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Abstract 

This doctoral thesis presents a novel computational tool chain able to automatically 

extract zonal models from CFD simulations of the built environment in order to provide 

accurate and rapid predictions of indoor temperature distributions. This doctoral thesis 

introduces a method for automatically clustering the computational cells of CFD 

simulations into sub-zones that can be considered quasi isothermal and compute the mass 

and heat exchange between the sub-zones and the domain to extract a zonal model. The 

zonal model can then be solved for off-design boundary conditions at a fraction of the 

computational cost of CFD. 

This doctoral research first developed three methods for clustering CFD cells and 

compared their ability to capture the temperature distributions of the computational 

domain. These methods are: (1) the Mean Values Segmentation, (2) the Classic 

Watershed, and (3) the Coarse Grid method. The research presented in this thesis shows 

that the Mean Values Segmentation method performs best with regards to computational 

power and pertinence of the extracted clusters.  

Then, this doctoral thesis developed a method for generating zonal models from cell 

clusters and information extracted from the CFD simulation results such as boundary 

conditions. The method was applied to three case studies: an office space, a naturally 

ventilated meeting room, and an ideal ventilation case. This study has assessed the fidelity 

of the automatically generated zonal models when solved for off-design boundary 

conditions and has showed that the zonal models are able to predict temperature 

distributions with a weighted mean absolute error under 0.6 K when the temperature and 

mass flow rate at the boundaries are changed. The proposed methodology is able to 

capture and simulate local phenomena such as air stratification and thermal plumes with 

minimal error and is able to accommodate complex flow fields provided that the domainôs 

temperature is not uniform.   
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Chapter 1  Introduction 

1.1. Chapter introduction 

This chapter will provide an introduction on the motivations for this doctoral work, 

presenting the trends of global energy usage and urbanization as well as the place of the 

built environment in these global problematics, leading to the problem statement. The 

chapter will be concluded by the statement of the research question that this thesis aims 

at answering, the aims and objectives as well as an outline of the thesis. 

1.2. Cities of the future 

The industrial era and its economic boom saw the progressive urbanization of society, a 

shift of population from rural areas to urban areas where the industry, and therefore 

industrial labour, were centralized. Figure 1-1 shows the increase in population living in 

urbanized areas between 1960 and 2018. Urbanization is an ever-going phenomenon and 

it is estimated that by 2050 the world will host 3 billion urban dwellers [1]. 

 

Figure 1-1: Urbanization of world population between 1960 and 2018[1] 
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With the phenomenon of urbanization and the increasing energy demand needed to 

sustain the modern comfort of life, the built environment became a major energy 

consumer and economic sector. Today it represents approximately 40% of global energy 

consumption, which is more than industry and transportation (Figure 1-2). 

 

Figure 1-2: Global energy consumption by sector [2] 

Following the global impulse towards the reduction of energy consumption, waste, and 

carbon emissions, urban areas are being redesigned to mitigate their energy usage and 

adapt to societal changes. Buildings, urban transportation and services are becoming more 

connected thanks to modern communication networks, and many aspects of urban life are 

being optimized with regards to energy consumption. These modern urban areas are often 

referred to as "smart cities", with the idea that they should be able to adapt to changing 

conditions in order to reduce waste and optimize the use of resources with regard to the 

immediate and predicted demands. 

As a result, buildings too are experiencing a shift towards the adoption of Smart buildings 

or Net Zero Energy Buildings (NZEB). These buildings are designed to take advantage 

of envelope materials properties, environmental conditions, predictable energy demands, 

and computer models to optimize systems such that the energy input can be minimized 

without disruption or discomfort for the occupants. More specifically, Smart buildings 

are buildings equipped with sensing and actuating systems aimed at minimizing energy 

consumption through an optimal management of systems such as heating and cooling or 
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lighting. NZEB are buildings designed to produce as much energy as they consume, 

through the use of renewable energies such as geothermal and solar power and minimize 

the energy consumption through features that may also include those of Smart buildings. 

1.3. Modern computing and the importance 

of indoor conditions 

The advent of modern computing saw not only the increase of computational capabilities 

of electronic devices, but also their ubiquity in every aspect of modern life. In parallel, 

the evolution of communication networks allowed an increased interconnectivity of 

devices and led to the Internet of Things, paving the way for more complex and 

decentralized measurement and control systems. Modern computerized systems are used 

to gather data, communicate it and process it to extract information that can then be used 

to analyse trends, take informed decisions or provide services.  

Like most other sectors, the built environment went through an important change in 

practices and methods related to the increasing availability and decreasing cost of 

connected devices and processing power. First it saw the development of computer 

models for thermal design of buildings, as early as 1963 [3]. This was followed by the 

increase of computational power and eventually the rise of more complex models, along 

with the development of embedded systems and cheaper sensors, which itself eventually 

led to the development of real-time Building Energy Management Systems (BEMS). 

Today the majority of building simulations focus on the optimization of energy usage, 

construction costs, operational costs and occupant comfort [4,5]. Recent studies focused 

on indoor airflow and thermal conditions and found that pollutant concentration and 

thermal distribution have a major impact on health, comfort ant productivity [6]. A poor 

indoor air quality can cause respiratory diseases, as well as the Sick Building Syndrome 

(SBS) which is a manifestation of illness symptoms linked to the amount of time an 

occupant spends in a building. Poor thermal distribution in a building can decrease 

productivity by 6 to 8% [7][8], as well as causing thermal discomfort. Designers mitigate 

these effects by optimizing the design of heating and cooling systems and the airflow in 

and around buildings. Unfortunately, the simulation of airflow and thermal distribution 
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for whole buildings is often an expensive and time-consuming process due to the 

computational power required to simulate airflow. 

1.4. Model complexity 

Despite the apparent availability of computational power, overly complex computer 

models require an extensive amount of time and expertise to provide accurate predictions. 

Therefore, the complexity of a model is often dictated by the intended application. Models 

aiming to simulate large systems such as whole buildings or districts will tend to ignore 

local physical phenomena to focus on large-scale effects such as global energy 

consumption or environmental factors. On the other hand, models simulating physics at 

a smaller scale such as a single room will include a more detailed description of the local 

physics.  

With regards to complexity, one of the key assumptions is that of the uniformity of air 

properties [9]. Because of the large computational cost involved in simulating airflow, 

simplified models will tend to represent rooms or portions of buildings as instantly well-

mixed volumes of air. This significantly simplifies the computation of a modelôs solution, 

introducing an acceptable degree of error but allowing the simulation of large systems 

over long periods of simulated time, or for rapid simulations. Unfortunately, the well-

mixed assumption is not acceptable when simulating local phenomena such as thermal 

comfort or natural ventilation [10], therefore for these applications researchers often use 

more complex models such as computational fluid dynamics (CFD). These methods 

require extensive amounts of expertise and computational power but are predominant 

when simulating airflow inside and around buildings [11]. The well-mixed assumption is 

often a necessity rather than an intended feature, and intermediate methods such as zonal 

models have been developed to mitigate the situation. These intermediate methods 

usually imply developing a model from the ground up, or they imply extracting a 

simplified model from a more complex simulation. The resulting models are often rapid 

and accurate and allow the simulation of non-uniform airflows but they require extensive 

expertise for their development or extraction. Consequently, they do not have many 

practical applications despite their advantages [11]. 
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1.5. Problem statement 

Simplified approaches often assume that entire rooms or buildings are perfectly uniform, 

which does not correspond to reality nor permit the prediction of thermal comfort or 

natural ventilation. Complex models such as CFD are well established and are often used 

in the simulation of indoor airflow because they are able to provide accurate information. 

Unfortunately, they require extensive knowledge, user expertise, computational costs and 

validation efforts. Zonal approaches are often based on manual methods and user 

experience and can thus be expensive and time-consuming. Because of this major 

disadvantage, they are rarely used in practical applications. 

1.6. Research question 

Is it possible to leverage the accuracy of CFD to automatically generate zonal models that 

can provide accurate predictions of temperature distributions of indoor environments at a 

low computational cost? 
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1.7. Aims and objectives 

The following aims and objectives have been defined to answer the research question. 

A
im

s 

1. To develop a method for 

reducing the complexity of 

CFD simulations 

2. To develop a 

toolchain for 

extracting zonal 

models from CFD 

simulations 

3. To develop a 

method for 

solving the zonal 

model for other 

boundary 

conditions 

4. To validate the 

suitability of the 

method for the 

built environment 

O
b

je
c
ti
v
e

s 

1.1 Define approaches for 

extracting thermal 

distributions from CFD 

simulations 

2.1 Develop an 

approach that 

automatically 

generates a zonal 

model from 

thermal 

distributions 

3.1 Develop a 

method for 

defining a new set 

of parameters for 

the zonal model 

4.1 Develop or 

replicate CFD 

simulations of 

cases commonly 

met in the built 

environment 

1.2 Ensure that the methods 

do not rely on user expertise 

2.2 Automatically 

extract boundary 

conditions from 

CFD for the zonal 

model 

3.2 Assess the 

error of the zonal 

model against 

CFD to define the 

usability envelope 

of the method 

4.2 Apply the 

developed method 

to the CFD 

simulations 

1.3 Assess the loss of 

accuracy for the candidate 

methods 

2.3 Assess the 

error between the 

zonal model and 

the CFD 

simulation  

3.3 Assess the 

flexibility of the 

method 

4.3 Identify 

strengths and 

shortcomings  

1.4 Assess the rapidity of the 

methods 

2.4 Assess the 

rapidity of the 

solver 
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1.8. Thesis outline 

The proposed doctoral thesis has been divided in 7 chapters: 

Introduction: the current chapter, providing an overview of the research area and the 

research question, identifying the gap that this research proposes to bridge 

Literature review: the state of the art will be presented with regards to energy modelling 

and the type of models used in the built environment, their applications along with their 

strengths and shortcomings. This chapter will narrow down the scope of the work to the 

generation of reduced-order models from CFD simulations. 

Methodology: this chapter will present the proposed method for extracting zonal models 

from CFD simulations. It will give a detailed description of the data extraction process, 

the cell clustering methods developed during this doctoral work, the assumptions for the 

generation of a zonal model and finally the solution of the model. 

Case studies: this chapter will present the three case studies that have been used to assess 

the performance of the proposed method. They include the CFD simulations of an office 

space, of a meeting room, as well as an ideal ventilation case. 

Results: this chapter will present the core findings of the research, first with regards to 

data clustering, then the influence of the complexity of the zonal model on the final 

results, and finally on the flexibility of the zonal models generated using the proposed 

method. 

Discussion: this chapter will give a critical discussion on the advantages of the method as 

well as the areas in which the performance should be improved.  

Conclusion: this final chapter will summarize the research findings, and the knowledge 

gained during this doctoral work. It identifies the points on which the available literature 

was expanded and prospective areas of interest. It is concluded with proposals for future 

improvements or additions. 
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Chapter 2  Literature 

Review 

2.1. Chapter Introduction 

This chapter presents the review of the literature and the core findings of it. It has been 

organized into four sections. Section 2.2 focuses on sustainable building design: it 

presents the objectives of sustainable design and the main types of modelling approaches 

used in building simulation. Then, section 2.3 presents the two main approaches used to 

simulate airflow and thermal distributions in buildings, namely zonal models and CFD 

simulation. Section 2.4 presents the methods for extracting reduced-order models from 

high order CFD simulations. Finally, section 2.5 presents a conclusion on the current state 

of the research and identifies the problems that this doctoral thesis proposes to solve. 

2.2. Sustainable building design 

Buildings that are sustainable feature processes that are environmentally responsible and 

resource-efficient throughout a buildingôs lifecycle. These processes include the design 

and construction at the early stages, but also the operation, maintenance and renovation 

of buildings. Finally, sustainable design considers the demolition and recycling of 

building materials. This review focuses on the design and operation of sustainable 

buildings. This section first presents the objectives commonly considered for energy and 

comfort optimization. Then it provides an overview of the types of computer models used 

to simulate and optimize the design of sustainable buildings. 
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2.2.1 Objectives of sustainable building design 

If the only objective of sustainable buildings were to reduce the energy expense, the 

obvious solution would be to negate all energy consumption simply by disconnecting all 

systems from the power grid. Naturally this would render buildings unliveable, therefore 

designers and operators focus on other factors. By analysing some of the recent studies 

on building optimization, it is possible to identify several major trends. Evins [4] and 

Shaikh et al. [5] reviewed respectively 74 and 121 papers presenting studies on building 

optimization. Both found that a vast majority of studies place the energy consumption as 

the main objective for optimization methods. Evins found that energy consumption was 

followed by cost, which includes construction, operation and maintenance costs, on par 

with thermal and visual comfort. Shaikh et al. did not consider construction, operation 

and maintenance costs but they made a more thorough analysis on comfort. They found 

that after energy consumption, the most applied optimization objective was thermal 

comfort, followed by consumer preference, visual comfort, air quality and energy tariffs. 

Finally, both studies found that plug loads, lighting and humidity seem to be the least 

considered optimization objectives. Globally, energy consumption and thermal comfort 

stand out as the main objectives for the sustainable design of buildings.  

2.2.2 Black, Grey and White box modelling 

Computer models are used during the design as well as during the operation phases of a 

sustainable building. During the design phase, they are used to predict the effects of 

design choices on the buildingôs performance and therefore help designers in reaching an 

optimal solution. Computer models can also be used to optimize existing systems, by 

providing energy-efficient control strategies and control parameters. The availability and 

accuracy of data, as well as the computational requirements inherent to each model 

usually restrict them to a certain domain of application. This section provides details on 

the different types of models for the built environment, which can be classified in three 

major categories: black box, white box and grey box.  

Black box models, also called empirical models, are developed by analysing the 

parameters of a building during normal operating conditions and allow the 

characterization of the system without prior detailed knowledge of building materials, 
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sub-systems or environmental conditions. These are particularly useful when optimizing 

the performance of existing building stock. First, it is necessary to acquire data on the 

buildingôs response to external inputs such as environmental conditions, energy demands 

or occupancy over a certain period. Then, statistical approaches such as linear regression 

[12] or artificial neural networks (ANN) [13] allow the correlation between inputs and 

response and allow the development of a model tailored to each individual building and 

its specifications. Black box models are generally fast to develop because they do not 

require a priori knowledge of the system, but they are particularly sensitive to the quality 

of the input data [14]. In fact, black box models are by definition generally reliable within 

the range of operating conditions they have been trained for but can fail if the conditions 

are off-design.  

White box models, also called physics-based models, are built by defining mathematical 

equations that capture most of the physical interactions within the system and between 

the system and the environment. These equations are deducted directly from the laws of 

physics and engineering equations and can be simplified by the modelling expert if need 

be to characterize the simulated building.  They can be used for whole building simulation 

or for the simulation of a limited system within a building, and their level of detail can 

vary greatly depending on their application. This approach, by its nature, allows the 

performance simulation of any building regardless of whether it has already been built 

and is therefore extensively used to test possible design choices and for optimization 

purposes. This allows designers to test various hypotheses and designs and make 

informed choices to improve the energy performance of a building project. Well 

established white box energy modelling tools such as EnergyPlus [23], ESP-r [24], and 

TRNSYS [25] are used in many studies aimed at analysing energy demand and test 

hypotheses for control strategies as presented in the review by Crawley et al. [15]. 

Grey box modelling combines the features of black box and white box modelling, by 

using empirical data to optimize a white box model. The white box model is developed 

using a simplified description of the system, and for which coefficients have been defined 

using rough estimates of the buildingôs properties. The model is then optimized by 

comparing its output to empirical measurements taken in the building, which are used to 

correct the modelôs coefficients to match the outputs to the actual building operating 

conditions. A grey box method is described in Brastein et al. [16], which allowed the 

authors to estimate a building's thermal behaviour using a lumped capacitance model 



Literature Review 

11 

 

coupled to empirical data. Similarly, Bacher and Madsen [17] applied a grey box model 

to a small research building, for which they first developed a lumped model of the 

building, and they then used empirical data to estimate parameters such as the thermal 

capacity and UA values of the building envelope.  

The grey box approach aims to combine the advantages of both methods and mitigate 

their drawbacks. Simplified white box models offer lower computational costs and shorter 

development times, and errors introduced by the simplification are mitigated by tuning 

model parameters to match empirical data. The data gathering campaign can then be 

simplified since the model is supported by physical equations and not only by empirical 

data, also increasing the modelôs flexibility and accuracy when forecasting off-training 

conditions.  

2.3. Simulating airflow in buil dings 

The optimal level of detail of a computer model should depend on its intended application 

and the extent of physical phenomena that it aims to capture. For example, in whole-

building or yearly simulations the models tend to ignore the local physical phenomena, 

such as airflow in individual rooms, and use simplified representations instead in order to 

efficiently simulate a large-scale system. On the other hand, models aimed at studying 

smaller systems tend to reach a much higher level of detail, providing more accurate 

predictions of the cost of computational power. This is relevant for example when 

studying the influence of airflow on thermal comfort in a single room. This section will 

present the main levels of simplification and assumptions commonly used when 

simulating airflow, thermal distribution or pollutant transport in the built environment: 

(1) the zonal method, which divides large volumes into a set of perfectly-mixed sub-zones 

with simplified physics equations; and (2) Computational Fluid Dynamics (CFD) which 

simulates fluid flows with greater accuracy by solving a more extensive set of 

conservation equations including for example momentum and species transportation.  

  



Chapter 2  

12 

 

2.3.1 Zonal models 

In building simulation, a zone is usually defined as an indoor space that typically consists 

of a room, a set of rooms or an entire building. For large-scale simulations such as whole-

building or yearly simulations, zones are usually assumed instantly well-mixed and 

uniform. This allows a fast simulation of indoor conditions and is useful for energy 

systems modelling and optimisation. Unfortunately, the uniform assumption does not 

allow accurate predictions of air flows and temperature distributions and therefore cannot 

be used for accurate thermal comfort or pollutant dispersion simulations [18]. Zonal 

models address the issues inherent to uniform volume assumptions by dividing zones into 

smaller volumes called sub-zones. Sub-zones are aimed at capturing more finely local 

physics, thus allowing the characterization of phenomena like stratification, plumes or 

jets through a careful selection of volumes of interest. Figure 2-1 shows how a generic 

room can be divided into sub-zones that can capture temperature distributions and heat 

transfers. This allows the study of localised phenomena such as thermal comfort, energy 

consumption and air quality. Coupled with low computational cost, this provides rapid 

and reasonably accurate models of the built environment. 

 

Figure 2-1: Simplified representation of the zonal model of a room divided into 8 sub-zones and the corresponding 

energy exchange paths 
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An early example of zonal model which uses mass and energy balance for each sub-zone 

and mass flows between sub-zones was developed by Wurtz [19]. The work studied the 

accuracy of the non-uniform temperature predictions when a heat source was present in 

the domain and found the results consistent with experimental data. This study also 

includes a combined natural and forced convection case which was developed by 

extracting data on mass flows from CFD results. Further work from Musy [20] showed 

that it is possible to automatically build zonal models by using Wurtzôs model and 

reformulating it in smaller sets of equations from which it was possible to automatically 

extract a model given a certain partitioning of rooms inside a building. Musy was able to 

predict air movement, temperature distribution, and indoor air quality parameters in the 

whole building. Huang and Haghighat [21] developed a zonal model which has shown 

good agreement with CFD for airflow distribution, temperature distribution and 

contaminant pollution. The work features a mechanically ventilated room and integrates 

an air-jet model and a pollutant dispersion model to a 3-dimensional zonal model which 

was developed by partitioning a room into a coarse grid. 

Other relevant work includes the study by Georges et al. [22] who developed a transient 

zonal model for the building energy simulation (BES) software IDA ICE [23]. They were 

able to validate a tool for modelling spaces heated by radiators and stoves. Their model 

was able to accurately predict the air stratification in the room, but it was unable to predict 

wall surface temperatures when the heat sources were near to the wall, due to the 

isothermal assumption for the walls used in many BES software packages. Their 

motivation was to provide a tool that would allow the prediction of thermal comfort and 

indoor air quality, which is impossible with common BES software that assume that zones 

are well-mixed volumes of air. Fang et al. [24] developed a zonal model for predicting 

indoor thermal distributions, in order to use it for simulating the performance of 

underfloor heating systems. Their work focused on airflow, and more particularly on 

developing an accurate air-jet submodel for the zonal model. They found good agreement 

between experimental data and their 160-sub-zone modelôs prediction.  Wang et al. [25] 

developed a zonal model of a double-skin façade. The model would be used for dynamic 

simulations and whole-year simulations because of its computational efficiency. Their 

study found a good agreement between experimental and simulation data with a relative 

error below 8.3%. Song et al. [26] developed a zonal model for real-time predictions of 

temperature distribution in a mechanically ventilated room. They used the mean age of 
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air, predicted by a CFD simulation, as a criterion for defining the sub-zones of their 

model. They were able to validate the model against CFD and found that the definition 

of sub-zones based on the mean age of air provided more accurate results for the same 

number of sub-zones than the same model defined by hexahedral sub-zones (i.e. a coarse 

hexahedral mesh). 

Table 2-1 below summarizes the zonal methods presented in this section. 

Table 2-1 : Zonal models and their applications to the built environment 

Authors Year Method Application Notes Ref. 

Wurtz 1995 
Zonal model, 

own solver 

Prediction of thermal 

comfort and pollutant 

transportation 

Thesis, early 

work 
[19] 

Musy 1999 

Zonal model, 

automatic 

method 

Semi-automatic 

generation of zonal 

models 

Thesis based on 

Wurtzôs zonal 

model 

[20] 

Huang and 

Haghighat 
2005 

Zonal model 

with air-jet and 

pollutant 

dispersion 

models 

Prediction of thermal 

distributions and 

airflow 

Validated the 

model against 

CFD 

[21] 

Song et al. 2008 Zonal model 

Prediction of 

temperature 

distributions 

Validated the 

model against 

CFD 

[26] 

Fang et al. 2017 

Zonal model 

with air-jet 

model 

Prediction of 

temperature 

distributions 

Validated 

against 

experimental 

data 

[24] 

Georges et 

al. 
2019 

Transient zonal 

model 

Prediction of thermal 

comfort and thermal 

distribution 

Developed in 

IDA ICE 
[22] 

Wang et al. 2019 Zonal model 

Simulation of natural 

ventilation for double-

skin façades 

Yearly-

simulation, 

validated against 

experimental 

data 

[25] 
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The drawbacks of current zonal models are the difficulty in characterizing flow properties 

without additional data, such as CFD results, and the expertise needed to define pertinent 

sub-zones in order to efficiently capture most of the fluid domainôs properties. Chen [11] 

underlines the fact that zonal models suffer from major overhead development times, 

which can sometimes be greater than for a CFD simulation. 

2.3.2 Computational fluid dynamics 

Computational fluid dynamics is a finite volume method for temperature and fluid flow 

analysis. Figure 2-2 shows how a fluid domain is subdivided into thousands or millions 

of finite volumes, called cells, which are used as control volumes for solving the Navier-

Stokes equations iteratively. CFD can yield very accurate results and provide researchers 

with a deep insight on the properties of the fluid in the simulated domain. Chen [11] wrote 

a review on the tools used for studying ventilation performance in buildings. The study 

focused on research published during the previous year, in 2007, and found that over 70% 

of the publications used CFD for assessing ventilation performance. The author also noted 

that CFD was used for indoor air quality, natural ventilation and stratified ventilation 

cases since the other methods made assumptions on air mixing that prevented the 

prediction of these phenomena. 



Chapter 2  

16 

 

 

Figure 2-2: Simplified representation of the CFD finite volume method applied to a room, with the corresponding 

energy exchange paths 

Lau and Chen [27] used CFD to simulate the airflow in a large workshop for assessing 

air quality when the air is supplied through floor-supply displacement ventilation 

compared to traditional mixing air supply. The CFD model was validated against 

experimental data. They found that while contaminant levels were lower in the case of 

floor-supply ventilation, the thermal comfort was lower than for mixing air supply due to 

high temperature stratification at occupant level. Liu and Mak [28] applied CFD to a 

natural ventilation case, by studying the performance of windcatchers as a means to 

provide natural ventilation for indoor spaces. They have validated the CFD model against 

published experimental data and found that windcatcher systems are very dependent on 

wind direction and speed, but they have a good efficiency as for most wind parameters 

the speed at the inlet in the room was equal to the incoming wind speed. They conclude 

that CFD is a suitable tool for studying natural ventilation cases. Zhao and Guan [29] used 

a CFD model for studying the indoor air quality when a room is equipped with a mixing 

ventilation system compared to a room equipped with personal ventilation systems. They 

validated the CFD model with regards to air velocity and temperature against 

experimental data. They found that while personal ventilation systems are seen as a good 

method for guaranteeing thermal comfort when several people are present in the same 

room, the air quality is lower.  
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Another approach to CFD modelling is to couple it with other models in order to provide 

more accurate boundary conditions parameters. For example, Du et al. [30] used CFD for 

studying the temperature distribution in a room in order to determine the optimal location 

for a HVAC temperature sensor. They used a nodal model to provide boundary conditions 

for CFD and determined the optimal location of the sensor with thermal comfort and 

energy usage as the objective functions. Zhai et al. [31] explored strategies to couple CFD 

with BES programs. They argue that CFD and BES provide complimentary information: 

the former provides detailed predictions on airflow and temperature distribution, while 

the latter provides predictions on thermal boundary conditions for the CFD. They realised 

two case studies in which they monitored heating and cooling loads for a given control 

strategy. They found that in both cases the detailed predictions provided by the coupled 

model, particularly on heat transfer coefficients at the walls, allowed a reduction in 

heating and cooling demand of at least 10% compared to predictions from the BES model 

only for the same control strategy. 
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Table 2-2 below presents recent studies that show the various applications of CFD to the 

built environment. 

Table 2-2: Examples of the domains of application of CFD in the built environment 

Authors Year Method Application Notes Ref. 

Lau and 

Chen 
2007 

RANS, 

RNG k-Ů 

Optimal placement of 

workshop ventilation 

Experimentally 

validated 
[27] 

Lo, Banks 

and 

Novoselac 

2013 
RANS, 

2-layer k-

Ů 

Indoor airflow of wind-

driven cross-ventilation, 

entire building 

Experimentally 

validated. Steady-

state and transient 

simulations. 

[32] 

Du et al. 2015 
RANS, 

RNG k-Ů 

HVAC optimization with 

regards to thermal comfort 

CFD-TRNSYS co-

simulation 
[30] 

Zhang, 

Huang, 

Zhou 

2015 
RANS, 

2-layer k-

Ů 

Simulation of thermal 

comfort in a room when 

using various glazing and 

shading configurations. 

 [33] 

Dong et al. 2017 RANS 

Evaluation of different 

turbulence models in the 

simulation of indoor 

pollutant dispersion 

Experimentally 

validated. Transient 

simulations. 

Standard k-Ů, RNG 

k-Ů, standard k-ɤ 

and SST k-ɤ 

[34] 

Zhao, Liu, 

Lai, Chen 
2018 

CFD-

based 

adjoint 

method 

Optimal design of air 

supply inlets in a room 

with regards to occupant 

thermal comfort 

Identification of 

optimal number, 

size, location and 

parameters of air 

supply inlets 

[35] 

Cao et al. 2019 
Semi-

coupled 

CFD 

Prediction of transient 

thermal responses of a 

room with HVAC 

Fast CFD method [36] 

Kwok et al. 2019 
RANS, 

SST k-ɤ 

Prediction of temperature 

and pollutant distribution 

in an office building using 

a coupled approach. 

Experimentally 

validated. Steady-

state simulations. 
[6] 

Yang et al. 2020 
RANS, 

RNG k-Ů 

Simulation of indoor 

ventilation in street 

canyons. 

Experimentally 

validated. Steady 

state simulations. 
[37] 
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The principal shortcomings of CFD are the high level of expertise and the long 

development and simulation time. In fact, results depend strongly on a good definition of 

boundary conditions and models included in the simulation, therefore they are particularly 

sensitive to the quality of data and the assumptions made on the boundaries or the models 

used to solve the CFD simulation. Consequently, the development of a CFD simulation 

requires a high level of user expertise and extensive amounts of time. The great numerical 

complexity renders computation power and time important factors to consider. This 

renders CFD impractical to whole building simulation, or when long periods of time need 

to be simulated.  

2.3.3 Summary of building modelling methods 

This section has introduced the three principal types of computer models, white box, black 

box and grey box and has then shown how the level of fidelity of computer models dictate 

their application to the built environment. The simplification usually applied to building 

simulations is that of the uniform and instantly well-mixed zone, which generally 

prevents the accurate prediction of airflow and thermal distributions. Zonal models tackle 

this problem by subdividing zones into smaller sub-zones and allow the prediction of 

temperature distribution within a zone. They are seen as a compromise between accuracy 

and computational power requirements, allowing real-time predictions of thermal 

distributions. However, they rarely provide satisfying predictions of airflow in a zone 

when used alone, and the development of a zonal model involves significant time and 

expertise. CFD provides accurate predictions on airflow properties and heat transfer 

coefficients and is extensively used in natural ventilation, indoor air quality and thermal 

comfort applications. The mathematical complexity of CFD renders it very expensive in 

terms of computational power, and the choice of parameters can have a substantially 

negative impact on the results accuracy. CFD therefore requires a high level of expertise 

and is time-consuming. 
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2.4. Reduction of CFD simulation 

complexity 

Section 2.3.2 has shown the advantages of CFD and its domains of application, but also 

highlighted the high computational cost involved. To avoid this cost, researchers 

sometimes use other modelling methods such as zonal models, or couple CFD to these 

models as a means to provide accurate airflow predictions intermittently to increase the 

overall simulation accuracy.  

Another approach to reducing the computational cost of CFD is to extract reduced-order 

models (ROMs) from it, or simplified models. Reduced-order models have the advantage 

of capturing most of CFDôs accuracy at a much lower computational cost. This section 

presents the main approaches taken for model order reduction of CFD simulations of the 

built environment, divided into two main approaches: (1) numerical approaches, which 

extract a mathematical model from one or several CFD simulations, and (2) compartment 

models, which cluster CFD computational cells in order to reduce the overall complexity 

of the model.  

2.4.1 Numerical methods for model order reduction 

Reduced-order models aim to reduce the number of degrees of freedom of a CFD 

simulation, which is equal to the number of grid points times the number of state variables 

[38], by identifying a set of key parameters that are sufficient to model the physical 

phenomena of interest. A low order model is ideally capable of efficiently capturing a 

certain physical phenomenon but will not be able to capture the full extent of physical 

phenomena initially modelled in the high order model. 

The literature review found that in the built environment one of the most common 

methods for reducing the order of CFD simulations is proper orthogonal decomposition 

(POD). The POD or Karhunen-Loève transform (KLT) uses a set of observations, a set 

of samples of a systemôs behaviour, to extract a selection of basic functions representative 

of the systemôs response in an optimal way [39]. In the built environment, research by Li 
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et al [40] applied POD to the prediction of temperature distributions in a room. Their 

objective was to provide accurate temperature distribution predictions for the optimal 

control of HVAC systems. They achieved this by generating a set of temperature 

distribution predictions with CFD, and later extracting a reduced order model using the 

POD method. They found that the reduced order model had good agreement with CFD, 

with an absolute error below 0.1 K at any point of the domain. The study, however, made 

several major assumptions: no heat sources were considered, the temperature of the 

boundaries was assumed constant and homogeneous, and the flow field was assumed 

constant. In fact, the authors assume that the flow field does not change when the reduced-

order model is solved for different boundary conditions. Buoyancy effects induced by 

heat sources would negatively impact the accuracy of the reduced-order model and are 

therefore not considered by the authors. Similarly, Sempey et al. [41] applied POD to 

CFD simulations of an air-conditioned room in order to extract accurate and real-time 

reduced-order models. In order to mitigate the fixed flow field assumption, they modelled 

four cases corresponding to different inlet velocities in 2D CFD and used 30 to 34 

snapshots depending on the case to extract a reduced-order model with POD. They found 

that the model had good accuracy compared to CFD, with a root mean squared error of 

under 0.66 K, including for cases where the reduced-order model was solved for inlet 

conditions that were not captured by the snapshots. They noticed however that the error 

was higher near the inlet air-jet and at the walls, suggesting that the reduced-order model 

still suffered from inaccuracies due to the fixed flow field assumption. When simulating 

the built environment, POD has proven to be a powerful method for predicting 

temperature distributions in real-time, with literature reporting good agreement between 

POD-extracted reduced-order models and CFD. The principal drawbacks of POD are the 

fact that it requires the simulation of a large number of high-order snapshots, and its 

inability to accommodate changes in the flow field. POD is also used in diverse fields 

such as image processing, signal analysis, chemical engineering, oceanography and 

aerospace [38]. 

Another method is fast fluid dynamics (FFD), which solves Navier-Stokes equations 

similarly to CFD, except for the advection term which is solved using a semi-Lagrangian 

approach [42]. This allows the solution of fluid dynamics simulations in real-time or 

faster than real-time. This method has been validated against experimental data for 

building simulation by Zuo and Chen [43], in three cases including one of cross-



Chapter 2  

22 

 

ventilation in a room. Jin and Chen [44] applied FFD to whole-building simulation of 

buoyancy-driven airflow, in an effort to define a plume model that would accurately 

capture heat sources in the case of coarse-grid FFD. They have applied the method to 

several cases: a single room with a heated box, an occupied office, a system of two 

naturally ventilated rooms and a corridor, and a large atrium. They have compared the 

accuracy and computational cost of fine-grid FFD, coarse-grid FFD and coarse-grid FFD 

with a plume model. They have found that while coarse-grid FFD significantly reduced 

computing time at the cost of a larger error than FFD, coarse-grid FFD with plume model 

was as accurate as fine-grid FFD but faster to solve. Recent work by Tian et al. [45] has 

coupled FFD to a zonal model using the Modelica [46] programming language in order 

to obtain accurate predictions of thermal distributions within zones to optimize the control 

of HVAC systems. They have developed a dynamic simulation tool and applied it to a 

variable air volume system. They found that this method accurately represents the non-

uniformity of momentum and temperature with a computational cost that would render it 

suitable for HVAC control applications. All the studies on FFD found during this 

literature review relied on solvers tailored to each case scenario, and extensive user 

expertise needed for setting the modelôs parameters. 

POD and FFD have been both validated for use in building simulation, as they provide 

real-time predictions of temperature distributions which is an improvement over the well-

mixed assumption found in zonal and nodal models. These advantages are mitigated by 

the fact that POD suffers from its dependency on many snapshots obtained from CFD 

simulations, while FFD still requires extensive user expertise. 

2.4.2 Compartment models 

Another approach for reducing the complexity of CFD simulations is the partitioning of 

CFD results into cell clusters that accurately represent a physical phenomenon of interest. 

This method has been studied in fields such as chemistry [47], hydraulics [48], but has 

seen very limited use in the built environment.  

The method is based on clustering computational cells obtained from CFD results (Figure 

2-3) in order to extract a simplified fluid network model that can subsequently be solved 

at a much lower computational cost. The clusters, or compartments, are assumed uniform 

and the interactions between compartments such as heat and mass exchange are used to 
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define a fluid network model. This results in a low order model that can capture non-

uniformities in the fluid with good accuracy but at a much lower computational cost than 

CFD.  

 

Figure 2-3: Simplified representation of the clustering of CFD cells into uniform compartments 

In their recent paper, Tajsoleiman et al. [49] note that the accuracy of the resulting 

compartment model is heavily dependent on the definition of compartments. They also 

note that up to today, all the published work requires a manual definition of these 

compartments. In their work, they developed an automatic method for defining 

compartments based on pressure difference. They defined a range of pressure intervals 

and clustered the CFD cells depending on their pressure into a compartment. They applied 

this method to the case of a cylindrical stirring bioreactor and found that the resulting 

compartment model could provide results in good agreement with CFD in less than 2 

seconds compared to the 2.5 hours it took to solve the corresponding CFD case. They also 

state that the model can be extrapolated to a range of operating conditions ñas long as the 

flow regime does not change significantlyò. Another approach to a similar problem has 

been proposed by Weber et al. [47]. The compartment model of a multiphase loop reactor 

was designed and validated against validated CFD data. Their clustering method relied 

on a manually defined coarse grid, and the compartment model took 5.8 hours to yield a 

solution against 118 hours for CFD. In the field of hydraulics, Alvarado et al. [48] 

designed a compartment model to study the hydraulics of a wastewater stabilization pond. 

Their objective was to study the hydraulic behaviour coupled to a biokinetic reaction 

model, but CFDôs computational cost was too high for practical use. They developed a 

compartment model based on validated CFD data where they manually defined a first set 
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of compartments based on ñexpert interpretationò of CFD results which were then divided 

into equal volumes. The resulting compartment model showed good agreement with 

experimental data at a computational cost that rendered the addition of a biokinetic 

reaction model acceptable.  

No other published research that applied this method to the built environment has been 

found, except for the preliminary work done by Mullen et al. [50] which eventually led 

to the proposal of this doctoral thesis. Mullen et al. applied a clustering method based on 

temperature distributions to the CFD simulation of an office and found that the resulting 

reduced-order model could be solved at a lower computational cost and retain most of 

CFDôs accuracy. They validated the model against CFD data and showed that the model 

could predict temperature distributions with an error of less than 10% when the 

temperature at the domain inlets were varied by ±10 K. 

2.4.3 Summary of the methods for CFD order 

reduction 

This section has shown the main approaches for reducing the complexity of CFD 

simulations in order to obtain rapid and accurate predictions of fluid flows in different 

applications. In the built environment, POD has been applied to several cases where the 

well-mixed assumption of zonal and nodal models did not permit prediction of airflow or 

temperature distributions within a zone. The published research shows that it is a valuable 

method for extracting a reduced-order model from CFD, but it is extracted from a 

sometimes-large number of CFD simulations, which renders it time-consuming. 

Furthermore, POD assumes a fixed flow field and has difficulties in retaining its accuracy 

when the flow properties change. FFD is another valid alternative to CFD for real-time 

applications, as it provides accurate and faster than real-time results for fluid dynamics 

simulations. While its results have been validated for simple cross-ventilation cases in the 

built environment, the method still relies on high user expertise and the FFD solvers are 

often developed case by case. Compartment models have been applied to other domains, 

such as bioreactors and wastewater hydraulics and have proven to be a viable alternative 

to CFD in applications where real-time results were needed. The method relies on 

clustering CFD cells into homogeneous volumes and defining a fluid network model 

based on the properties of each volume and the interactions between volumes. This 
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method however is still highly manual and relies on user expertise, with the exception of 

one work that proposed an automatic method based on pressure distribution.  

2.5. Conclusions of the literature review 

This chapter summarized the findings of the literature review made during this doctoral 

thesis. It first introduced the reader to the main objectives of building performance 

optimization: most studies aim at minimizing energy usage while maximizing occupant 

comfort, principally thermal. To achieve this, designers and operators use computer 

models to inform design choices and monitor systems operation.  

The computer models used in building simulation are generally divided into three 

categories. White box models are developed by defining a mathematical representation 

of the physics of a building and its systems, which requires an extensive knowledge of 

the building and its systems but allows the simulation of hypothetical designs. Black box 

models are developed by fitting a mathematical function to actual measurements of a 

buildingôs performance, or the response of a building to various inputs. These models do 

not require a detailed knowledge of a buildingôs systems, and their fidelity relies on the 

quality of the data that can be gathered. They are often used for the performance 

optimization of existing buildings. Finally, grey box models take features from both black 

and white box modelling and offer a method for optimizing white box models with 

empirical data. 

This chapter has also shown how building optimization requires certain assumptions on 

physics depending on the intended application of models. The well-mixed assumption 

does not allow the accurate description of airflow, useful when predicting occupant 

thermal comfort since it is dependent, among other factors, on temperature distributions. 

Researchers therefore rely on zonal models to assess fluid non-uniformities. Zonal models 

subdivide each zone into sub-zones and allow the characterization of temperature 

distributions at low computational cost. These models perform well and for a low 

computational cost, but they rely on extensive user expertise to define pertinent sub-zones 

that can capture the fluid physics accurately which eventually leads to long development 

times. Finally, CFD provides a detailed description of fluid physics with the use of a 
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finite-volume method. A zone is divided in hundreds of thousands or millions of control 

volumes, which allows the accurate representation of fluid flows. This makes CFD a 

widely used method for studying natural ventilation, thermal comfort and indoor air 

quality. However, CFD is sensitive to the assumptions made on boundary conditions and 

requires extensive computational power and user expertise. To mitigate this, researchers 

developed methods for extracting ROMs from CFD simulations. ROMs can capture a 

limited set of physical phenomena of interest and provide predictions with a fidelity 

comparable to CFD but at a fraction of the computational cost. Model order reduction 

methods applied to the built environment generally focus on POD and FFD. In POD, a 

set of CFD simulations is used as samples for extracting a mathematical model that give 

a simplified representation of the major flow features. In FFD, assumptions made on the 

Navier-Stokes equations allow a faster than real-time solution of fluid dynamics 

problems. Both methods have been validated for the built environment, but they require 

an additional level of user expertise. Finally, this literature review identified compartment 

models as a potentially automatable method for model order reduction. Compartment 

models are generated from CFD simulations by clustering cells that represent quasi-

uniform regions of the domain. The clusters are then assumed uniform properties and are 

used to build a fluid network model representing the interactions between clusters, 

capturing mass and energy exchange. These models have shown good performance in 

other applications such as chemistry and hydraulics. They also show potential for method 

automation. An automated method for extracting zonal models that capture non-uniform 

temperature distributions would provide an advantage over the current highly manual 

methods used in the built environment. 
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Chapter 3  Methodology 

3.1. Introduction 

This chapter will present the proposed methodology for extracting zonal models from 

CFD simulations and solving them for different boundary condition parameters. First, a 

short overview of the method will be given. Then, an overview of the software packages 

used in this work will be presented. The CFD data extraction method will be introduced, 

with details on the available data and the steps taken to classify and record it. The methods 

used for clustering CFD cells will be presented, and the assumptions made on the resulting 

sub-zones will be explained along with the assumptions made on the energy exchange 

between sub-zones. Finally, the generation of the full zonal model will be explained as 

well as the method for assessing the results.  

3.2. Method overview 

The proposed method relies on the clustering of CFD cells to generate isothermal sub-

zones that can later be considered uniform for the purpose of generating a simplified fluid 

network model. The fluid network model is generated using the uniform sub-zones as its 

nodes, and the energy exchange between nodes is computed from the mass and heat 

exchange between cell clusters from the CFD results. Figure 3-1 shows an idealized 

overview of the method: (a) the CFD simulation results are used to extract data on the 

properties of the fluid flow; (b) the CFD cells are clustered into isothermal sub-zones; (c) 

the sub-zones are then assumed uniform with regards to temperature, pressure and 

density; (d) boundary conditions are extracted from CFD as well as mass flow rates and 

heat exchange between sub-zones and to/from the boundaries to form a fluid network 

model; and finally (e) the model can be solved for different boundary conditions 

parameters in order to predict temperature distributions. The resulting simplified model 
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aims at providing predictions of temperature distributions for the indoor built 

environment. 

 

Figure 3-1: Overview of the proposed methodology. CFD data is imported (a) and used to define clusters (b) which 

are approximated as being uniform and used to define a fluid network model (d) that can be solved for different 

boundary conditions parameters (e) 
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3.3. Software packages 

This section will present the different software packages that have been used for this 

research. PHOENICS CFD [51] was used for developing the CFD simulations, 

Sinda/FLUINT [52] was used for solving the zonal models, and the code presented in this 

work was developed in the Python programming language [53]. 

3.3.1 PHOENICS CFD 

PHOENICS CFD is a CFD package published by CHAM. A feature of PHOENICS is the 

possibility to define immersed boundary conditions. The mesh is a cartesian structured 

mesh, which allows the definition of complex cases without the need to spend 

considerable time on meshing when coupled with immersed boundary conditions. The 

cartesian structured mesh also allows a more efficient ordering of data as will be 

explained in the following sections. PHOENICS CFD provides an interface for outputting 

the results in Tecplot format, which is compatible with many visualization software 

packages. Results files written in the Tecplot format can be output in either ASCII or 

binary format. ASCII files are written in characters readable by humans, which makes it 

a useful debugging tool, while binary format is not readable by humans but provides 

smaller files and renders read/write tasks more efficient computationally. 

PHOENICS CFD has been used in a variety of studies, which include applications to the 

built environment. Cui and Zheng [54] used PHOENICS to study the effect of building 

greening on urban heat islands, and Zhang et al. [55] studied the impact of green roofs on 

building energy consumption. Guo et al. [56] used PHOENICS to study urban-scale 

natural ventilation. Dong and Liang [57] studied the dispersion of fire smoke in an atrium. 

PHOENICS provides features for customizing the type of energy sources and sinks 

through its text-based interface, as well as a user-friendly Graphical User Interface (GUI), 

which allows faster definition of cases where pre-defined objects can be used.  
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The quantities balanced in the PHOENICS solver are: 

Scalars: 

¶ Pressure 

¶ Temperature 

¶ Enthalpy 

¶ Mass fractions 

¶ Volume fractions 

¶ Turbulence quantities 

¶ Various potentials 

Vectors: 

¶ Velocities 

¶ Radiation fluxes 

¶ Displacements 

The continuity equation (Equation 1), Navier-Stokes conservation of momentum 

(Equation 2) and the conservation of energy (Equation 3) can be written as: 

 

‬”

‬ὸ
Ͻɳ”ό π Equation 1 

Where ʍ is the density, ɳϽ  the divergence and Õ the flow velocity;  

 

‬

‬ὸ
”ό Ͻɳ”όṧό ὴɳӶ ‘ɳ ό

ρ

σ
‘ɳ Ͻɳό ”Ὣ Equation 2 

Where ṧ is the outer product, ὴӶ  the mechanical pressure, ‘ the shear viscosity 

coefficient, and Ὣ the gravitational force. 

 

‬

‬ὸ
”‐ Ͻɳ”ό‐ Ͻɳ † ὴὍϽό ”ὫϽό Ͻɳή Ͻɳή Equation 3 

Where ‐ is the total energy, † the viscous stress tensor, Ὅ the unit tensor, ή the heat-flux 

and ή the radiative heat-flux. 
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The generalized form of the conservation equation solved in PHOENICS can be written 

as: 

‬”•

‬ὸ
Ͻɳ”Ὗᴆ• ῲ •ɳ  Ὓ Equation 4 

Where ” is the density, • the variable in question, Ὗᴆ the velocity vector, ῲ the diffusing 

exchange coefficient of • and Ὓ the source term. 

PHOENICS uses a finite volume formulation of the balance equation, obtained by 

integrating the differential equation over the cell volume. More details on the 

mathematical basis of PHOENICS are available in [58]. 

3.3.2 Python language 

The Python language is an interpreted programming language often used in scientific 

applications because of its relative simplicity and the numerous scientific libraries 

available to the user. Interpreted languages are programming languages in which the 

instructions are executed directly from the source code, without needing to be compiled 

which is the translation of the source code to machine-language instructions. This allows 

for faster prototyping and testing of functions compared to compiled languages. As 

mentioned earlier, numerous scientific libraries are available to the user. This work used 

mainly one library, the NumPy library which is focused on numerical operations and data 

structuring. It was used because of the presence of useful basic functions such as mean(), 

which computes the mean value of an object, but also because it offers practical ways to 

initialize and modify n-dimensional arrays. Its functions have been used extensively in 

the code presented in this doctoral thesis.  

3.3.3 Sinda/FLUINT solver 

Sinda is a thermal analysis software package developed by C&R technologies. It is a 

package useful for compiling network models such as RC models applied to thermal 

problems. It was created in the 1960s and extensively used and developed. In the 1990s 

Sinda saw the extension of its features to fluid network models with a package named 

FLUINT. Sinda/FLUINT can be used either with a GUI or with input files written in a 

format similar to FORTRAN. This allows the automatic generation of an input file 
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directly from another code and the solution of the model by Sinda/FLUINT. This study 

uses Sinda/FLUINT because its features allow the definition of a fluid network model 

with heat and mass exchange, both in the fluid domain and with solid boundaries. Section 

3.7.1 provides details on how Sinda/FLUINTôs features are leveraged for the scope of 

this thesis, and sections 3.7.1.2 and 3.7.1.3 provide details on the equations solved by 

Sinda/FLUINT.  

3.4. CFD data extraction 

This section will present the first step toward generating a zonal model, which is the 

extraction of data from the CFD results. 

3.4.1 CFD data structure 

PHOENICS CFD uses a finite volume method, meaning that a fluid domain is discretized 

by subdividing it into smaller volumes. These elementary volumes are called cells, and 

their properties are assumed uniform within each cell. These cells are used to simulate 

the fluid flow, and the interactions of the fluid with solids. Typically, CFD codes define 

cells that can be tetrahedrons, pyramids, triangular prisms or hexahedrons, as shown in 

Figure 3-2. 
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Figure 3-2: Usual geometries for CFD cells 

The PHOENICS CFD package allows the definition of a cartesian structured mesh, 

meaning that all cells are hexahedrons and are arranged in a structured grid. This is an 

important factor as it means that each CFD cell can be indexed, therefore allowing their 

classification into a multidimensional structured array which is explained in detail in 

section 3.4.2. 

3.4.1.1 Fluid data 

Each CFD cell stores the properties of the fluid contained within it, and these quantities 

are available to the user when the simulation is complete. Some quantities are stored at 

the centre of the cell such as the pressure, and others such as velocities are stored at the 

vertices (or nodes) of the cells. Consequently, the data is available in two separate arrays: 

cell-centred and node-centred. In PHOENICS CFD the user must define which properties 
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are presented in the results file, and Table 3-1 summarizes the properties that are needed 

by the algorithm for clustering cells and generating a zonal model.  

The X, Y and Z coordinates are used to process interface areas between cells and between 

cells and boundaries (sections 3.6.2 and 3.6.3). The density DEN1 and pressure P1 are 

used to process the uniform properties of sub-zones (section 3.5.4), as well as the 

temperature TEM1 which is also used in the cell-clustering process (section 3.5). PRPS 

is used to differentiate between cells that contain a fluid and cells that contain a solid 

(section 3.4.2). The heat transfer coefficient HTCO and mass flow rates CNH1, CNE1 

and CNN1 are used to process the mass and heat exchange between sub-zones and 

between sub-zones and boundaries (sections 3.6.2 and 3.6.3). The mass flow rates at the 

High, East and North face of each cell are stored at the cell centre and the mass flow rates 

at the Low, West and South faces are deducted from the values of the previous cells in 

the I, J and K direction. PHOENICS uses an hybrid upwind discretization scheme of the 

convection equation described in [59]. 
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Table 3-1: Variables extracted from the CFD results, the dataset they correspond to, and their usage in the proposed 

work 

Variable Description Unit Storage Usage 

X, Y, Z Coordinates m Node Model generation 

DEN1 Density kg.m-3 Node Model generation 

CNH1 High face mass 

flow rate 

kg.s-1 Cell-centre Model generation 

CNE1 East face mass flow 

rate 

kg.s-1 Cell-centre Model generation 

CNN1 North face mass 

flow rate 

kg.s-1 Cell-centre Model generation 

P1 Pressure Pa Cell-centre Model generation 

TEM1 Temperature K Node Zoning/Model 

generation 

PRPS Material type N/A Cell-centre Zoning 

HTCO Heat transfer 

coefficient 

(turbulent flow) 

W.m-2 Cell-centre Model generation 

R1 Mass flow rate 

through domain 

inlets and outlets 

kg.s-1 CFD results 

output 

Model generation 

 

3.4.1.2 Boundary conditions 

PHOENICS CFD outputs another set of data, the ñresultò file. It contains information 

from the solver, and for the scope of this work it is used to extract information on the 

boundary conditions. It contains the name and parameters for each boundary, except for 

geometrical information such as their position and dimensions.  

PHOENICS defines the "COVAL" solver statement which provides a unique format for 

defining all the boundary conditions of the simulation. "COVAL" stands for COefficient 

and VALue, and depending on the type of boundary condition, both will represent 

different variables. The CO and VAL variables are used in this work to extract surface 
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heat transfer coefficients and temperatures for linear heat sources. Next is the R1 variable 

which corresponds to the mass flow rate of inlets and outlets. Finally, a name is assigned 

to each boundary condition and is used in this work for identification purposes. Figure 

3-3 shows an extract of the "result" file where the solver command used to set a surface 

heat flux has been highlighted. 

 

Figure 3-3: extract from the "result" file containing the PHOENICS solver commands, automatically generated by 

the GUI tool or manually input by the user. The command for defining a surface heat transfer is highlighted, in this 

case the "NWINDOW1" boundary is set to have a heat transfer coefficient (CO) of 2.3 W.m-2.K-1and a temperature 

(VAL) of 20.82 °C 

3.4.1.3 Domain objects 

The last file required in this work is the geometry file. It contains information on the 

position and size of each object, as well as their type. All the objects of the domain are 

represented in this file, identified by a unique name and a list of node coordinates used to 

locate the object in the domain.  

3.4.2 Data extraction and classification: 

This section describes the functions used for reading the files, extracting and organizing 

the data. Currently the code interprets files written in ASCII format or text format. This 

is for debugging purposes in order to offer a data format readable by humans, but there is 

no technical limitation to using the memory-efficient binary file format.  
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3.4.2.1 Fluid data 

Fluid data is input in the Tecplot data format, which is a format shared by numerous CFD 

and data visualization packages. The code reads the input file line by line, parses each 

line, and organizes the data into NumPy arrays for later access. 

The Tecplot format packages data and is organized as follows. First, a header comprising 

a few lines contains information on the data array. It includes the dimensions of the array 

in the orthonormal I, J and K directions (corresponding to X, Y and Z), the list of variables, 

whether the array is cell or node centred, and additional information that is required by 

the Tecplot format but not used in this work. Finally, the data array contains the values 

of the variables for each node in the array. Figure 3-4 shows an example of CFD results 

in the Tecplot format.  

 

Figure 3-4: Extract of CFD results in the Tecplot format 

Then, the header and data array are repeated for the cell-centred data. The data is 

presented as a 1-dimensional array of  Ὅ ὐ ὑ ὔ  numbers that need to be 

reorganized in a 4-dimensional array containing the flow data. The first step is to identify 

in the header the values for I, J and K. Then, the list of variables is extracted and checked 

for two reasons: the code checks that all the required variables are present, and it counts 

the total number of variables Nvariables. With this information available, the next step is to 

create a NumPy array of dimensions Ὅ ὐ ὑ υ containing the node-centred data. In 

fact, it is an array of Ὅ ὐ ὑ cells containing each a vector of length 5 in the form 

ὢȟὣȟὤȟὈὉὔρȟὝὉὓρ as illustrated in Figure 3-5. 
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The same process is repeated to generate the cell-centred array. Since cell-centred data is 

used extensively throughout all the steps of the method presented in this work, the array 

sees the addition of new variables used during cell clustering and for data output. 

Consequently, the array is of dimensions Ὅ ὐ ὑ ρυ in order to record 15 variables 

for each CFD cell. The variables are ὢȟὣȟὤȟὤέὲὩ ὍὈȟὤέὲὩ ὸώὴὩȟὝὉὓρȟ

ὤέὲὩ ὸὩάὴὩὶὥὸόὶὩȟὉὶὶέὶ, ὈὉὔρȟὅὔὔρȟὅὔὌρȟὅὔὉρȟὖρȟὠέὰόάὩȟὄέόὲὨὥὶώ 

as seen in Figure 3-5.  

 

Figure 3-5: Representation of the data space used in this work. Two datasets are created: a node-centred and a cell-

centred. Each 3-dimensional node and cell contains a vector representing its properties 

The values for X, Y, Z, DEN1, TEM1, CNN1, CNH1, CNE1 and P1 are taken from the 

CFD result file while the other values in the vector are initialized to -1 and then changed 

to the appropriate value in the clustering and model generation steps, because the code 

only uses positive integers to identify zone types, sub-zones and boundaries.  

Finally, a Ὅ ὐ ὑ Boolean array is created to flag solid cells. The solid cells flag 

Boolean array is generated with the information provided by the PRPS variable and 

contains 0 for a fluid cell and 1 for a solid, as a consequence to the immersed boundary 

condition approach used in PHOENICS. This is used for later excluding any solids from 

cell clustering, as PHOENICS outputs the temperature of a solid cell to 0 (Kelvin or 

Celsius) which would cause problems during cell clustering as explained in the following 
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sections. As an outcome to this first step, the flow data has been organized into two 4-

dimensional arrays containing the node-centred data and the cell-centred data and an 

additional array used to flag solids. It is a more intuitive way to access and visualize the 

data than the original 1-dimensional list of values. 

3.4.2.2 Boundary conditions 

The next step in the CFD data extraction process is the identification of boundary 

conditions. The ñresultò file contains this information, in the form of commands for the 

CFD solver and outputs from the simulation. The commands can either be input manually 

by the user or automatically generated when using PHOENICSô GUI utility. Most of the 

information is extracted from solver commands: the code searches lines that start with the 

keyword PATCH followed by the unique name of the boundary and then a keyword 

identifying the type of boundary condition. In the case of a linear heat source for example, 

the keyword will be TEM1 (an example is shown in Figure 3-6). The next two numbers 

in the line are the CO and VAL values. As stated earlier, in the case of a linear heat source 

these values correspond respectively to the heat transfer coefficient and temperature of a 

surface, and they are recorded in a Python dictionary. If the flow is turbulent, PHOENICS 

stores the heat transfer coefficient in the HTCO output variable. If such is the case, the 

HTCO value will be used instead in the zonal model.  

 

Figure 3-6: Solver command setting the properties of each boundary 

VAL on the other hand can be directly extracted from another section of the ñresultò file, 

the ñNett sourcesò section (Figure 3-7). In this section the energy sources of the domain 

boundaries are printed after the solution to the CFD model is available. Among other 

results for energy sources, the values for surface heat fluxes and the mass flow rates at 

the inlets and outlets are present. Again, the code searches for the keyword ñNett source 

of:ò which is followed by a keyword identifying the type of source. If the keyword is 
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TEM1 it means that the line contains the temperature of a surface, and if it is R1 it means 

that the line contains the mass flow rate at an inlet or outlet. After the source type 

keyword, the unique name of the boundary is written and recorded by the code, and it is 

followed by the actual value for that source: temperature or mass flow rate. Other types 

of sources such as turbulent kinetic energy are present but they are not used in this work. 

 

 

Figure 3-7: Output of the nett sources of energy at the domain boundaries in the result file 

At this stage, information on inlets and outlets has been extracted and at least part of the 

information on linear heat sources has been extracted. PHOENICS records the HTCO 

value when the flow is turbulent, when this happens the HTCO value is used instead of 

the boundaryôs CO value for the heat transfer coefficient. This method is repeatable for 

quadratic heat sources as they are recorded in a similar way in the ñresultò file. 

3.4.2.3 Domain objects 

PHOENICS CFD records the shape and position of 2D and 3D objects in the domain in 

a file called ñgeometryò. Objects regroup items such as boundary conditions (inlets, 

outlets, heat sources) and solids that interfere with the fluid flow. Extracting the shapes 

of the objects is important for defining the boundary conditions for the zonal model: it is 

necessary for processing exchange areas for heat flows and to process mass flow rates at 

the inlets and outlets.  

For each object, the geometry file (shown in Figure 3-8) contains its unique name, the 

type of object (listed in Table 3-2) and a list of node coordinates used to characterize the 

shape and position of the object in the 3D domain. The code extracts the unique name of 

the object and links it to the list of objects extracted at the previous step. Then the type of 

object is recorded, as well as the list of node coordinates. 
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Figure 3-8: Extract of the PHOENICS geometry file. It presents the coordinates (in metres) of the object's vertices 

The node coordinates must be indexed first. The code uses the node-centred array defined 

in Section 3.4.2 to compare the coordinates extracted from the geometry file to the 

coordinates present in the node-centred array. As a result, each object is now 

characterized by a list of node indices rather than coordinates. Depending on the type of 

object, it can be defined by as little as 4 nodes or by the full list of nodes contained by the 

object. After extracting the list of node indices for each object, the code detects whether 

the object is 2D or 3D: it searches for the maximum and minimum indices in each 

direction I, J and K. If any direction has a minimum index equal to the maximum index, 

it signifies that the object is 2D. Otherwise, it is 3D.  
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Table 3-2: List of object types used by PHOENICS CFD, and whether the current version of the python code is capable 

of extracting them. Note: object types used only for plotting results are not included. Source: PHOENICS user manual 

[60] 

Object Type Brief Description Implemented in 

the method 

Pressure Relief single cell fixed pressure point Y 

Outlet 2D, fixed pressure Y 

Inlet 2D, fixed mass source Y 

Wind_Profile 2D, fixed mass source following atmospheric boundary layer N 

Plate 2D, zero thickness obstacle to flow. May be porous Y 

Thin Plate 2D, nominal thickness for heat transfer Y 

Fan 2D, fixed velocity N 

Blockage 3D, solid or fluid. Can apply heat and momentum sources Y 

Angled-in 3D, fixed mass source on surface of underlying BLOCKAGE 

object 

Y 

PCB 3D, solid or fluid with non-isotropic thermal conductivity N 

ROTOR 3D, rotating co-ordinate zone in cylindrical-polar grid N 

Wind 3D, whole domain, applies wind profiles at domain 

boundaries 

N 

Sun 3D, whole domain, applies solar radiation heat load within 

domain 

Y 

Angled-out 3D, fixed pressure on surface of underlying BLOCKAGE 

object 

Y 

Foliage 3D, represents effects of vegetation N 

User Defined 2D or 3D, for setting user-defined sources (PATCH/COVAL) Y 

Celltype 2D or 3D, for setting user-defined sources (cannot affect 

grid) 

N 

Assembly 2D or 3D container object for multi-component object N 
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3.4.2.3.1 2D objects 

When an object is identified as 2-dimensional, the code generates a temporary list of node 

indices comprising all the nodes belonging to the object. To do so, the gap between the 

minimum and maximum indices of the objectôs nodes is filled. Figure 3-9 shows the three-

step process: (1) the four nodes of the object are extracted, (2) all the nodes in between 

the initial nodes are added to the object, and (3) the cell faces contained by the nodes are 

added to the object.  

 

Figure 3-9: 3 step procedure for importing 2D geometries: the 4 vertices are extracted from the geometry file, the 

nodes in the gap are added to the geometry, and finally the cells contained within the nodes are considered as being 

part of the geometry 

When all 2-dimentional objects have been extracted, the code compares the temporary 

lists of indices to detect any intersection between 2D objects. If there is an intersection, 

as shown in Figure 3-10, the code updates the list of nodes of each object to guarantee 

that objects do not overlap. 
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Figure 3-10: Illustration of the step resolving geometry intersection issues 

Finally, the code updates the cell-centred array to identify cells that have a face in contact 

with a boundary. A unique identifier is defined for each object and the value of the 

ὄέόὲὨὥὶώ variable in the cell-centred array is updated with the object identifier (shown 

in Figure 3-5). 

3.4.2.3.2 3D objects 

Currently the code is able to correctly identify hexahedral objects and ANGLED-

IN/ANGLED-OUT objects as defined in Table 3-2. In PHOENICS CFD, ANGLED 

objects are inlets or outlets that are not strictly in the XY, XZ or YZ plane. PHOENICS 

defines an angled inlet or outlet as the intersection between an ANGLED object and a 

BLOCKAGE object as shown in Figure 3-11.  
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Figure 3-11: The angled inlet defined as the intersection between an ANGLED-IN and BLOCKAGE object in 

PHOENICS CFD 

As in the 2D case, the code first extracts a temporary list of node indices. This time since 

the objects are 3-dimensional, the list is translated directly into a list of cell indices. Each 

object is characterized by a name, its type (BLOCKAGE, ANGLED-IN or ANGLED-

OUT) and the list of cells belonging to the object. After completing the temporary list of 

objects, the code searches for objects of type ANGLED-IN or ANGLED-OUT. If it finds 

any, it will search for intersections with objects of type BLOCKAGE. When an 

intersection is found, the list of objects is updated: the BLOCKAGE and ANGLED object 

are deleted and replaced by the new object defined by their intersection. Similarly to the 

2-dimensional case, each object is assigned a unique identifier and the cell-centred array 

is updated by changing the ὄέόὲὨὥὶώ variable of cells belonging to an object. As stated 

earlier, currently only hexahedral objects can be correctly identified. Further work is 

required to identify other 3-dimensional objects, in order of complexity this would mean 

first objects that can be constructed by extrusion of any 2D object and then the more 

complex case of polyhedrons. 
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3.4.3 Summary of CFD data extraction 

This section presented the type of data that is extracted from CFD results, and the details 

on how the code extracts and organizes this data. Three types of information are extracted 

from the CFD results: (1) the fluid flow properties, organized in a node-centred array and 

a cell-centred array; (2) the boundary conditions, recorded as a Python dictionary for later 

usage during the parametrization of the zonal model; and (3) the boundary geometry 

information, used to detect which nodes and cells are in contact with a boundary. The 

next section will present the method for clustering cells into sub-zones of uniform 

properties. 

3.5. Sub-zone Generation 

The method evaluated by this doctoral thesis is the clustering of CFD computational cells 

into sub-zones, which can be assumed to have uniform properties, to capture most of the 

flow features while providing a model that can be solved for a lower computational cost 

than CFD. Sub-zone generation ignores CFD cells that do not contain a fluid, therefore at 

each step the code verifies that the cells it iterates through have not been flagged as solid 

in the array defined in section 3.4.2.1. 

This work has developed and compared three algorithms for clustering cells: (1) Mean 

Values Segmentation (MVS), created within the scope of this work; (2) Coarse Grid, 

(CG), in which the CFD mesh is interpolated to a very coarse cartesian structured mesh; 

(3) Classic Watershed (CW), which is a method used in image processing for image 

segmentation. This section will present the three algorithms and the assumptions made 

on cell clusters in order to define uniform sub-zones to be used in the zonal model. 

3.5.1 Mean Values Segmentation 

In the MVS algorithm the clustering of CFD cells into sub-zones is done in 3 steps, 

described in this section: (1) the definition of zone types, or the criteria for including a 

cell in a certain cluster; (2) cell clustering, or the method for efficiently searching for cells 
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of identical zone type and assigning them to a cluster; and (3) the conversion of clusters 

into sub-zones of uniform properties. 

3.5.1.1 Zone types 

This section will define two notions: the zone type and zone criteria. In order to define 

clusters, a rule for inclusion of cells into clusters must be defined. This is the role of the 

zone type: to define an interval in which a parameter can fit, or not. Zone criteria are the 

parameters for which zone types are defined: they can be for example temperature, 

velocity magnitude, pressure or density. This work used a single zone criterion at a time, 

and the results have been presented for temperature as the zone criterion. Therefore, in 

this section the description of the method will be done with temperature as a zone 

criterion, but the algorithm is applicable to other parameters as well. The usage of 

multiple zone criteria has not been developed in this work. In order to define zone types, 

MVS proceeds iteratively (Figure 3-12). First, the entire domain is scanned and the mean 

value for the zone criterion is computed, in this work it is temperature. Then, the mean 

temperature is used to split the cells in two groups: cells which temperature is lower or 

equal to the mean temperature, and cells which temperature is higher than the mean 

temperature. The operation is repeated, the mean temperature of both groups is computed, 

and they are split each into two new groups.  
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Figure 3-12: Flowchart of the MVS method 

This will be repeated until the number of zone types defined by the user has been 

generated. This process is shown in Figure 3-13. At each step, the list of cells belonging 

to a zone type is split into two new lists that are used to compute the mean temperature 

of each zone type. The lists contain a set of data vectors containing the I, J and K 

coordinates of each cell as well as its temperature. 
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Figure 3-13: Representation of the iterative assignment of zone-types. On the left, a representation of cell number 

versus temperature, and on the right the zone types array containing the I, J, K coordinates and the temperature of 

each cell. At the n-th step, the cells are classified into 2n groups, which in the n+1-th step are divided into 2n+1 groups 

depending on their mean temperature 

The number of zone types corresponds to the minimum number of clusters that should be 

created: several clusters can belong to the same zone type, and a zone type has necessarily 

at least one cell belonging to it.  

With regards to the code, the first step is to create an array containing all the cells and 

their temperature. The array contains the I, J and K indices of each cell along with the 

corresponding temperature. The mean value for temperatures in the array is computed, 

and the array is split into two columns, containing each the list of cells belonging to each 
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zone type. The operation is repeated, and at the end of the process the array will contain 

as many columns as there are zone types.  

As a final step, the code updates the cell-centred array with the zone type ID of each cell. 

This information will be used in the next step of the MVS algorithm, cell clustering. 

3.5.1.2 Cell clustering 

In the previous step, zone types have been defined and the cell-centred array has been 

updated with this information, but no clusters have been created yet. A cluster is defined 

as a group of computational cells that are contiguous and share the same zone type. To 

create these clusters, the algorithm proceeds in the following way: (1) the starting cell 

does not belong to a cluster yet, so a new cluster is created; (2) all the cells surrounding 

the initial cell and which do not belong to a cluster yet are scanned, if they share the same 

zone type as the initial cell they are added to the cluster; (3) the algorithm proceeds to the 

next cell of the cluster and repeats the operation; (4) when no more cells can be added to 

the cluster any more, a new cluster is created and populated with the next available cell; 

(5) clustering continues until all the cells in the domain have been assigned to a cluster. 

Figure 3-14 shows a workflow of the clustering method. This section presents the 

computational details of the clustering method. 
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Figure 3-14: Flowchart of the clustering method 

First, a new empty array is created to keep track of the clusters and the cells that belong 

to each of them. The code starts at the cell with index (I=0, J=0, K=0). It creates a new 

cluster ID and a new column in the clusters array, and updates the cell-centred array by 

changing the ñzoneò variable of cell (0, 0, 0) with the new cluster ID. Then, the code 

searches for other cells in 6 directions corresponding to the 6 faces of the cell (I+, I-, J+, 

J-, K+, K-). An index check prevents the code from trying to access invalid indices (index 

< 0 or index > indexmax). If one of the 6 cells belong to the same zone type and if it does 

not belong to a cluster yet, it is added to the cluster, the cluster array is updated with the 

new cell, and the cellôs ñzoneò variable is updated in the cell-centred array. When the 6 
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surrounding cells have been checked, the algorithm passes to the next cell of the cluster 

array and scans its 6 surrounding cells. As long as the algorithm finds new cells of 

identical zone type, it will keep adding cells to the cluster array. When it reaches the last 

cell of the cluster array and does not find new suitable cells, it considers the cluster as 

complete and creates a new one. A new column is added to the cluster array, and the next 

available cell is added to that new cluster. A simplified 2-dimensional representation of 

the clustering method is shown in Figure 3-15.  

Due to the large number of cells in a CFD simulation (hundreds of thousands, if not 

milli ons), it is frequent that this method produces a number of large clusters representing 

the main features of the temperature distribution as well as many small clusters containing 

in the order of 100 cells each. These very small clusters are artefacts of the clustering 

method since clustering considers position and zone type, but zone types are defined 

regardless of the position of a cell. These small clusters do not contribute to the accuracy 

of the final zonal model, but they do add a significant computational cost in all the 

subsequent steps. A post-processing step is necessary to eliminate very small clusters 

which consist of a negligible amount of cells, which is done iteratively. After all the cells 

in the domain have been assigned to a cluster the mean temperature, pressure and density 

of each cluster are computed and recorded for later usage during model parametrization 

(Section 3.6). During this process, the cell-centred array is updated to include the cluster 

ID of each cell.  
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Figure 3-15: Graphical step by step representation of the MVS cell clustering 
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3.5.2 Coarse Grid 

The second method developed while investigating cell clustering is the interpolation of 

the initial CFD mesh to a coarse mesh. Since PHOENICS uses a cartesian structured 

mesh, the definition of a coarse mesh is straightforward: (1) the user defines the number 

of desired cells in the coarse grid in the I, J and K directions; (2) CFD cells are assigned 

to a cluster depending solely on their coordinates. Figure 3-16 shows a simplified 2D 

representation of the clustering process. 

 

 

Figure 3-16: Graphical step by step representation of the coarse grid clustering 

 

When the number of cells has been defined for the coarse grid, the code computes the 

exact coordinates in metres of each plane used to divide the domain in a coarser grid. 

Then, the planeôs coordinates are matched to the actual CFD grid so that a CFD cell 

cannot be cut in two. After this step, the code iterates through each cell of the CFD domain 

and compares its coordinates to the ones defined for dividing the domain. Depending on 

their coordinates, the cells are immediately assigned to a cluster. Finally, the mean values 
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of temperature, pressure and density are computed for each cluster and recorded for later 

usage during model parametrization.  

3.5.3 Classic Watershed 

The Classic Watershed (CW) is a method used in image processing for image 

segmentation initially presented by Soille and Vincent [61]. It has been adapted by the 

author to ROM generation because its principle is very similar to cluster generation. In 

fact, the CW algorithm is mainly used for grayscale image segmentation, but its 

fundamental basis can be used for any n-dimensional dataset.   

The CW algorithm comprises three steps shown in Figure 3-17. First, the local minima 

and maxima are detected and used as initial seeds for the cell clusters. Then, the "water 

level" or tolerance to include a neighbouring cell to a cluster is iteratively raised. In this 

work, the tolerance was the ȹT between the seed and other cells' temperature. When all 

the cells have iteratively been added to an existing cluster, "watersheds" are raised i.e. the 

clusters are considered complete. 

 

Figure 3-17: Graphical step by step representation of the classic watershed cell clustering 
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3.5.4 Sub-zone assumptions 

Once cell clusters have been formed, they are considered as being a sub-zone, or a portion 

of the fluid domain which is considered uniform for the purpose of the subsequent 

calculations on the simplified model. Sub-zones have therefore uniform temperature, 

pressure and density. These values are calculated by computing the mean value of each 

parameter on the cells composing the sub-zone. By selecting cells that have similar 

properties, clustering them into sub-zones and assuming their uniformity allows a 

significant reduction of the computational power needed to solve the zonal model, while 

ensuring that the thermal distribution of the domain is represented with a good accuracy. 

3.5.5 Summary of sub-zone generation 

This section has introduced the three clustering methods developed for this work. The 

first method is the MVS clustering algorithm, which defines a set of temperature intervals 

from the iterative division of the dataset along the mean value of the temperature. The 

second method is a coarse grid division which corresponds to the method used for many 

zonal and compartment models as shown in 2.4.2. Finally, the CW algorithm was adapted 

from the eponymous image segmentation method and relies on the selection of initial 

seeds for sub-zones and the iterative raise of the tolerance of each sub-zone to the 

inclusion of new cells with a different temperature. A comparison of the level of error 

against CFD and the time taken to generate a zonal model with each method is shown in 

Section 5.2. 

3.6. Model parametrization 

This section will introduce the steps taken to generate a zonal model based on the 

information extracted from the clustering steps seen in Section 3.5. The physical 

interactions considered in the model are boundary conditions for inlets and outlets (mass 

flow rates and temperatures), heat transfers at domain boundaries, and mass exchange 

between sub-zones. 
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3.6.1 Introduction 

After clustering computational cells together and considering them as sub-zones of the 

zonal model, it is necessary to compute the interactions between sub-zones and between 

the sub-zones and the various boundary conditions detected during the import of CFD 

data. 

As a reminder, at this stage the available information is: (1) the list of boundary 

conditions, their type and their position (Section 3.4.2) and (2) the cell-centred array 

containing information on the cell clusters (Section 3.5). 

Two new 2D arrays will be generated at this step: one keeping track of mass flow rates 

in and out of each sub-zone (called intMFR for "Interface Mass Flow Rates") and one 

keeping track of areas of exchange (intAreas for "Interface Areas"). Both arrays have 

dimensions A × B with A the number of sub-zones and B the number of sub-zones plus 

the number of boundaries (shown in Figure 3-18). 

 

Figure 3-18: Format of the intMFR and intAreas tables. 
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3.6.2 Mass flow rates and interface areas 

In order to compute the mass exchange between sub-zones, the mass flow rates at the cell 

faces composing the interface between two sub-zones are summed to define a total mass 

flow rate between two sub-zones at their interface as seen in Figure 3-19.   

 

 

Figure 3-19: Interface between sub-zones. The total mass flow rate between sub-zones is computed from the unitary 

mass flow rates of the cells composing the interface 

This section of the code processes the interface areas at the same time, which will be used 

in two calculations: the contact area between two sub-zones as well as the contact area 

between a sub-zone and the domain boundaries. 

The code starts by iterating over all the cells of the CFD domain. First, each cell is 

checked to ensure that it is a fluid cell by reading the corresponding value in the solids 

flag array. If it is indeed a fluid cell, the code will check turn by turn all 6 cells in the I+, 

I-, J+, J-, K+ and K- directions and verify two values in the cell-centred array: the "zone" 

value and the "boundary" value. Three outcomes are then possible: 

¶ If the cells have a different "zone" value (i.e. they do not belong to the same sub-

zone), the intMFR table is updated: depending on the orientation of the face 

between the two cells (North, East or High) the cell value for CNN, CNE or 

CNH in kg.s-1 is added to the current value for the total mass flow rate between 

the two sub-zones. If these sub-zones are number A and B, the value is contained 

in the intMFR table in column A and row B+number of boundaries. 



Methodology 

59 

 

The area in squared metres of the contact face is computed as well and added to 

the current value for contact area between the two sub-zones in the intAreas 

table in the same manner as for the intMFR table. The code then repeats the 

process for the rest of the neighbouring cells. 

¶ If the cell is marked as belonging to a boundary, the contact area between the 

cell and the boundary is computed and is added to the value of the 

corresponding cell in the intAreas array. Additionally, the HTCO value in the 

cell-centred array and temperature values in the node-centred array are recorded 

for later usage, in case the flow over the surface is turbulent as described in 

Section 3.4.2. 

¶ If none of the above apply, the code moves on to the next cell 

 

After all the cells have been verified, the intMFR and intAreas tables will contain 

information respectively on the mass flow rates and on the interface area between sub-

zones and between sub-zones and boundaries. 

3.6.3 Boundary conditions 

Three types of boundary conditions are considered in the model: mass exchange through 

inlets and outlets, heat exchange through the walls, and heat input from other constant 

heat sources. In PHOENICS CFD the inlets and outlets are defined by a surface over 

which the mass flow rate is distributed uniformly. Therefore, the zonal model also 

assumes that the mass is exchanged uniformly over the inlet/outlet surface.  

As a result, if one sub-zone only is in contact with an inlet/outlet then the entirety of the 

mass will be exchanged with that sub-zone, but if several are in contact with the boundary 

then the mass flow rate in each sub-zone will be calculated as follows: 

ά ᴼ

ὃ  

ὃ
ά ᴼ  Equation 5 

With ά ᴼ  the mass flow rate from the boundary to a sub-zone, 

ὃ Ⱦ  and ὃ  the interface area between the boundary and the sub-

zone and the total area of the boundary respectively, and  ά ᴼ  the total 

mass flow rate from the boundary to the domain. When summed together, all the mass 
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flow rates from the boundary to each sub-zone in contact with it will equal to the total 

mass flow rate between the boundary and the domain (Figure 3-20). 

 

 

Figure 3-20: If a boundary has an interface with more than one sub-zone, the total mass flow rate from the boundary 

is passed to each sub-zone proportionally to the surface of each interface 

Heat exchange between the walls (or any non-adiabatic surface) and the domain is treated 

by processing the corresponding UA value. The UA value corresponds to the overall heat 

transfer coefficient times the exchange area. The overall heat transfer coefficient is 

directly extracted from the CFD results as explained in Section 3.4.2, and the exchange 

area has been extracted in the previous step as explained in Section 3.6.2. When the 

HTCO value is available, then the flow is turbulent and the HTCO value available in the 

cell-centred array is used instead. The mean HTCO value is computed from the HTCO 

values of the cells at the interface between the sub-zone and the boundary, and it is used 

as the U value.  

Finally, other heat inputs such as heat from people or from computers are treated as 

constant heat sources. The key assumption on heat sources is that the heat input is 

distributed uniformly over the sub-zones in contact with the heat source. The heat input 

into each sub-zone is computed in a similar fashion as for the mass flow rates, as follows: 

ὗ ᴼ

ὃ  

ὃ
ὗ ᴼ  Equation 6 

With ὗ ᴼ  the heat transfer rate from the boundary to a sub-zone, 

ὃ Ⱦ  and ὃ  the interface area between the boundary and the sub-

zone and the total area of the boundary respectively, and  ὗ ᴼ  the total heat 

rate from the boundary to the domain. When summed together, all the heat rates from the 
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boundary to each sub-zone in contact with it will equal to the total heat rate between the 

boundary and the domain (Figure 3-21). 

 

Figure 3-21: If a boundary has an interface with more than one sub-zone, the total heat exchange from the boundary 

is passed to each sub-zone proportionally to the surface of each interface 

3.6.4 Summary of the extraction of boundary 

conditions 

This section has shown how heat and mass exchange between sub-zones and between 

sub-zones and the domain are extracted and compiled for parametrizing the zonal model. 

Mass flow rates between sub-zones are extracted directly from CFD data and are summed 

up to compute the total mass flow rate between two sub-zones. The parameters for heat 

exchange are extracted from the CFD results file, and when they are associated to the 

values for interface areas they allow the computation of heat exchange between the 

boundaries and sub-zones. At this stage, the available information on the model is: 

¶ The temperature, pressure, density and volume of each sub-zone 

¶ The mass flow rates in and out of each sub-zone 

¶ The interface area between sub-zones and between sub-zones and the boundaries 

¶ The heat transfer coefficients between boundaries and sub-zones 

¶ Mass flow rates between inlets/outlets and sub-zones 

¶ Heat exchange between constant heat sources and sub-zones 

The next section will explain how this data is compiled into a zonal model. 
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3.7. Fluid network model 

The previous sections have shown how sub-zones were extracted from CFD simulations 

along with data on the heat and mass exchange between sub-zones and between sub-zones 

and the domain. At this stage, all the data necessary to compile the zonal model is 

available and the last step is to generate an input file for the solver. This section will 

present the features available in Sinda/FLUINT to build a fluid network model, and the 

steps taken to compile the available data into a format that is readable by Sinda/FLUINT. 

3.7.1 Sinda/FLUINT solver 

Sinda/FLUINT has been introduced in Section 3.3.3. This section will present more 

specifically the features available to the user to build and solve a steady-state fluid 

network model (Figure 3-22). Sinda/FLUINT models are built on two main elements: the 

fluid submodel and the thermal submodel. Fluid submodels include all the features of the 

simulated fluid system: the definition of each sub-zone and the energy and mass exchange 

between sub-zones. The thermal model incorporates the features for thermal exchange. 

For the scope of this work, the thermal submodel is used to represent the thermal 

boundaries of the domain and the heat exchange between the boundaries and the fluid 

domain. 
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Figure 3-22: 4-sub-zones  fluid network model in Sinda/FLUINTôs GUI tool Sinaps, with the fluid lumps representing 

the uniform sub-zones, 1 inlet and 1 outlet, 1 thermal boundary and the corresponding ties (thermal to fluid heat 

exchange) and connections (fluid to fluid mass and heat exchange). 
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3.7.1.1 Thermal submodel 

The thermal submodel defines the boundaries of the model that exchange heat with the 

domainôs fluid through convection. The boundaries include walls, windows and other 

non-adiabatic objects in the domain. They are assumed to have a constant and uniform 

temperature identical to the properties of the corresponding boundaries in the CFD 

simulation. 

In order to define the thermal submodel, it is necessary to describe the properties of each 

of its components. Each boundary must be defined by a unique number for identification, 

and its temperature. Each of these new elements is from this point on called a node and 

represents only thermal elements. First, a header for the thermal submodel must be 

declared. It is written as follows: 

 

HEADER NODE DATA, NAME  

 

With NAME the name of the thermal submodel. 

A node is input using the following format: 

 

#N, T, C 

 

With #N being an integer used to identify the node, preceded by the sign ï to identify it 

as a thermal node; T the temperature of the node, and C the thermal capacitance of the 

node. By defining a capacitance of 0 J.K-1 the solver assumes that the node has an infinite 

capacitance, thus a constant temperature throughout the simulation. 

An example of node declaration is given in Figure 3-23 below. 
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Figure 3-23: Example of a thermal model declaration in Sinda/FLUINT. This thermal submodel consists of 6 nodes, 

the lines starting with C indicate a comment used to identify the nodes by name for debugging 

3.7.1.2 Fluid submodel 

The fluid submodel is composed of two core elements: tanks and plena. Tanks are finite 

volumes of fluid, while plena are infinite volumes of fluid. Tanks are used in this study 

to represent the sub-zones extracted from the CFD simulations. They have several 

properties: volume, density, pressure and temperature. Plena are used in this study to 

represent inlets and outlets; they share the same properties as tanks except for volume 

which is considered infinite.  

First, a header declaring the fluid submodel is necessary. It is written in the following 

format: 

 

HEADER FLOW DATA, FLD , FID = FLDID  

 

With FLD the name of the fluid submodel and FLDID the fluid identifier, which in this 

study is air as an ideal gas (ID = 8729). 

In order to declare a tank, the following format is used: 

 

LU TANK, #N, TL , VOL  [optional: QL , PL, DL, é] 

 

With #N being an integer identifying the tank, TL the tank temperature, VOL the volume, 

PL the pressure, DL the density, and QL an additional heat input in the tank. 
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Similarly, plena are declared as follows: 

 

LU PLEN, #N, TL  [optional: PL, DL, é] 

 

With the same input data as for tanks, except for the volume which is considered infinite. 

An example of tank and plena declaration is given in Figure 3-24.   

 

 

Figure 3-24: Example of a fluid submodel declaration in Sinda/FLUINT. This fluid submodel consists of a tank and a 

plenum 

In Sinda/FLUINT, conservation of energy and mass of is shown in  Equation 7 and 

Equation 8 below: 

 

 

Ὡ ά
Ὠά

Ὠὸ
  Equation 7 

 

Ὡ Ὤ ά ὗ ὴ ὺ
Ὠὴ

Ὠὸ
ὠ  

Ὠό

Ὠὸ
 Equation 8 

 

 

With Ὡ the direction of the flow (± 1), ά  the mass flow rate, ά the mass of the tank, Ὤ 

the donor enthalpy, ὗ the heat transfer rate, ὴ the pressure, ὺ the volume rate of change, 

ὠ the volume, and ό the internal energy. The volume ὠ and heat transfer rate ὗ are set by 

the Python code as the total volume of a zone and the heat transfer rate ὗ in or out of the 

lump (for example, a heat source) as seen in Equation 6, while the pressure ὴ is initialized 
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as the mean pressure in a zone computed from CFD. The other variables are computed 

by the solver. 

 

3.7.1.3 Connections 

Connections are used to define the interactions between fluid lumps, they are therefore 

used in this study to parametrize the mass exchange between sub-zones and between 

inlets/outlets and sub-zones. They are characterized by two main parameters: the mass 

flow rate and area. These two parameters are taken from the previous step described in 

section 3.6.2. The mass flow rate in a connection is prescribed and constant. A connection 

is declared as follows: 

 

PA CONN, #N, L1, L2, FR, DEV, AF, smfr 

 

With #N the unique identifier of the connection, L1 and L2 the lumps (tank or plenum) it 

connects, FR the initial mass flow rate, DEV the type of device (in this work, MFRSET 

for fixed mass flow rate), AF the area, and smfr the prescribed mass flow rate. An example 

is given in Figure 3-25. 

Connections are governed by Equation 9 (mass balance) and Equation 10 (energy 

balance). 

Ὡά π Equation 9 

ὩὬά π Equation 10 

Where Ὥ indicates the upstream or downstream end of the connection, Ὡ is the flow rate 

rectifier (+1 if upstream, -1 if downstream), ά  is the mass flow rate and Ὤ is the donor 

enthalpy. 

Ties are used to define heat exchange between thermal nodes and fluid lumps. The solver 

requires the input of the overall heat transfer coefficient times the exchange area, or UA 

value, which is computed as described in section 3.6.3. The assumption used in this study 

is that a tie has a constant UA value, which is used to compute the heat exchange between 

a wall and a fluid lump as described by Equation 11. The constant UA assumption is due 
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to a limitation of the Sinda/FLUINT solver which offers only a limited number of options 

for heat transfer in the case of natural convection, a variable UA is only available for 

forced convection. 

ὗ Ὗὃ Ὕ Ὕ  Equation 11 

Where ὗ  is the heat transfer rate between the thermal node and the fluid lump through 

a tie, Ὗὃ  the overall heat transfer coefficient times the area of exchange between the 

node and the lump, Ὕ  the temperature of the node and Ὕ  the temperature of the 

lump. The solver assumes that the wall has a uniform temperature Ὕ  and the fluidôs 

bulk temperature is that of the lump Ὕ .  

In Sinda/FLUINT, a tie is declared as follows: 

 

T HTU, #N, L1, N1, UA 

 

With #N the tie identifier, L1 and N1 the lump and node it connects respectively, and UA 

the fixed UA value for the heat exchange. An example of tie declaration is given in Figure 

3-25. 

 

 

Figure 3-25: Example of connection and tie declaration in Sinda/FLUINT 

3.7.2 Input file  

Sinda/FLUINTôs input file structure is described in this section. First, the thermal nodes 

are declared along with their properties, then the fluid lumps, and finally the connections 

and ties. As a last step, the parameters for the solver must be specified.  

To generate the Sinda/FLUINT input file, the code starts by initializing a blank text file. 

It writes the compulsory header, in which the only variable is the model name. It declares 
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the header for the thermal submodel and proceeds to write the thermal nodes. It first 

assigns a unique number to a thermal boundary which corresponds to the identifier 

defined in section 3.4.2.3. Depending on the information extracted in previous steps, it 

includes the temperature directly extracted from the results file or it includes the 

temperature processed from the mean temperature of the CFD nodes at the boundary. It 

repeats this process until all thermal boundaries have been set and records the identifier 

of each boundary for later use when defining ties. 

 

Then, the code declares the fluid submodel header and proceeds in a similar manner on 

declaring all the fluid lumps. The code first assigns a unique identifier to a lump equal to 

the unique ID assigned during the clustering process, and defines its parameters 

depending on the sub-zone properties computed earlier as described in section 3.5.4. It 

includes the temperature of the fluid lump, its volume, and finally its density and pressure. 

The code repeats the operation for all the sub-zones defined earlier.  

 

Then, the code declares the connections header and iterates through the intMFR table to 

write each connection between fluid lumps. It iterates through the table because as stated 

earlier, each cell records the value of mass flow rate between sub-zone number (row - 

geometries) and sub-zone number (column). If the cell of the intMFR table has a non-

zero value, it signifies that there is a mass exchange between the two fluid lumps. A 

unique identifier must be defined for each connection, along with the identifiers of the 

two fluid lumps linked by that connection, which are taken from the row and column 

indices of the cell containing the mass flow rate value. Finally, the connection is 

characterized by a mass flow rate and the area of the connection. This information is taken 

respectively from the intMFR and intAreas arrays populated earlier.  

 

Finally, the fluid network model is completed by declaring all the ties between thermal 

boundaries and fluid lumps. This step is similar to the precedent: the code iterates through 

the intAreas array except it is limited to rows 0 through (number of boundaries) to detect 

only the cells representing a connection between a boundary and a sub-zone. If that cell 

has a non-zero surface and a null mass flow rate, it signifies that the thermal boundary 

has a tie with the fluid sub-zone. Therefore, the code declares a new tie between boundary 

(row) and sub-zone (column). It assigns the tie a unique id and a UA parameter taken from 

the data extracted in section 3.6.3. 
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3.7.3 Summary of fluid network model generation 

This section has described how the model parameters extracted from the CFD can be 

translated into a zonal model, in the form of a fluid network model solvable by 

Sinda/FLUINT. The sub-zones are translated into fluid lumps, with finite volume and 

initial temperature; inlets and outlets are translated into fluid lumps of infinite volume 

and prescribed temperature; thermal boundaries are translated into thermal nodes with 

fixed temperature; and finally, the heat and mass exchanges are translated respectively 

into ties with fixed UA and connections with fixed mass flow rates. Once the model has 

been defined, the Sinda/FLUINT solver outputs a result file displaying the steady-state 

temperature of each fluid lump and thermal node. 

3.8. Changing the model parameters 

When the mass flow rates at the domain inlets and outlets are changed, the reduced-order 

model becomes unbalanced because at this stage the mass exchanges between sub-zones 

are identical to those of the original case, and changing the mass flow rates only at the 

inlets and outlets unbalances the model. Before solving the newly defined system it is 

necessary to rebalance the system with regards to mass exchange. Since there is no 

information on the flow shape in the new configuration, the assumption made during 

rebalancing is that the mass exchange between sub-zones remains proportional to the 

original one.  

In order to recalculate the mass exchange while maintaining the same proportions as in 

the original model, a simple algorithm has been written to iteratively balance the mass 

exchanges between sub-zones. First, a map of the current mass exchanges between sub-

zones is generated. It records the proportion of mass coming in each sub-zone that flows 

in each of the next sub-zones as a weight factor. Figure 3-26 illustrates the process of 

defining the weights for each mass exchange between sub-zones. It illustrates an example 

where a sub-zone is connected to 2 sub-zones upstream and 3 downstream. In that 

example, the mass exchange map will record that 20% of the mass flows into sub-zone C 
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from sub-zone X, 30% into D and 50% into zone E, and that 40% of mass is coming from 

sub-zone A into X and 60% from sub-zone B.  

 

Figure 3-26: Example of weight assignment for a sub-zone X connected to 6 other sub-zones. Each weight is computed 

as the ratio between the mass flow rate at the connection and the total mass flow rate entering or exiting the sub-zone 

Then, the algorithm updates the mass flow rate at the inlets and outlets with the new 

values requested by the user. Finally, the mass exchange is balanced iteratively. To 

achieve this, at each step the algorithm will update the mass entering each sub-zone, 

compute the mass imbalance, compute the new mass exiting each sub-zone and updates 

the IntMFR table accordingly. Equation 12 shows how new upstream mass flow rates are 

computed from the downstream mass flow rate and the connection weights defined 

earlier. Equation 13 shows how the mass imbalance is computed for each sub-zone. 

ά ȟ  ύ ά ȟ Equation 12 

where ά ȟ is the upstream mass flow rate through connection i, ύ is the weight of 

connection i, and ά ȟ is the downstream mass flow rate through connection j. 
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‐  ά  Equation 13 

where ‐ is the mass imbalance of sub-zone i and ά is the mass flow rate through 

connection j. 

One execution of this routine is not sufficient to obtain a balanced model, so at this stage 

the algorithm computes the total mass imbalance over all the sub-zones and will repeat 

the mass-balancing step until the total imbalance has been reduced to under 0.1 g/s. Figure 

3-28 shows a flowchart of the mass rebalancing algorithm, and Figure 3-27 shows the 

rebalancing of a simplified network where sub-zones are arranged in series. The sub-zone 

generation method presented in this thesis typically generates sub-zones that are 

connected in a more complex arrangement.  

 

Figure 3-27: representation of the mass rebalancing algorithm on a simplified network of sub-zones in series 
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Figure 3-28: Flowchart of the iterative mass rebalancing algorithm when the mass flow rates at the inlets or outlets of 

the model are modified 
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3.9. Results output 

Once the model has been solved, Sinda/FLUINT outputs a steady-state prediction of the 

temperature of each lump. This information is then mapped back to the original CFD 

domain to obtain a prediction of temperature distributions. Additionally, this step is used 

to quantify the temperature difference between the zonal modelôs predictions and the CFD 

predictions. This section will therefore describe both the error quantification and the 

transposition of the results to the original CFD domain. 

3.9.1 Error quantification 

In this study, the error between the temperature prediction of the zonal models and that 

of the corresponding CFD simulations has been quantified using the Weighted Mean 

Absolute Error (WMAE). This method offers a useful information on the accuracy of the 

method relative to the CFD predictions, while not needing a reference temperature like 

the Weighted Mean Average Percentage Error which must be defined case by case. The 

error is weighted to account for varying cell volumes, so that the error is proportional to 

the volume the cell occupies in the domain. The calculation for the WMAE is shown in 

Equation 14: 

 

ὡὓὃὉ 
ȿὝ Ὕ ȿ

ὠ
ὠ 

 

Equation 14 

With Ὕ the temperature of cell Ὥ, computed when solving the zonal model, Ὕ  the 

temperature of cell Ὥ computed with CFD, ὠ the volume of cell Ὥ and ὠ  the total 

volume of the domain. 
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3.9.2 Remapping of sub-zone properties to the CFD 

domain 

Since Sinda/FLUINT solves the model as a fluid network, it outputs a set of properties 

for each sub-zone. In order to obtain a 3-dimensional information on the temperature 

distribution, the new value of temperature in each sub-zone is mapped to the cells of the 

original CFD domain.  

Once the results have been obtained after solving the Sinda/FLUINT model, the code will 

initialize a blank file used to store the results of the zonal model solution. The results file 

is written in the Tecplot format and therefore respects the formatting described in section 

3.4.1: first, a header defines the number of cells in each dimension and the name of the 

variables available for each cell. In this case, the code takes the domain dimensions from 

the size of the cell-centred data array, and the variables recorded in the file are 6, for 

visualization purposes: the X, Y and Z coordinates of each cell, T the cell temperature 

computed from the zonal model, TCFD the original CFD temperature of the cell and AEI 

the absolute error of temperature for each cell. By doing so, it is possible to visualize the 

temperature distributions obtained from solving the zonal model but also information on 

the local temperature error for debugging purposes.  

3.10. Chapter summary 

This chapter has given details on the methodology developed in this doctoral thesis. First, 

it introduced an overview of the method and described the software used for CFD 

simulations, for the zonal model extraction, and finally for the modelôs solution. Then it 

described the steps taken to extract the necessary information on fluid properties and 

boundary conditions from the CFD results, or how the fluid data could be extracted 

directly from CFD while the objects of the domain and their respective boundary 

conditions must be extracted from a file destined to be used by the CFD solver. 

Subsequently, it introduced the three clustering methods that have been developed for 

clustering CFD computational cells together in order to define sub-zones for the zonal 

model and proposed a method to extract quasi isothermal volumes of fluid from a 3-
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dimensional domain and therefore define a small number of sub-zones. Then it described 

the steps taken to translate the information extracted from CFD and from the clustering 

step into a zonal model, or how the sub-zones have been generated from the clusters and 

how the boundaries between sub-zones and between sub-zones and the domain have been 

characterized. Finally, it showed how the fluid network model was input to the solver 

through a text-based input file. Additionally, the method for quantifying the error induced 

by this method has been defined, through the use of WMAE. A flowchart of the method 

is shown in Figure 3-29. It highlights the main steps from the CFD data extraction to the 

solution of a zonal model. The next chapter will present the case studies to which the 

proposed method has been applied in order to assess its performance in extracting zonal 

models from CFD simulations of the built environment. 

 

Figure 3-29: Detailed workflow of the proposed method with the corresponding data inputs and outputs at each step 
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Chapter 4  Case Studies 

Presentation 

4.1. Introduction 

This chapter will present the three CFD cases used to benchmark the performance of the 

method developed in this work. Two case studies represent existing rooms in two Irish 

research institutes, and one ideal ventilation scenario taken from a CFD benchmark case.  

Each case study will be described with the corresponding simulation parameters, CFD 

solution time and research interest. All cases have been developed in the PHOENICS 

CFD package and solved on the same machine, a desktop computer with an Intel Core i7-

4790 processor and 8GB of RAM. 

4.2. Case study 1: office space 

The first case study is the one of an office space in the Environmental Research Institute 

(ERI) of University College Cork, in Ireland. A picture of the office is shown in Figure 

4-1. The office measures 5.2m by 5.6m by 2.9m and its furniture is composed of five 

desks and chairs, and shelf units.  
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Figure 4-1: Office LG04 in the ERI of UCC, used for the case study 1 

The office is heated by two fan convectors on the north wall, which is glazed and features 

two windows which can be open or closed. Additionally, two air vents on the east and 

west walls are present, and the south wall has a door that can be open or close. The office 

has been modelled in PHOENICS by Mullen et al. [50] in steady-state using a regular 

structured grid with 115x147x93 cells (totalling 1,572,165 cells) shown in Figure 4-2. 

Turbulence was modelled using the Reynolds Average Navier-Stokes (RANS) approach 

coupled with the Re-Normalisation Group (RNG) k-Ů turbulence model. Air was 

modelled as an incompressible ideal gas with buoyancy driven by density difference. The 

ceiling, floor, east and west walls were assumed to have a constant temperature of 

respectively 23.2 °C, 18 °C, and both east and west walls 20 °C. The windows had a 

temperature of 9.35 °C and 8.3 °C for the East and West windows respectively. All other 

objects were considered adiabatic. There are no other heat sources in the office, such as 

computers or people. The CFD simulations have been validated with experimental data 

and previously published [50], so further CFD validation will not be presented in this 

thesis. The CFD domain energy sources are listed in Table 4-1. In the case used for this 

study, the windows and door are closed, and the two convectors heat up the air to 45 °C 

at their outlets. 
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Figure 4-2: +X, +Y and -Z views of the mesh used in Case Study 1. Orange lines represent region boundaries, used 

in PHOENICS CFD for generating the mesh around domain features. 

  



Chapter 4  

80 

 

Table 4-1: Parameters of the boundary conditions of case study 1 

Boundary Comment Type Base value 

Convectors 

East 

convector 

 2D inlet TEconvector = 45 °C 

ἂEconvector = 0.048 kg.s-1 

West 

convector 

 2D inlet TWconvector = 45 °C 

ἂWconvector = 0.048 kg.s-1 

Walls 

Ceiling  2D plate, constant Tceiling Tceiling =23.2 °C 

Floor  2D plate, constant Tfloor Tfloor =18 °C 

East wall  2D plate, constant TEwall TEwall =20 °C 

West wall  2D plate, constant TWwall TWwall =20 °C 

Windows 

East window Closed Angled-in TEwindow = 9.35 °C 

ἂEwindow = 0 kg.s-1 

West window Closed Angled-in TWwindow = 8.3 °C 

ἂWwindow = 0 kg.s-1 

Other openings 

East vent  Opening TEvent = 20.2 °C 

PEvent = 1.013 x105 Pa 

West vent  Opening TWvent = 20.7 °C 

PWvent = 1.013 x105 Pa 

Door Closed 2D plate ἂdoor = 0 kg.s-1 

 

The case has been solved for different parameters of temperature and mass flow rates at 

the convectors inlets. The convector temperature has been varied from 35 °C to 60 °C by 

increments of 5 °C, and the convector mass flow rates have been varied from 0.0528 kg.s-

1 to 0.192 kg.s-1. The interactions between temperature and velocity field are ignored, the 

convectors being in a regime of forced convection. A summary of the simulation 

parameters is shown in Table 4-2. 
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Table 4-2: List of parameters used for the variations of case study 1 

Variable Cases Values 

Temperature (Tconvector) T1 

T2 

Base 

T3 

T4 

T5 

T6 

35 °C 

40 °C 

45 °C 

50 °C (West) & 45 °C (East) 

50 °C 

55 °C 

60 °C 

Mass flow rates (ἂconvectors) M1 

M2 

Base 

M3 

M4 

0.0528 kg.s-1 

0.0672 kg.s-1 

0.096 kg.s-1 

0.1248 kg.s-1 

0.1392 kg.s-1 

 M5 0.1536 kg.s-1 

 M6 0.192 kg.s-1 

 

Each of the cases took approximately 7.5 to 8 hours to solve. Temperature plots of the 

CFD simulations are shown in Figure 4-3 and Figure 4-4. The slice is a XZ slice taken at 

Y = 1.17 m, since this slice lies in the centre of the west convector and clearly shows the 

temperature stratification in the domain as well as the heat plume above the convector. 
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Figure 4-3: Numerical domain (top) and three-slice view (bottom) of the CFD temperature distribution in the domain 
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Figure 4-4: Temperature plot, XZ slice of the domain at Y = 1.17m. It shows the heat plume above the convector and 

the air stratification in the room 

This case is interesting for this research because the air in the office is stratified, which is 

a case that nodal models cannot capture, but can be captured by zonal models. There are 

no major drafts in this case, which allows a simpler calculation of thermal distributions 

4.3. Case study 2: Meeting room 

The second test case considered in this study is a meeting room of the Alice Perry 

Engineering Building of the National University of Ireland, Galway. The meeting room 

is a highly glazed, naturally ventilated space shown in Figure 4-5. Its dimensions are 4.90 

m by 5.89 m by 3.47 m, and it is located in the corner of the building.  
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Figure 4-5: photograph of the meeting room considered for the second case study 

The North and East walls are highly glazed, and on each of the walls one of the bottom 

windows is opened. Consequently, there is an air inlet on the east wall and an air outlet 

on the north wall. The furniture of the room comprises of a large desk and 12 chairs. The 

other objects are a soundproofing panel above the desk, and a concrete column in the 

North-East corner of the room. Finally, two laptops delivering 130 W of heat each and 

two people delivering 60 W.m-2 of heat each are placed at the northern end of the desk. 

Simulations were developed in Ansys Fluent by Hajdukiewicz et al. [62] and validated 

experimentally. For the scope of this study, the CFD study has been replicated in 

PHOENICS CFD (Figure 4-6) in steady-state. The RNG- k-Ů turbulence model was 

selected, and the air was modelled as an incompressible gas. Buoyancy was computed 

using density difference.  
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Figure 4-6: CFD model of the meeting room of case study 2. 

The mesh was a cartesian structured grid of 120 by 100 by 70 cells (totalling 840,000 

cells) shown in Figure 4-7. A grid independence study is presented in Figure 4-8, and has 

been carried out with three meshes: a coarse mesh of 120 by 100 by 70 or 840,000 cells, 

a medium mesh of 120 by 100 by 100 or 1,200,000 cells, and a fine mesh of 130 by 120 

by 120 or 1,872,000 cells. The locations of pole 1 through 4 are presented in Figure 4-9, 

taken from Hajdukiewicz et al. [62]. For poles 1 through 3, the temperature variation 

between grids is less than 0.4 K, while pole 4 exhibits larger variations. This is due to the 

complex flow at the location of pole 4, which is in the draft between the east and north 

windows as well as close to two heat sources (one occupant and one laptop). The y+ 

values are between 30 and 60 at the first cell centres in contact with the wall, defined 

using a log-law wall function. For a high Reynolds number model such as RNG ə-Ů, 

values between 30 and 300 guarantee that the wall function is valid and that the region 

near the wall is sufficiently resolved [63] when the analysis focuses on the mixing in the 

domain rather than the forces applied to the wall . The outside temperature was set to 20.82 

°C, and the east side inlet passes 0.184 kg.s-1 of air at 20.82 °C to the domain. The outlet 

on the north side is modelled as an outlet with a constant 101,325 Pa pressure and a 

temperature of 20.82 °C used in case of backflow.  
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Figure 4-7: +X, +Y and -Z views of the mesh used in Case Study 2 



Case Studies Presentation 

87 

 

 

Figure 4-8: Grid independence study with a coarse (840,000 cells), medium (1,200,00 cells) and fine (1,872,000 cells) 

mesh for case study 2. The error bars show the sensorôs uncertainty in measurement. Sensor measurements are taken 

from Hajdukiewicz et al. [62] 

The windows have been modelled as a surface with a constant temperature of 20.82 °C, 

and the built-in IMMERSOL radiation model of PHOENICS was used to simulate 

radiative heat transfer. The non-glazed portion of the North and East walls have a fixed 

temperature of 22.6 °C and the South and West walls have a fixed temperature of 23.64 
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°C and 24.45 °C respectively. Finally, the floor and ceiling are set to a temperature of 

23.5 °C and 23 °C respectively. All the windows have a heat transfer coefficient of 2.3 

W.m-2. The desk, chairs and soundproofing panel are fully immersed in the fluid domain 

and considered adiabatic. A summary of the boundary conditions set for this case is 

available in Table 4-3. 

 

 

Figure 4-9: View of the computational domain taken from Hajdukiewicz et al. showing the position of the four poles, 

comprising temperature sensors S1 through S14 used for validation. 
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Table 4-3: List of boundary conditions of case study 2 

Boundary Type Value 

Window bottom 

gap 

Angled-in ἂinlet = 0.184 kg.s-1 

Tinlet = 20.82 °C 

Window outlet Outlet  

Door 2D plate, adiabatic  

Double glazed 

windows 

2D plate, constant heat 

flux 

hwindow = 2.30 W.m-2.K-1 

Twindow = 20.82 °C 

 

South wall 2D plate, constant 

temperature 

TSwall = 23.64 °C 

West wall  2D plate, constant 

temperature 

TWwall = 24.45 °C 

North wall  2D plate, constant 

temperature 

TNwall = 22.6 °C 

East wall 2D plate, constant 

temperature 

TEwall = 22.6 °C 

Column 3D object, constant 

temperature 

Tcolumn = 22.8 °C 

Ceiling 2D plate, constant 

temperature 

Tceiling = 23.0 °C 

Floor 2D plate, constant 

temperature 

Tfloor = 23.5 °C 

Occupants 3D objects, constant 

heat source 

qoccupants = 60 W.m-2 

Laptops 3D objects, constant 

heat source 

Qlaptops = 131 W 

Table, chairs, 

soundproofing 

panel, lamps 

3D objects, Adiabatic  
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Each case took approximately 12 to 13 hours to solve. The case was solved for different 

values of mass flow rate and temperature at the inlet as summarized in Table 4-4. The 

mass flow rate was varied from 0.121 kg.s-1 to 0.225 kg.s-1, while the temperature was 

varied between 14.82 °C and 26.82 °C. 

Table 4-4: List of case variations for case study 2 

Variable Cases Values 

Temperature (Tinlet) T1 

T2 

Base 

T3 

T4 

14.82 °C 

17.82 °C 

20.82 °C 

23.82 °C 

26.82 °C 

Mass flow rates (ἂinlet) M1 

M2 

Base 

M3 

0.09828 kg.s-1 

0. 1310 kg.s-1 

0.1638 kg.s-1 

0.1965 kg.s-1 

 M4 0.2293 kg.s-1 

Figure 4-10 shows a three-slice view of the domain, the XY slice is taken at Z = 1.1 m, 

the XZ slice is taken at Y =2.9 m and the YZ slice is taken at X = 1.5 m. This case 

highlights the air draft from the East window as well as the heat plumes from one 

occupant and one laptop.  
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Figure 4-10: Three-slice view of the temperature plot of the meeting roomôs CFD simulation, highlighting the air draft 

from the window as well as the heat plumes above the occupants and laptops. The white spots on the heat plumes are 

due to errors in the output file used for plotting. 

This case presents an interest because it features a naturally ventilated room, which is an 

architectural choice often used in NZEBs, and consequently it features important drafts 

in the fluid domain that can influence the performance of the proposed method. Since 

clustering is done on the temperature variable, variable flow fields are expected to 

challenge the accuracy of the simulated thermal distribution. Furthermore, this case has 

much lower temperature gradients than the first case study and the air is reasonably 

mixed, which is also expected to be a challenge for the method.  
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4.4. Case study 3: Ideal ventilation case 

The last case is taken from Cao and Meyers [64] and is a simple ventilation CFD case. It 

is a cubic room of 4 m by 4 m by 4 m metres in dimension, and it features an inlet at the 

top of a wall and an outlet at the bottom of the opposite wall. A schematic of the room is 

shown in Figure 4-11 and the CFD model is shown in Figure 4-12. 

 

Figure 4-11: representation of the room used for case study 3 
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Figure 4-12: CFD model of the ideal ventilation case. It features an inlet and an outlet on two opposing walls 

The case has been developed in PHOENICS CFD in steady-state by following the 

guidelines of Cao and Meyers where if the length of one side of the room is L, the inlet 

and outlet should be L by L/5 metres in size. Cao and Meyers use the data from Smith 

and Smith [65] who state that the typical values for mass flow rates at the inlets for a 

laboratory room of 64 m3 are usually between 0.12 and 0.25 kg/s therefore 7 simulations 

have been run for mass flow rates from 0.12 kg.s-1 to 0.25 kg.s-1 at a temperature of 24 

°C, and 5 further simulations with inlet temperatures ranging from 21 °C to 33 °C with a 

mass flow rate of 0.12 kg.s-1. The domain was subdivided in a cartesian structured grid 

of 27 by 27 by 52 cells (totalling 37,908 cells) shown in Figure 4-13. A grid independence 

study was realized with three meshes: a coarse mesh with 27 by 27 by 52 or 37,908 cells, 

a medium mesh with 30 by 30 by 58 or 52,200 cells, and a fine mesh of 35 by 35 by 63 
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or 77,175 cells for which the results are shown in Figure 4-14 at a vertical pole located at 

X=2m and Y=2m, or the centre of the domain.  

 

Figure 4-13: +X, +Y and -Z views of the mesh used in Case Study 3 

The study shows that there is good agreement between the results obtained with the coarse 

and fine grid, the temperature variation between h = 3 m and h = 4 m being low with a 

maximal value of 0.25 K. As in Cao and Meyers [64], the centre of the first cell near the 

wall is at less than 0.5x10-3 L and the y+ value is comprised between 0.2 and 9. The air 

was modelled as an incompressible gas. Low-Reynolds Chen-Kim-k-e was used as the 
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turbulence model, and the buoyancy was set to be computed on density differences, as in 

Cao and Meyers. The outlet has been modelled as a pressure relief outlet at a pressure of 

101325 Pa. The walls and ceiling were considered adiabatic, while the floor had a 

temperature of 18 °C, with a heat transfer coefficient of 5 W.m-2.K-1. The reason for this 

parameter is that otherwise, the temperature in the domain would be perfectly uniform 

and the method would be inapplicable. The boundary conditions for this case have been 

summarized in Table 4-5 and the various parameters for the 11 cases have been 

summarized in Table 4-6.  This case, due to its relative simplicity, took 5 to 7 minutes to 

solve. 

 

Figure 4-14: Grid independence study for case study 3, carried with three grids: a coarse (37,908 cells), medium 

(52,200 cells) and fine (77,175 cells) mesh. The temperature is plotted on a vertical pole located at X=2m and Y=2m 
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Table 4-5: boundary conditions for case study 3 

Boundary Type Value 

Inlet  2D Inlet Tinlet = 24 °C 

ἂinlet =
 0.12 kg.s-1 

Outlet 2D outlet Pout = 101325 Pa 

Floor 2D plate hfloor = 5 W.m-2.K-1 

Tfloor = 18 °C 

Ceiling 2D plate adiabatic 

Walls 2D plate adiabatic 

 

Table 4-6: List of case variations for case study 3 

Variable Cases Values 

Temperature (Tinlet) T1 

Base 

T3 

T4 

T5 

21 °C 

24 °C 

27 °C 

30 °C 

33 °C 

Mass flow rates (ἂinlet) M1 

M2 

M3 

Base 

0.12 kg.s-1 

0.14 kg.s-1 

0.16 kg.s-1 

0.18 kg.s-1 

 M4 

M5 

M6 

0.20 kg.s-1 

0.22 kg.s-1 

0.25 kg.s-1 
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Figure 4-15 shows a XZ slice of the domain taken at its centre in the Y direction, since 

the domain is symmetric along that axis. It clearly shows the air circulating in the room 

in a clockwise direction from the plotôs point of view and exiting the room at the lower 

outlet, in accordance with the flow patterns described by Cao and Meyers [64]. 

 

Figure 4-15: XZ slice taken at Y = 2m that shows the inlet at the top left corner and a clockwise flow in the room, with 

ἂinlet = 0.12 kg.s-1. 

 The interest of this case is to benchmark the performance of the method in a ventilated 

environment with a simplified geometry. This allows to pinpoint code-related errors 

rather than the influence of simulation factors due to a complex simulation such as the 

one in case study 2 with multiple boundaries and a complex flow shape. Additionally, 

this case allows a finer study of the performance of the method around air inlets. 
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4.5. Summary of the Case Studies 

Presentation 

This chapter has presented the three case studies used to benchmark the performance of 

the method proposed in this doctoral thesis. Two cases were taken from validated studies 

of real building offices: the first one is a small office space with a notable effect of air 

stratification, and the second is a larger highly-glazed and naturally-ventilated meeting 

room featuring two occupants and their laptops as well as a draft in the domain. The last 

case is a simple cubic room with air mixing and was used for benchmarking the method 

in a simple ventilation case. These cases represent a range of potential applications for 

the method and they include features that provide a benchmark for the method in 

scenarios with air stratification and natural ventilation. The scope is to select a range of 

cases that allow an assessment of the strengths and shortcomings of the proposed method, 

and the results of the analysis in these scenarios are presented in the next chapter. 
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Chapter 5  Results 

5.1. Introduction 

In order to assess the performance and validity of the proposed method, zonal models 

have been extracted from the CFD cases presented in Chapter 4 . They have been 

subsequently solved and the results are presented in this chapter. Firstly, this work has 

studied the performance of the three clustering algorithms presented in 3.5. The accuracy 

and time taken to generate the zonal model have been compared, and the results are 

presented in Section 5.2.  Then, this work studied the influence of the number of sub-

zones on the error and time to solution of the generated zonal model. Zonal models with 

2 to 153 sub-zones have been generated for the three case studies and their level of error 

compared to CFD is presented in Section 5.3. Finally, this study assessed the performance 

of zonal models generated using this methodology by measuring the error in temperature 

distribution predictions when the parameters of temperature and mass flow rate at the 

domain boundaries were changed. This was done to assess the flexibility of the zonal 

models and the overall validity of the method. The results are presented in Section 5.4. 

5.2. Comparison of clustering methods 

The first study concerns the performance of the three clustering methods presented in 3.5. 

The methods are Mean Values Segmentation (MVS), Coarse Grid (CG) and Classic 

Watershed (CW). The results of the comparison have been published before [66].  In this 

study, the accuracy of the clustering methods has been assessed as follows: for each 

clustering method, clusters were extracted from case study 1, and the accuracy of the 

resulting temperature distribution was measured using WMAE. Additionally, the time 

taken to generate each zonal model was measured. This section presents the time to 

generation of the three algorithms in order to compare their computational performance, 

a study of the time to solution of the extracted zonal models is shown in the next section.  
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The three methods were benchmarked against case study 1, in the base configuration 

where the convectors output air at a temperature of 45 °C and a mass flow rate of 0.048 

kg.s-1 each which was validated by Mullen et al. [50]. The windows and door are closed, 

and two air vents are located in the domain. Zonal models were generated for sub-zone 

numbers ranging between 2 and 35, and the time taken by the Python code from the start 

to the point where clusters were generated has been timed using the time() function of 

Python.  

The results presented in Figure 5-1 show the WMAE of each method versus the number 

of sub-zones. These results show that MVS has a WMAE that converges around 0.10 K 

for 24 sub-zones, while CGôs WMAE has not fully converged yet at 27 sub-zones and 

still presents a level of error higher than MVS. Finally, CW has shown the largest level 

of error of the three methods, around 1.15 K of WMAE for 26 sub-zones. The grids used 

for CG are defined in Table 5-1. 

Table 5-1: Grid dimensions for the zonal models extracted using CG 

 Cells in dimension 

Sub-zones I  J K 

2 1 1 2 

3 1 1 3 

8 2 2 2 

12 2 2 3 

16 2 2 4 

27 3 3 3 
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Figure 5-1: Comparison of the MVS, CG and CW methods with regards to WMAE in K versus the number of sub- zones 

N 

Figure 5-2 shows a comparison of the temperature distribution predictions of the solved 

zonal models for the three methods and the error against CFD. The 2D YZ slice is taken 

at X=1.17m and shows the heat plume above the convector and temperature stratification 

in the office. The error plots show clearly that MVS was able to capture both the 

stratification in the office as well as the large temperature gradients around the 

convectorôs heat plume. On the other hand, CW has shown difficulties in capturing both 

the stratification and the large temperature gradients. The sub-zones are initialized 

correctly near the temperature extrema such as around the convector, as well as in 

volumes with small temperature gradients. However, after expanding each sub-zone 

iteratively the sub-zones fail at capturing temperature distributions as detailed in Figure 

5-5. Finally, the CG method did not capture flow properties at all, since the method is 

based on grid coarsening for performance rather than capturing flow properties, which 

did not prove satisfactory enough as shown by the WMAE results presented above.  
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Figure 5-2: Comparison of the temperature distributions predicted by zonal models generated using the MVS, CG and 

CW clustering methods. The absolute error is measured in K and against CFD. 

 

Figure 5-3 shows a detailed view of the plume above the convector of case study 1, with 

the peak error of the zonal modelôs temperature prediction in the first cells above the 

convector. The error in temperature prediction is limited to 1 K in the rest of the heat 

plume and becomes negligible 1 meter above the convector. Figure 5-4 also highlights an 

error below 0.2 K at the interface between sub-zones capturing air stratification. There 



Results 

103 

 

are a limited number of cells that are not recorded correctly and as such appear to have a 

temperature of 0 °C in the output file.  

 

Figure 5-3: detailed view of the heat plume above the convector of case study 1, with the error of the MVS-generated 

zonal model's temperature prediction against CFD. The peak error in this case is situated in a limited volume directly 

above the convector. 
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Figure 5-4: detailed view of the volume of stratified air of case study 1, with the error of the MVS-generated zonal 

model's temperature prediction against CFD 

The CW method relies on seeds to initially define sub-zones which are then iteratively 

expanded to include surrounding cells that fall within a certain temperature range. The 

method increases the allowable temperature range of each sub-zone until all cells of the 

domain have been assigned to a sub-zone. As a result, if a quasi-isothermal volume of the 

domain were not captured by a seed in the initial step, it would be wrongfully included in 

another sub-zone as seen around the convector in Figure 5-5. The figure shows two 

examples of sub-zones that expanded excessively: the first one is located directly above 

the convector and comes from a sub-zone initialized at the base of the heat plume, which 

expanded to include all the cells surrounding the convector; the second comes from a sub-

zone initialized on the heat plume which expanded to include most of the cells between 

the plume and the wall. This suggests that the method could be improved in two ways: 
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(1) by allowing the creation of new sub-zones during the sub-zone generation step, and 

(2) by studying more robust methods for efficiently selecting seeds in a large dataset.  

 

 

Figure 5-5: detailed view of the heat plume above the convector of case study 1, with the error of the CW-generated 

zonal model's temperature prediction against CFD. The highlighted sub-zones are an example of sub-zones that 

expanded excessively, causing large errors in the resulting temperature distributions. 

 

The second step of this assessment considers the time taken from CFD data extraction to 

sub-zones generation, in order to compare the three methods on their computational cost. 

The results presented in Figure 5-6 show that of the three methods, CG (left axis) is the 

most rapid as it was expected due to its computational simplicity, generating sub-zones 

in around 17 seconds quite constantly regardless of the number of sub-zones. MVS (left 

axis) is the second fastest, generating sub-zones in approximately 26 to 29 seconds for 

respectively 2 to 29 sub-zones, while CW (right axis) is the least rapid method with sub-

zones generated in approximately 600 to 800 seconds. The CW method has shown to be 

computationally inefficient, because of a time-consuming search for seeds and for the 

number of iterations needed to populate the clusters, placing its time to generation an 

order of magnitude higher than the CG and MVS methods. The difficulty resides in 

correctly locating local maxima and minima in a 4-dimensional dataset, which is a time-

consuming task. 
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Figure 5-6: Time taken to generate a zonal model with MVS and CG (left axis) and CW (right axis) 

This first study has motivated the author in selecting the MVS method for this research 

project, since it generates accurate zonal models in less than 30 seconds and performs 

better than CG and CW with regards to finely capturing features of the fluid domain such 

as stratification and temperature gradients.  

Figure 5-7 shows the temperature prediction of the zonal model in 3 dimensions with a 

narrow range for the temperature scale in order to highlight the shape of each sub-zone. 

This figure shows how the MVS method generates sub-zones that capture the actual 

temperature distribution in the domain, rather than pre-defined sub-zones as in the CG 

method or other classic zonal methods. 




















































