 23.32 23.31 23.15 23.21 23.17 23.13 23.15 23.14 
2.78 23.25 23.30 23.30 23.35 23.33 23.32 23.14 23.21 23.16 23.13 23.14 23.13 
2.86 23.26 23.30 23.30 23.36 23.34 23.33 23.14 23.20 23.16 23.12 23.12 23.13 
2.94 23.28 23.29 23.30 23.36 23.34 23.33 23.12 23.19 23.15 23.11 23.10 23.11 
3.02 23.28 23.27 23.28 23.35 23.32 23.32 23.10 23.16 23.13 23.08 23.05 23.08 
3.10 23.15 23.12 23.14 23.16 23.16 23.15 22.96 23.02 23.00 22.90 22.85 22.91 
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A.5 Uncertainty analysis 

A.5.1 Parameters’ ranges 

The calculation of the input parameters’ ranges used in the uncertainty study is available 

in ‘D1_uncertainty_ranges.xlsx’ file on the CD attached. 

A.5.1.1 Air density 

The air density was calculated based on the indoor air temperature and relative humidity 

using the ideal gas law (Equations A.1 – A.4) (Sonntag et al., 1998). 

� = �
� ∗ \ 

Equation A.1 

where � - air density [kg/m3], P – pressure [Pa], R – specific gas constant [J/(kgK)], 

T – air temperature [K]; 

�`CA5B	:5; = 2 �B�B ∗ \= + 2 �a�a ∗ \= 

Equation A.2 

where �`CA5B	:5; - humid air density [kg/m3], Pd – partial pressure of dry air [Pa], 

Rd – specific gas constant of dry air = 287.058 [J/(kgK)], Pv – pressure of water 

vapour [Pa], Rv - specific gas constant of water vapour = 461.495 [J/(kgK)]; 

�a = �b + �< 
Equation A.3 

where RH – relative humidity [%], Es – saturation pressure of water vapour [mBar]; 

For situations where simplicity is desirable (Shelquist, 2012): 

�< = c9 ∗ 10
8d∗�e8fg�e 

Equation A.4 

where Tc – temperature [oC], co = 6.1078 [-], c1 = 7.5 [-], c3 = 237.3 [-]. 

A.5.1.2 Person heat flux 

The convective heat flux transferred from the sitting person was assumed based on the 

typical heat generation for various activities (Figure A.1) (ASHRAE, 2005). 
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Figure A.1: Typical metabolic heat generation for various activities (ASHRAE, 2005). 

A.5.2 Global sensitivities 

The response surface MATLAB (MATLAB, 2012) file (‘D1_response_surface.mat’)and 

calculation of the global sensitivities of the input boundary conditions to output indoor 

air speeds and temperatures (‘D1_uncertainty_sensitivities.xlsx’ file) are available in on 

the CD attached. 

A.6  Evaluation of model improvement 

The Ansys CFX v.12.1 output files of the base and two previous (1st & 2nd) CFD 

models are available on the CD attached. 

A.7 Evaluation of calibrated model with new filed measurements 

Table A.14 and Table A.16 present measured outdoor and indoor data for the period 

monitored on January 28th, 2012. Table A.15 describes the location of indoor sensors 
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(based on the coordinate system shown in Figure 4.24). The indoor and outdoor 

measurements for the period monitored are also available in 

‘D1_evaluation_measurements.xlsx’ file on the CD attached; as well as the Ansys CFX 

v.12.1 output file. 

Table A.14: Weather station measurements.  

Time  
Air temp. 

[oC] 

Barometric 
Pressure 
[mBar] 

Global 
Solar 

Irradiance 
[W/m2] 

Diffuse 
Solar 

Irradiance 
[W/m2] 

28/01/2012 11:50 6.05 1030.00 53.75 52.65 
28/01/2012 11:51 6.05 1030.00 55.02 54.00 
28/01/2012 11:52 6.01 1030.00 55.36 54.34 
28/01/2012 11:53 6.05 1030.00 51.97 50.96 
28/01/2012 11:54 6.12 1030.00 47.57 46.56 
28/01/2012 11:55 5.91 1030.00 45.54 44.18 
28/01/2012 11:56 6.05 1030.00 45.03 44.18 
28/01/2012 11:57 5.95 1030.00 42.92 41.81 
28/01/2012 11:58 6.01 1030.00 41.48 40.46 
28/01/2012 11:59 6.05 1030.00 43.51 42.66 
28/01/2012 12:00 6.05 1030.00 50.11 49.09 

Table A.15: Indoor sensor locations. 

 
X [m] Y [m] Z [m] 

V1 1.9 0.86 2.66 
V2 0.64 0.46 0.99 
S1 2.1 0.6 3.26 
S2 0.6 0.6 3.46 
S3 2.1 0.6 1.26 
S4 0.6 0.6 1.46 
S5 2.1 1.1 3.26 
S6 0.6 1.1 3.46 
S7 2.1 1.1 1.26 
S8 0.6 1.1 1.46 
S12 0.6 1.6 1.46 

Table A.16: Indoor measurements. 

Location Average Minimum Maximum 
Standard 
deviation 

V1 [m/s] 0.18 0.18 0.30 0.02 
V2 [m/s] 0.08 0.01 0.39 0.08 

S1 18.02 17.96 18.06 0.02 
S2 17.97 17.94 18.03 0.03 
S3 17.45 17.39 17.51 0.03 
S4 17.39 17.30 17.53 0.04 
S5 18.60 18.58 18.63 0.02 
S6 18.60 18.56 18.65 0.03 
S7 18.16 18.13 18.18 0.02 
S8 18.02 17.96 18.06 0.02 
S12 18.51 18.44 18.56 0.03 

Air speed at 
window [m/s] 0.38 0.05 1.48 0.22 
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Appendix B 
Engineering Building demonstrator 
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Engineering Building demonstrator 

B.1 On-site measurements 

Table B.1 and Table B.3 present measured outdoor and indoor data for the period 

monitored. Moreover, Table B.2 describes the location of indoor sensors (based on the 

coordinate system shown in Figure 5.5). The surface temperatures measured by the 

thermal camera are shown in Figure B.1. 

The indoor and outdoor measurements for the period monitored are also available in 

‘D2_measurements.xlsx’ file on the CD attached. 

Table B.1: Weather station measurements. 

Time Air temp.[oC] 
Relative 

Humidity [%] 

Barometric 
Pressure 
[mBar] 

Global Solar 
Irradiance 

[W/m2] 

Diffuse Solar 
Irradiance 

[W/m2] 
17/08/2012 14:55 20.84 60.40 1002.00 832.00 146.90 
17/08/2012 14:56 20.81 59.90 1002.00 337.20 174.60 
17/08/2012 14:57 20.74 60.44 1002.00 806.00 123.40 
17/08/2012 14:58 20.71 60.44 1002.00 768.50 110.90 
17/08/2012 14:59 20.74 61.65 1002.00 778.90 99.20 
17/08/2012 15:00 20.81 59.49 1002.00 781.30 97.50 
17/08/2012 15:01 20.94 59.46 1002.00 786.80 96.60 
17/08/2012 15:02 20.91 59.83 1002.00 740.80 103.60 
17/08/2012 15:03 20.98 58.04 1002.00 796.50 100.60 
17/08/2012 15:04 21.11 59.05 1002.00 814.00 106.30 
17/08/2012 15:05 21.08 58.75 1002.00 845.00 121.90 
17/08/2012 15:06 21.04 54.12 1002.00 458.80 157.00 
17/08/2012 15:07 20.94 54.86 1002.00 445.30 167.50 
17/08/2012 15:08 20.84 55.16 1002.00 622.10 172.70 
17/08/2012 15:09 20.67 57.29 1002.00 415.30 232.70 
17/08/2012 15:10 20.71 57.50 1002.00 288.50 246.30 
17/08/2012 15:11 20.54 58.00 1002.00 287.60 252.40 
17/08/2012 15:12 20.47 58.04 1002.00 283.50 268.70 
17/08/2012 15:13 20.64 59.29 1002.00 299.30 277.00 
17/08/2012 15:14 20.64 58.81 1002.00 301.70 282.40 
17/08/2012 15:15 20.74 57.93 1002.00 315.50 308.40 
17/08/2012 15:16 20.71 58.41 1002.00 310.50 295.90 
17/08/2012 15:17 20.71 57.43 1002.00 479.00 284.40 
17/08/2012 15:18 20.64 58.17 1002.00 355.40 267.50 
17/08/2012 15:19 20.61 56.38 1002.00 866.00 208.40 
17/08/2012 15:20 20.54 56.55 1002.00 882.00 197.60 
17/08/2012 15:21 20.44 55.97 1002.00 898.00 234.20 
17/08/2012 15:22 20.44 56.52 1002.00 360.10 260.80 
17/08/2012 15:23 20.47 57.56 1002.00 363.50 271.80 
17/08/2012 15:24 20.64 58.41 1002.00 443.60 306.60 
17/08/2012 15:25 20.88 58.07 1002.00 329.70 286.10 
17/08/2012 15:26 21.01 56.75 1002.00 300.70 257.30 
17/08/2012 15:27 21.01 55.81 1002.00 272.60 264.80 
17/08/2012 15:28 21.01 55.30 1002.00 259.80 255.40 
17/08/2012 15:29 20.98 55.16 1002.00 262.80 259.80 
17/08/2012 15:30 20.98 56.01 1002.00 267.80 262.70 
17/08/2012 15:31 21.04 55.10 1002.00 249.30 240.80 
17/08/2012 15:32 20.88 55.47 1002.00 212.80 207.40 
17/08/2012 15:33 20.91 57.60 1002.00 164.10 162.10 
17/08/2012 15:34 20.94 57.87 1002.00 140.10 138.40 
17/08/2012 15:35 21.08 57.56 1002.00 136.40 133.80 
17/08/2012 15:36 21.04 56.31 1002.00 155.50 150.20 
17/08/2012 15:37 21.08 56.55 1002.00 179.00 166.20 
17/08/2012 15:38 21.01 55.94 1002.00 192.90 181.70 
17/08/2012 15:39 20.94 55.84 1002.00 204.30 196.20 
17/08/2012 15:40 20.91 56.65 1002.00 208.50 205.80 
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Table B.2: Indoor sensor locations. 

 
X [m] Y [m] Z [m] 

V1 -0.10 0.89 3.67 
EW2 1.48 1.00 3.08 
EW3 4.91 0.70 1.17 
EW4 2.79 1.00 1.09 

S1 4.33 0.10 3.33 
S2 2.02 0.10 3.37 
S3 4.26 0.10 0.98 
S4 2.08 0.10 1.00 
S5 4.33 0.60 3.33 
S6 2.02 0.60 3.37 
S7 4.26 0.60 0.98 
S8 2.08 0.60 1.00 
S9 4.33 1.10 3.33 
S10 2.02 1.10 3.37 
S11 4.26 1.10 0.98 
S12 2.08 1.10 1.00 
S13 4.33 1.70 3.33 
S14 2.02 1.70 3.37 

Table B.3: Indoor measurements. 

Location Average Minimum Maximum 
Standard 
deviation 

V1 [m/s] 0.22 0.05 0.49 0.11 
EW2 [m/s] 0.17 0.05 0.42 0.07 
EW3 [m/s] 0.11 0.05 0.22 0.02 
EW4 [m/s] 0.27 0.05 0.98 0.14 

S1 [oC] 23.56 23.42 23.69 0.07 
S2 [oC] 23.48 23.35 23.64 0.08 
S3 [oC] 23.34 23.11 23.52 0.10 
S4 [oC] 23.40 23.23 23.57 0.09 
S5 [oC] 23.79 23.64 23.93 0.08 
S6 [oC] 23.58 23.42 23.76 0.09 
S7 [oC] 23.61 23.35 23.83 0.14 
S8 [oC] 23.50 23.33 23.69 0.09 
S9 [oC] 23.97 23.83 24.10 0.07 
S10 [oC] 24.00 23.83 24.15 0.09 
S11 [oC] 23.76 23.52 23.95 0.12 
S12 [oC] 23.59 23.40 23.76 0.09 
S13 [oC] 24.09 23.98 24.20 0.06 
S14 [oC] 24.02 23.88 24.17 0.08 

Floor temp. no1 [oC] 23.51 23.40 23.69 0.08 
Floor temp. no2 [oC] 23.49 23.38 23.62 0.07 
Wall W temp. [oC] 24.45 24.41 24.56 0.05 
Wall S temp. [oC] 23.64 23.57 23.81 0.08 

AirVelX [m/s] 0.47 0.09 0.92 0.17 
AirVelY [m/s] 0.56 0.23 0.95 0.18 
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Ceiling Column External wall 

Figure B.1: Thermal images of the room surfaces. 

B.2  Model verification 

Table B.4 presents indoor air temperatures along the vertical poles inside the room, 

predicted by CFD models with three meshes (∆3, ∆2, ∆1). Moreover, the calculations 

necessary for qualitative and quantitative CFD model verification are available in 

‘D2_verification.xlsx’ file on the CD attached. 

Table B.4: Results of indoor air temperatures predicted by the CFD models 
with three different meshes (∆3, ∆2, ∆1). 

 
Pole 1 Pole 2 Pole 3 Pole 4 

Y [m] f3 f2 f1 f3 f2 f1 f3 f2 f1 f3 f2 f1 
0.00 23.21 23.29 23.36 23.29 23.00 23.05 23.05 23.22 23.38 23.14 23.17 23.26 
0.09 23.18 23.26 23.32 23.25 22.94 22.95 22.97 23.16 23.36 23.11 23.15 23.25 
0.10 23.18 23.26 23.32 23.25 22.95 22.95 22.97 23.16 23.36 23.12 23.16 23.26 
0.18 23.19 23.26 23.32 23.26 23.05 23.02 22.99 23.15 23.35 23.19 23.23 23.30 
0.27 23.20 23.26 23.32 23.26 23.15 23.12 23.01 23.15 23.35 23.27 23.31 23.34 
0.36 23.22 23.27 23.32 23.27 23.24 23.22 23.04 23.16 23.35 23.35 23.36 23.37 
0.44 23.25 23.29 23.33 23.29 23.32 23.30 23.08 23.18 23.35 23.42 23.40 23.39 
0.53 23.27 23.30 23.34 23.31 23.38 23.38 23.12 23.22 23.37 23.47 23.45 23.42 
0.60 23.29 23.31 23.35 23.32 23.42 23.43 23.16 23.25 23.39 23.50 23.49 23.44 
0.62 23.30 23.32 23.35 23.33 23.43 23.44 23.18 23.26 23.41 23.51 23.51 23.45 
0.71 23.33 23.34 23.37 23.36 23.48 23.50 23.26 23.31 23.46 23.56 23.58 23.49 
0.80 23.36 23.38 23.40 23.40 23.54 23.55 23.36 23.37 23.53 23.61 23.64 23.54 
0.89 23.40 23.42 23.43 23.45 23.61 23.60 23.46 23.45 23.63 23.67 23.70 23.60 
0.98 23.45 23.47 23.48 23.53 23.70 23.66 23.54 23.55 23.73 23.73 23.75 23.66 
1.07 23.50 23.54 23.53 23.62 23.80 23.73 23.61 23.63 23.77 23.78 23.79 23.74 
1.10 23.52 23.57 23.55 23.65 23.84 23.75 23.63 23.65 23.77 23.80 23.80 23.77 
1.16 23.56 23.63 23.59 23.72 23.91 23.79 23.68 23.70 23.77 23.83 23.82 23.82 
1.25 23.64 23.73 23.68 23.84 24.01 23.86 23.76 23.77 23.79 23.87 23.86 23.89 
1.33 23.75 23.84 23.78 23.96 24.11 23.93 23.85 23.86 23.83 23.93 23.91 23.98 
1.42 23.86 23.96 23.89 24.08 24.20 24.01 23.94 23.96 23.90 23.97 23.97 24.07 
1.51 23.99 24.09 24.01 24.20 24.28 24.10 24.04 24.06 23.98 24.01 24.04 24.16 
1.60 24.12 24.22 24.14 24.31 24.36 24.19 24.13 24.17 24.08 24.03 24.13 24.24 
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Pole 1 Pole 2 Pole 3 Pole 4 

Y [m] f3 f2 f1 f3 f2 f1 f3 f2 f1 f3 f2 f1 
1.69 24.23 24.34 24.27 24.40 24.44 24.29 24.22 24.27 24.18 24.13 24.22 24.31 
1.78 24.34 24.44 24.38 24.48 24.51 24.38 24.30 24.36 24.29 24.14 24.31 24.38 
1.87 24.44 24.53 24.49 24.54 24.58 24.47 24.38 24.45 24.39 24.16 24.38 24.45 
1.96 24.52 24.59 24.57 24.60 24.64 24.55 24.45 24.53 24.48 24.32 24.45 24.51 
2.05 24.58 24.64 24.64 24.65 24.69 24.62 24.52 24.60 24.56 24.39 24.50 24.56 
2.14 24.63 24.68 24.69 24.68 24.73 24.67 24.57 24.66 24.63 24.44 24.53 24.60 
2.22 24.67 24.71 24.73 24.71 24.77 24.72 24.62 24.72 24.68 24.49 24.55 24.64 
2.31 24.70 24.73 24.76 24.74 24.79 24.76 24.67 24.77 24.73 24.51 24.55 24.67 
2.40 24.74 24.75 24.78 24.77 24.82 24.79 24.74 24.81 24.78 24.56 24.56 24.71 
2.49 24.77 24.77 24.80 24.82 24.88 24.84 24.86 24.88 24.84 24.67 24.62 24.77 
2.58 24.81 24.81 24.83 24.88 25.06 24.93 25.01 25.06 25.00 24.87 24.86 24.89 
2.67 24.88 24.91 24.96 25.00 25.51 25.23 25.27 25.58 25.51 25.10 25.36 25.42 
2.76 24.74 24.71 24.60 24.78 24.80 24.97 24.94 25.00 25.04 25.21 25.23 25.22 
2.85 24.80 24.83 24.76 24.84 24.87 25.03 24.94 24.98 25.03 25.22 25.21 25.19 
2.94 24.87 24.90 24.85 24.91 24.93 25.06 24.95 24.98 25.04 25.21 25.21 25.18 
3.03 24.91 24.93 24.90 24.97 24.96 25.07 24.96 24.99 25.04 25.22 25.21 25.20 
3.11 24.94 24.96 24.94 25.02 24.97 25.06 24.96 25.00 25.04 25.22 25.22 25.22 
3.20 24.96 24.99 24.95 25.04 24.96 25.06 24.95 25.01 25.06 25.22 25.23 25.25 
3.29 24.95 25.01 24.96 25.03 24.92 25.06 24.92 24.98 25.09 25.21 25.23 25.26 
3.38 24.91 25.00 24.94 24.96 24.83 25.04 24.84 24.90 25.08 25.19 25.18 25.23 
3.47 24.59 24.68 24.65 24.60 24.49 24.65 24.52 24.55 24.75 24.79 24.75 24.79 

B.3  Uncertainty analysis 

B.3.1 Parameters’ ranges 

The calculation of the input parameters’ ranges used in the uncertainty study is available 

in ‘D2_uncertainty_ranges.xlsx’ file on the CD attached. 

B.3.2 Global sensitivities 

The response surface MATLAB (MATLAB, 2012) file (‘D2_response_surface.mat’) and 

calculation of the global sensitivities of the input boundary conditions to output indoor 

air speeds and temperatures (‘D2_uncertainty_sensitivities.xlsx’ file) are available in on 

the CD attached. 

B.4  Evaluation of model improvement 

The Ansys CFX v.12.1 output files of the 1st and base CFD models, and two design 

points generated by the uncertainty study (dp33 and dp70) are available on the CD 

attached. 

B.5 Thermal comfort 

Calculation of all thermal comfort indices is available in ‘D2_thermal_comfort.xls’ on the 

CD attached. 
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B.5.1 Predicted mean vote (PMV) 

The predicted mean vote (PMV) value was calculated using the calculator developed by 

(Tanabe Shin-ichi Laboratory, 2011) (CD attached) from Equations B.1 – B.4 (ISO, 

2005). Figure B.2 lists thermal clothing insulation for typical garments combinations. 

Calculation (ASHRAE, 2005) of the mean radiant temperature used in evaluating 

measured PMV and PPD are available in ‘D2_thermal_comfort.xls’ on the CD attached. 

�hi = 	 j0.303 ∗ �lm.m?nE + 0.028p∗ q�h −r� − 3.05 ∗ 10l? ∗ j5733 − 6.99 ∗ �h −r� − �:p − 0.42∗ j�h −r� − 58.15p − 1.7 ∗ 10lx ∗ h ∗ �5867 − �:� − 0.0014 ∗ h∗ �34 − �:� − 3.96 ∗ 10ly ∗ @8z ∗ j��8z + 273�{ − ��; + 273�{p − @8z ∗ ℎ8∗ ��8z − �:�} 

Equation B.1 

�8z = 35.7 − 0.028 ∗ �h −r� − J8z∗ q3.96 ∗ 10ly ∗ @8z ∗ j��8z + 273�{ − ��; + 273�{p + @8z ∗ ℎ8 ∗ ��8z − �:�} 
Equation B.2 

ℎ8 = ~2.38 ∗ |�8z − �:|m.�x					@��			2.38 ∗ |�8z − �:|m.�x > 12.1 ∗ �	:;
12.1 ∗ �	:;																		@��				2.38 ∗ |�8z − �:|m.�x < 12.1 ∗ �	:; 

Equation B.3 

@8z = �1.00 + 1.290 ∗ J8z 					@��			J8z ≤ 0.078	F��/r
1.05 + 0.645 ∗ J8z 					@��			J8z > 0.078	F��/r 

Equation B.4 

where: 
M – metabolic rate [W/m2], (46 – 232 W/m2) 
W – effective mechanical power [W/m2], (usually equals to 0) 
Icl – clothing insulation [m2K/W], (0 – 2 clo) 
fcl – clothing surface area factor [-] 
ta – air temperature [oC], (10 – 30oC) 
tr – mean radiant temperature [oC], (10 – 40oC) 
var – relative air velocity [m/s], (0 – 1 m/s) 
pa – water vapour partial pressure [Pa], (0 – 2700 Pa) 
hc – convective heat transfer coefficient at the body surface [W/(m2K)] 
tcl – clothing surface temperature [oC] 
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Figure B.2: Thermal insulation for typical combinations of garments (ISO, 2005). 

B.5.2 Predicted percentage of dissatisfied (PPD) 

The predicted percentage of dissatisfied (PPD) was calculated from Equation B.5. The 

PPD can also be assumed based on Figure B.3 (ISO, 2005). 

��� = 100 − 95 ∗ �lm.m??x?∗�E��lm.�>��∗�E�f
 

Equation B.5 

 
Figure B.3: PPD as a function of PMV (ISO, 2005). 
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B.5.3 Local thermal comfort 

B.5.3.1 Draught rate  

The draught rate (DR) was calculated from Equation B.6 (ISO, 2005).  

�� = "34 − �:,z#"	:,z � 0.05#
m.n�"0.37 ∗ 	:,z ∗ \� � 3.14# 

Equation B.6 

where: 
ta,l – local air temperature at the neck [oC], (20 – 26 oC) 
va,l – local mean air velocity at the neck [m/s], (<0.5 m/s) 
Tu – turbulence intensity at the neck [%], (10% – 60%) 

For va,l < 0.05 m/s use va,l = 0.05 m/s and DR > 100% use DR = 100%. 

B.5.3.2 Vertical air temperature difference 

The percentage of dissatisfied (PD) due to vertical air temperature difference was 

calculated from Equation B.7. It can also be assumed based on Figure B.4. Both apply 

when the temperature increases upwards and ∆ta,v < 8 oC (ISO, 2005). 

��  100
1 � �"x.�nlm.yxn∗∆��,�# 

Equation B.7 

 
Figure B.4: Local discomfort caused by vertical air temperature difference (ISO, 2005). 
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B.5.3.3 Warm and cold floors 

The percentage of dissatisfied (PD) due to warm or cold floors was calculated from 

Equation B.8. It can also be assumed based on Figure B.5 (ISO, 2005). 

��  100 � 94 ∗ ��l>.?y�gm.>>y∗��lm.mm�x∗��f� 
Equation B.8 

 
Figure B.5: Local discomfort caused by warm or cold floors (ISO, 2005). 

B.5.3.4 Radiant asymmetry 

The percentage of dissatisfied (PD) due to radiant asymmetry was calculated from 

Equations B.9 – B.12. It can also be assumed based on Figure B.6 (ISO, 2005). 

 

Warm ceiling (∆tpr < 23oC): 

��  100
1 � �"�.y{lm.>�{∗∆���#

� 5.5 

Equation B.9 

Cool wall (∆tpr < 15oC): 

��  100
1 � �"n.n>lm.?{x∗∆���#

 

Equation B.10 

Cool ceiling (∆tpr < 15oC): 

��  100
1 � �"�.�?lm.x∗∆���#

 

Equation B.11 
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Warm wall (∆tpr < 35oC): 

��  100
1 � �"?.��lm.mx�∗∆���#

� 3.5 

Equation B.12 

 
Figure B.6: Local discomfort caused by radiant temperature asymmetry  

(1 – warm ceiling, 2 – cool wall, 3 – cool ceiling, 4 – warm wall) (ISO, 2005). 

B.5.4 Operative temperature 

The operative temperature (tc) was calculated from Equation B.13 (CIBSE, 2006). 

�8 
|8

|8 � |;
�: �

|;
|8 � |;

�; 
�:√10	 � �;
1 � √10	

 

Equation B.13 

where: 
ta – air temperature [oC] 
tr – mean radiant temperature [oC] 
hc– convective heat transfer coefficient at the body surface [W/(m2K)] 
hr– radiative heat transfer coefficient at the body surface [W/(m2K)] 
var – air speed [m/s] 

 

 

 


