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Abstract

This doctoral thesis presents a novel computatitoall 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 docesial th
introduces a method for automatically clustgrithe computational cells of CFD
simulations into swzones that can be considered quasi isothermal and compute the mass
and heat exchange between the-goibes and the domain to extract a zonal moded. Th
zonal model can then be solved for-désign boadary conditionsat a fraction of the

computational cost of CED

This doctoral research first developed three methods for clustering CFD cells and
compared their ability to capture the temperature digtdbs of the computational
domain. These methodsear(l) the Mean Values Segmentation, (2) thias€ic
Watershed, and (3) the Coarse Grid method. The research presented in this thesis shows
that the Mean Values Segmentation method performs best with segardmputational

power and pertinence of the eadted 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 metid was applied to three case studies: an offieeespa naturally
ventilated meeting room, and an ideal ventilation case. This study has assessed the fidelity
of the automatically generated zonal models when solved fedesifjn boundary
conditions and &s showed that the zonal models are able to predmperature
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 simulatedal phenomena such as air stratification and theplumes with

mi ni mal error and is able to accommodat e

temperature is not uniform.
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Introduction

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 usageuabanizatioras well as the place of the

built environment in these global probiatics, leading to the problem statemdrite

chapter will be concluded by the statement of the research question that this thesis aims
at answeringthe aims and objectives well as an outline of the thesis.

1.2.Cities of the future

The industrial era andsi economic boom saw the progressive oitation of society, a

shift of population from rural areas to urban areas where the industry, and therefore
industrial labour, were centralizeldigure1-1 shows the increasin population living in
urbanized aredsetween 1960 and 2018rbanization is an evaoing phenomesnand

it is estimated that by 2050 the world will host 3 billion urban dweJErs

Urbanization of population worldwide between 1960 and 2018
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Figure 1-1: Urbanization of world population between 1960 and JQ]L8
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Chapter 1

With the phenomenon ofirbanizationand the increasing energy demancdded to
sustain the modern comfort of life, the built environment became a major energy
consumer and economic sector. Today it reprtssgpproximately 40% of global energy
consumption, which is more than industry and transport@figure1-2).

Energy Consumption by Sector B Computers 1%
had oy I Cooking 5%
I Electronics 7%

22%
Residential

Fa
S 18%

Commercial

Figure 1-2: Global energy consumption by secf@}

Following the global impulse towards the reduction mérgy consumption, waste, and
carbon emissions, urban areas are being redesigned to mitigate their energy usage and
adapt to societal changes. Buildings, urban transportation and servicesoanabenore
connected thanks to modern communication netwark$ many aspects of urban life are

being optimizedvith regards to energy consumptidinese modern urban areas are often
referred to as "smart cities", with the idea that they should be abtaf to changing
conditions in order to reduseaste anaptimize the use of resources with regard to the

immediate and predicted demands.

As a result, buildings too are experiencing a shift towdreladoption of Smart buildings

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

of envelope materialgroperties, environmental conditions, predictable energy demands,
and computer models to optimize systems such that the energy input can be minimized
without disruption or comfort fa the occupantsMore 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

2
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lighting. NZEB are builings desigad to produce as much energy as they consume,
through the use of renewable energies such as geothermal angbsaamandninimize

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

1.3.Modern computing antthe 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 aled an incrased 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 extrErmatian 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 degreast of
connected devices and processing power. First it saw the development of computer
modelsfor thermal design of buildingss earlyas 19633]. This was followed by the
increase of computainal powerand eventually the rise of more complex models, along
with the development of embedded systems and cheaper sevisolsitself eventually

led to the development of refane Building Energy Management Systems (BEMS).
Today the majority of bilding simuldions focus on the optimization of energy usage,
construction costs, operational costs and occupant copfblt 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 producffityA poor

indoor air quality can cause respiratory diseases, as well as the Sick Building Syndrome
(SBS) which is a manifestatioof illness symptomdinked to the amount of time an
occupant spends in a buildinBoor thermal distribution in a liding can decrease
productivity by 6 to 8%7][8], as well as causing thermal discamf Designers mitigate

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

and around buildingsJnfortunately,the simulation of airflow and thermal distribution

3
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for whole buildings is often an expensive and too@siming processdue to the

computational power required to simulate airflow.

1.4. Modelcomplexity

Despite the apparent availability of computatib power, overly complex computer
models require an extensive amount of time and expertise to provide accuratiomedi
Therefore, the complexity of a model is often dictated by the intended application. Models
aimingto simulatdarge systems such asole buildings or districts will tend to ignore

local physical phenomena to focus on lasgale effects such asoblal energy
consumption or environmental factors. On the other hand, models simulating physics at
a smaller scale such as a single roonhinidlude a more detailed description of the local

physics.

With regards to complexity, one of the key assumptisribat of the uniformity of air
properties[9]. Because of thé&arge conputational 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 simplifiestbeo mput at i on of a model 0 s
introducing an acceptableegree of errobut allowing the simulation of large systems
over long periods of simulated time, or i@pid simulationsUnfortunately, the well

mixed assumption is not acceptable when sinmgabcal phenomena such as thermal
comfort or natural ventitson [10], therefore for these applications researchers often use
more complex models such aemputational fluid dynamics (CFDYhese methods
require exénsive amounts of expertise and computational power but are predominant
when simulating airflow inside and around building$]. The weltmixed assumption is
often a necessity rather than an intended feature, and intermediate nseittods zonal
models have been developed to mitigate the situation. Thesemediate methods
usually imply developinga 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 umiform airflows but they require extensive
expertise for their devepmment or extraction. Consequently, they do not have many

pracical applications despite their advantaffed.
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1.5.Problem statement

Simplified approaches often asae that entireooms or buildingsre perfectly uniform,
which does not correspond to reality nor perthi prediction of thermal comfort or
natural ventilationComplexmodels such askD arewell established and are often used

in the simulation of indaoairflow because they aable to provide accurate information
Unfortunately theyrequire extensive knowledge, user expertise, computational costs and
validation efforts.Zonal approaches aroften based on manual methods and user
experience anctan this be expensive and tire®ensuming Because of this major

disadvantage, thegrerarelyused in practical applications

1.6.Research guestion

Is it possible to leverage the accuracy of CFD to autically generateonalmodels that
canprovide accurate predions of temperature distributions of indoor environmanis

low computational co8t
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1.7.Aims and objectives

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

1. To develop a method fof 2. To develop a 3. To develop 4 4. To validate the
reducing the complexity o] toolchain for | method for| suitahility of the
n CFD simulations extracting zonal| solving the zonall method for the
'§: models from CFD| model for other| built environment
simulations boundary
conditions
1.1 Define approaches fol 2.1 Develop an| 3.1 Develop a] 4.1 Devebp or
extracting thermal approach thal method for| replicate CFD
distributions  from  CFDl automatically defining a new se] simulations of
simulations generates a zond of parameters fo|] cases commonl
model from| the zonal model | met in the built
thermal environment
distributions
1.2 Ensure that the metheq 2.2 Automatically| 3.2 Assess thd 4.2 Apply the
do not rely on user expertis| extract boundary error of the zona] developed metho
a conditions  from| model aginst]| to the CFD
"§ CFD for the zona| CFD to defne the| simulations
o} model usability envelopd
of the method
1.3 Assess the loss 2.3 Assess thd 3.3 Assess thq 4.3 Identify
accuracy for the candida] error between thq flexibility of the | strengths an(g
methods zonal model and method shortcomings
the CFD
simulation
1.4 Assess the rapidity of thl 2.4 Assess the
methods rapidity of the
solver




Introduction

1.8. Thesis outline

The proposed doctoral thesis has been divided in 7 chapters:

Introduction: the current cpéer, 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 usedtire built environment, their applications along with thei
strengths and shortcomings. This chapter will narrow down the scope of the work to the

generation ofeducedorder modelérom CFD simulations.

Methodology: this chapter will present the proposedhod for extracting zonal models
from CFD simulations.tlwill 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 8wution of the model.

Case studies: this chapter witiggent 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 rogms well asan ideal ventildon case

Results: this chapter will present the coralihgs 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 gemetratsing 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 findingsttze knowledge
gained duringhis doctoral work. It identifies the points on which the available literature
was expanded and prospective areas of intdtestconcluded with proposals for future

improvements or additions.
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Chapter 2 Literature

Review

2.1.Chapterntroduction

This chapter prents the review of the literature and the core findings of it. It has been
organized ito four sections.Section2.2 focuses on sustainable building design: it
presents the objectigef sustainable design and the nigjpes of modelling approaches
used in building simulatianThen, sectio2.3 presentghe two main approaches used to
simulate airflow and thermal distributions in buildingsmely zonal models and CFD
simulation Section2.4 presents the methods for extractimeglucedorder models from
high order CFD simulation&inally, sectiorR.5presats a conclusion on the current state
of the research and identifies the problems that this doctoral thesis proposes to solve.

2.2.Sustainabldéuilding design

Buildingsthat are sustainable feature processes that are environmentally responsible and

resourceeff i ci ent t hroughout a buildingds | ifecycl
and construction at the early stages, but also the operation, maintenance and renovatio

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 sectiofirst presents the objectives commonly considered for enedjy an

comfort optimization Thenit provides an overview dhe types of computer models used

to simulate and optimize the design of sustainable buildings
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2.2.10Dbjectivesf sustainablebuilding design

If the only objective of sustainable buildings were to redthee energy expense, the
obvious solution would be to negate all energy consumption sioypilysconnecting all
systems from the power grid. Naturally this would render buildings unliveable, therefore
designers and operators focus on other factors. Bysang some of the recent studies

on building optimization, it is possible to identify sealemajor trends. Eving4] and
Shaikh et al[5] reviewed respectively 74 and 121 papaesenting 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, ogigon 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 afer energy consumption, the most applmatimization 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 objective&lobally, energy consumption and thermal comfort
stand out as the main objectives for the sustainable design of buildings.

2.2.2Black, Grey and White box modelling

Computemodels are used during the design as well as dunmgperation phases of a
sustainable builing. During the design phase, they are used to predict the effects of
design choices on the buildingds perf or m:
optimal solution. Computer models can also be usedtinize existing systems, by
providing erergy-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 appiaratThis section provides details on

the differenttypesof models for the built environmenthich can be classified in three

major categoriedlack box, white boxand grey box.

Black box models, also called empirical modedse developed by analysiniipe
parametersof a building during normal operating conditions and allow the

characterization of the system without prior detailed knowledge of building materials,

9
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subsystems or environmental conditions. These are particularly useful when optimizing

the performance of existing building stodkirst, it is necessary to acquire data on the

buil dingds response to external inputs such a
or occupancy over a certain period. Then, statistical approaahbss linearegression

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

response and allow the development ofadet tailored to each individual buildirand

its specificationsBlack 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 dat@l4]. In fact,blackbox models arby definitiongenerally reliable within

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

are offdesign.

White box modelsalso called physiebasd models, are built by defining mathematical
eguations 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
physicsandengineering equatioresd 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 ca
vary greatly dependingn 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 aifaimiz
purposes. This alvs designers to test variougypothesesand designs and make
informed choices to improve the energy performance of a building projéel.
established white box energy modelling tools such as EnergyPlus [23}, 28] and
TRNSYS [25] are used in manstudies aimed at analysing energy demand and test

hypotheses fotontrol strategies as presented in the review by Crawley[ébal.

Grey box modelling combines the features of black box and white box modelling, by
usingempirical data to optirae awhite 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 buildingbds prop
comparing its output to enippcal measurements taken in the building, which are used to

correct the model 6s coefficients to match th
conditions.A grey box method is described in Brastein et [4l6], which allowed the

authorsto estimate a building's thermal behaviour using a lumped capacitance model

10
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coupled to empirical data. Similarly, Bacher and Mad&&happlied a greypox model

to asmdl 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 boxapproach aim$o combinethe advantages of both methods amtigate

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 empiricaladdthe data gathering campaign can then be
simplified since the model is supported by physical equations and not only by empirical
data, also increasing the model O0-tainind exi b

conditions.

2.3.Simulating airflow in uil dings

Theoptimallevel ofdetailof a computer modeahould dependn its intended application
and the extent of physical phenomena that it d@mneapture For example, in whole
building or yearly simulations the models tend to ignore the local piyshenomena
such as airflow imndividualrooms,and use simplified representations instead in order to
efficiently simulate dargescalesystem. On the other hand, models aimed at studying
smaller systems tend to reach a much higher level of detail,dprgvinore accurate
predictionsof the cost of computational powerhis is relevant for example when
studying the influence of airflow amfiermal comfort in a single room. This section will
present the mairevels of simplification and assumptiormmonly used when
simulating airflow, thermal distribution or pollutant transport in the built environment
(1) the zonal method, which dividesge volumesnto a set of perfecthmixed subzones
with simplified physics equationand @) Computational Fluid Dyamics (CFD)which
simulates fluid flows with greater accuracy by solvingmore extensive set of

conservatiorequations including for emple momentum and species transportation

11
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2.3.1Zonalmodels

In building simulation, a zone is usually defined as anandpacehat typicallyconsists

of aroom, a set of rooms or an entire buildifgr largescale simulations such as whole
building or yearly simulations, zones are usually assumed instantlymaedtd and
uniform. This allows a fast simulation of indooonditions and is useful for energy
systems modelling and optimisation. Unfortunately, thdoum assumption does not
allow accurate predictions of air flows and temperature distributions and therefore cannot
be used for accurate thermal comfort or palhitdispersion simulationd 8]. Zonal
models address the issues inherent to uniform volume assumptions by dividing zones into
smaller volumes calledubzones Subzones are aimed at capturing nadinely local
physics thus allowing the characterization giienomena likestratification plumes or

jets through a careful selection of volumes of interfégfure 2-1 shows how a generic
room can be divided into st#tmnes that can capture temperature distributions and heat
transfers This allows the study dbcalised phenomena suchtahermal comfort, energy
consumption and air quality. Coupled wltdw computationhcost, this provides rapid

and reasonably accurate models of the built environment.

Room 2

Room 5 ] :“;" ;’; ]
Room 6 Room 4 ";.r“" ;“"‘I‘; // ///‘*‘w
Room 3 i /]

Corridor— — — — _ u // / '/

: |
Room 1 Room 2 I
| /777 Sub-zone
| <> [inergy exchange
b o o — — —
Physical domain Numerical domain

Figure 2-1: Simplified representation of the zonal model of a room divided into -@@us and theorresponding
energyexchange paths
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An early example afonal model which uses mass and energy balance for eazioseib

and mass flows between smbnes was developed by Wufi#8]. The work studied the
accuracy of the neaniform temperature predictions wharheat sourcevas presenin

the domainand found the results camstent 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 §AG§yshowed

that it is possible to automatically build zonal modely usi ng Wuandt z 0 s
reformulating it in smaller sets of equations from whtclwaspossibleto automatically
extract anodelgiven a certain partitioning of rooms inside a building. Musy was able to
predict air movement, temperature distribution, and indoor air guysitameters in the
whole building. Huang and Haghightl] developed a zonal model which has shown
good agreement with CFDor airflow distribution, temperature distribution and
contaminant pollution. The work featuresn@chanically ventilatecdbom and integrates

an airjet model and a pollutant dispersion model tedirBensional zonal model which

was developed by partitioning a roontaia coarse gd.

Other relevant work includes the study by Georges §2Jwho developed a transient
zonal model for theuilding energy simulatio(BES)software IDA ICE23]. They were

able to validate a tool for modelling spaces heated by radiators and stoves. Their model
was able t@ccuratelypredict the air stratification in the room, buividsunable to predict

wall surface temperatures when the heat souwssm® near to the wall, due to the
isothermal assumption fothe walls used in many BESoftware packages Their
motivationwas to provide a tool that would allow the prediction of thermal comfort and
indoor air quality, which ismpossible with common BESftware thahssumehat zones

are weltmixed volumes of air. Fang et §4] developeda 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 gat submodel for the @anal modelThey found good agreement
between experimental data and tHegf0-subzonemo d e | 6 s pPMamgatiaf26]i o n .
developed a zonal model of a doublen facade. The model would be used for dynamic
simulations and wholgear sinulations beause of its computational efficiency. Their
study found a good agreement between experimental and simulatiomittiedarelative

error below 8.3%Song et al[26] developed a zonal model for raahe predictions of

temperature distribution in a mechanically ventilated room. They used the mean age of

13
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air, predicted by a CFD simulation, as a criterion for defining thezsules of their
model. Theywere able to validate the model agai@§tD andfound that the definition
of subzones based on the mean age of air provided more accurate results for the same
number of sukzones than the same model defined by hexahedramgs (i.e. a coags

hexahedrmesh).

Table2-1 below summarizes the zonal methods presented in this section.

Table2-1: Zonal models and their applications to the built environment

Authors  Year Method Application Notes Ref.
Prediction of thermal _
Zonal model, Thesis early
Wurtz 1995 comfort and pollutant [19]
own solver _ work
transportation
Zonal model, Semtautomatic Thesis based or
Musy 1999 automatic generabn of zonal Wurt zo6s [20]
method models model
Zonal model
with air-jet and  Prediction of thermal  Validated the
Huang and o _
_ 2005 pollutant distributions and model against [21]
Haghighat . : :
dispersion airflow CFD
models
Prediction of Validated the
Song et al. | 2008  Zonal model temperatug model against [26]
distributions CFD
o Validated
Zonal model Prediction of _
o against
Fang etal. | 2017 with air-jet temperature _ [24]
o experimental
model distributions
data
Prediction of thermal
Georges et Transient zonal Developed in
2019 comfort and thermal [22]
al. model IDA ICE
distribution
Yearly-
Simulationof natural simulation,
Wang et al.| 2019  Zonal model ventilation for double validated agains [25]
skin facades experimental
data
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The drawbacks of current zonal models ardiffeeulty in characterizinglow properties
without additional data, such as CFDuks, and the expertise needed to define pertinent
subzones in order to efficiently Chanplijur e
underlines the facthat zonal models suffer from major overhead development times,
which can sometimes be greater than for a CFD simulation.

2.3.2Computationafluid dynamics

Computationafluid dynamicsis a finite volumemethod for temperature and fluid flow
analysis Figure 2-2 shows howa fluid domain is subdivided into thousands or millions
of finite volumes, called cellsyhich are used as control volumes for solving the Navier
Stokes equations iterativel@FD can yield very accur&results and provide researchers
with a deep insight on the properties of the fluid in the simulated domain[Cljevrote

a review on theools used for studng ventilation performance in buildingEhe study

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

of thepublications used CFD for assessing ventilation performdimeeauthoalso noted

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

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

prediction of these phenomena.
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Room 2

Room 5

Room 6 Room 4

Room 3 ‘ O/
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Figure 2-2: Simplified represetation of the CFD finite volume method applied to a room, with the corresponding
energy exchange paths

Lau and Chenf27] used CFD to simulate the airflow in a large workshop for assessing
air quality when the aiis supplied through floesupply displacement ventilation
compared to traditional mixing air supply. The CFD model was validated &gains
experimental data. They found that while contaminant levels were lower in the case of
floor-supply ventilation, the #grmal comfort was lower than for mixing air supply due to
high temperature stratification at occupant level. Liu and 28§ applied CFD to a
natural ventilation case, by studying the performance of windcatchers as a tmean
provide natural ventilation for indoor spaces. Thayehvalidated the CFD model against
published experimental data and found that windcatcher systems are very dependent on
wind direction and speedbut they have a good efficiency as for most wind parameters
the speed at the inlet in the room was equahéaricoming wind speed. They conclude

that CFD is a suitable tool for studying natural ventilation cases. Zhao and2S{iased

a CFD model for studying the indoor air quality when a room is equipbdawnixing
ventilation system compared to a room equipped with personal ventilation systems. They
validated the CFD nuael with regards to air velocity and temperature against
experimental data.filey found that while personal ventilation systems are agagood
method for guaranteeing thermal comfort when several people are present in the same

room, the air quality isower.
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Another approach to CFD modelling is to couple it with other models in order to provide
more accurate boundary conditions parargetFor exampldu et al.[30] used CFD for
studying the temperature distribution in a room in ordetetermine 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 @Hlexplored strategies to couple CFD
with BES programs. They argue that CFRIBES provide complimentary information:

the former provides detailed predictions on airflow and temperature distribution, while
the later provides predictions on thermal boundary conditions for the TR&). realised

two case studies in which they moméd heating and cooling loads fargivencontrol
strategy. They found that both casethe detailed predictions provided by the coupled
model, particularly on heat transfer coefficients at the walls, allowed a reduction in
heating and cooling demandatfleast 10% compared poedictions from the BES model

only for the same control strateg
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Table2-2 below presents recent studies that show the various applications of CFD to the

built environment.

Table2-2: Examples of the domains of application of CFD in the built environment

Authors Year Method Application Notes Ref.
Lau and 2007 RANS, Optimal placement of Experimentally [27]
Chen RNGk-U workshop ventilation validatd
Lo, Banks RANS, Indoor airflow of wind Experimentally
. L validated. Steady
and 2013 2-layerk-  driven crossventilation, g oS [32]
Novoselac u entire building simulations.
RANS, HVAC optimization with  CFD-TRNSYS ce
Duetal. | 2015 RNGk-U regards to thermal comfol simulation [30]
qur?ng’ 2015 Z'Ia{frk_ using various glazing anc [33]
ou shading configurations.
Experimentally
Evaluation of diffeent validated. Transient
turbulence models in the simulations.
Dong et al. | 2017 RANS simulation of indoor Standarck-U RNG [34]
pollutantdispersion k-U) standard-¥
and SSTk-¥
CFD-  Optimal designof air ~ Jdentfication of
Zhao, Liu, based supply inlets in a room P . ’
. 2018 e . size, location and [35]
Lai, Chen adjoint  with regards to occupant arameters of air
method themal comfort P .
supply inlets
Semi Prediction of transient
Caoetal. | 2019 coupled thermal responses ofa Fast CFDmethod [36]
CFD room with HVAC
Prediction of temperature Experimentally
RANS, and pollutant distribution .
Kwok et al.| 2019 SST k¥ in an office building using validated. Steady [6]
state simulations.
a coupled approach.
RANS Simulation of indoor Experimentally
Yang et al. | 2020 RNG k.U ventilation in street validated. Steady [37]

canyons.
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The principal shortcomings of CFD are the high leveleapertise and the long
development and simulation time. In fact, results depend strongly on a good definition of
boundary conditions and models incldde the simulation, therefore they are particularly
sensitive to the quality of data and the assumptizexde on the boundaries or the models
used to solve the CFD simulation. Consequently, the development of a CFD simulation
requires a high level of usexpertise and extensive amounts of tifftee great numerical
complexity renders computation power anchdiimportant factors to consider. This
renders CFDmpracticalto whole building simulation, or when long periods of time need

to be simulated.

2.3.3Summay of building modelling methods

This section hasitroduced the three principal types of computer modéige box, black

box and grey box and has trgrown how the level of fidelity of computer models dictate
their application to the built environmefithe simplificationusually applied to building
simulations is that of theiniform andinstantly weltmixed zone, whichgenerally
prevents thaccurate predictioaf airflow and thermal distributionZonal models tackle

this problem by subdividing zonestinsmaller sukzores and allow the prediction of
temperature distribution within a zone. They are seen as a compromise between accuracy
and computational power requirements, allowing -tigaé predictions of thermal
distributions. However, they rarely pide satisfying prdictions of airflow in a zone

when used alone, and the development of a zonal model involves significant time and
expertise. CFD provides accurate predictionsaoflow properties and heat transfer
coefficients and is extensively usednatural ventilatn, 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 resultscacacy. CFD ther@ire requires a high level of expertise

and is timeconsuming.
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2.4.Reduction of CED simulation

complexity

Section2.3.2has shown the advantages of CF[@ &8 domains of application, but also
highlighted the high computational cost involvedTo avoid this cost, researchers
sometimes use other modelling methods such as zonal models, or couple CFD to these
modelsas a measto provide accurate airflow predicns intermittently to increase the

overallsimulation accuracy.

Another approach to reducing the computational cb&FD s to extracreducedorder
models(ROMs)from it, or simplified modelsReducedorder models have the advantage

of capturing most of CFDOs omlcasiuThia segtionat a
presents the main approaches takemfodel order reductioaf CFD simulations of the

built environment, divided o two main approache$i) numerical approaches, which
extract anathematical model from one or several CFD sinmat and (2fompartment

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

of the model.

2.4.1Numerical method&®r model ordereduction

Reduceebrder modelsaim to reducethe number of degrees of freedom of a CFD
simulaion, which is equal to the numbefrgrid pointstimes the number of state variables
[38], by identifying a set of key parameters that are sufficient to modghysial
phenomenaf interest.A low order model is ideally capable of efficiently capturing a
certain physicaphenomenon but will not be able to capture the full extent of physical

phenomena initially modelled in the high order model.

The literature revew found that in the built environment one of the most common
methods for reducing the order ©FD simulations igproperorthogonaldecomposition
(POD).The POD or Karhunehoevetransform(KLT) uses a set of observations, a set
of sampl e s bebdviougto extrac a seleciion of basic functions representative
of t he sys itnamoptisnal wag3Oplo thesbeilt environment, research by Li
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et d [40] applied POD to the prediction of temperature distributions in a room. Their
objective was to provide accurate temperature distribution predictions for the optimal
cortrol of HVAC systems. They achieved this lggnerating a set of temperature
distribution prediabns with CFD, and later extracting a reduceder model using the
POD method. They found that the reduceder model had good agreement with CFD
with anabsolute error below OK at any point of the domain. The study, however, made
several major assystions: no heat sources were considered, the temperature of the
boundaries was assumed constant and homogeneous, and the flow field was assumed
constantin fact, the authors assume that the flow field does not change when the reduced
order model is solvetbr different boundary condition®8uoyancy effects induced by
heat sources/ould negatively impact the accuracy of tteelucedorder modelnd are
therefae not considered by the autho8milarly, Sempey et a[41] applied POD to

CFD simuhtions of an akconditioned room in order to extract accurate andtieed
reducedorder models. In order to mitigate the fixed flow field assumption, inedelled

four cases corresponding to different inlet velocities in 2D CFD and used 30 to 34
shapsbts depending on the case to extrasducedorder model with POD. They found
that the model had good accuracy compared to CFD, with a root mean squared e
under 0.66K, including for cases where theeducedorder model was solved for inlet
conditions that were not captured by the snapsAdtey noticed however that the error
was higher near the inlet gat and at the walls, suggesting that tbeicedorder model

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

the built environment, POD has proven to be a powerful method for predicting
temperature distributions in retne, with literature reporting good @gment between
POD-extractededucedorder models and CFD. The principal drawbacks of POD are the
fact that it requires the simulation of a large number of-bigler snapshots, arits
inability to accommodate changes in the flow fidhkDD isalsousedin diverse fields

such as image processing, signal analysis, chemical engineering, oceanagrdphy

aerospacgss].

Another method idast fluid dynamic§FFD), which solves NavieBtokes equations
similarly to CFDQ except for the advection term which is solved using a-t@giangian
approach[42]. This allows the solution of fluid dynamics simulations in +t@ale or
faster than ral-time. This method has been validated against experimental data for

building simulation by Zuo and Ched3], in three caseicluding one of cross
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ventilation in a room. Jimnd Chern(44] applied FFD to whokbuilding simulation of
buoyancydriven airflow, in an effort to define a plume model that would accurately
capture heat sources in the case of cegrseFFD. They have applied the method to
several cases: a single room with a heated box, an occupied office, a system of two
naturally ventilated roomanda corridor, and a large atrium. They have compared the
accuracy and computational cost of figed FFD, coarsgrid FFD and coarsgrid FFD

with a plume model. They have found that while coanse FFD significantly reduced
computing time at the cosf a larger error than FFD, coarged FFD with plume model

was as accurate as fugeid FFD but faster to solv&®ecent work by Tian et g45] has
coupled FFD to a zonal model using the ModeJ#t&] programming language order

to obtain accurate predictions of thermal distributions within zones to optimize the control
of HVAC systems. They have developed a dgitasimulation tool and applied it to a
variable air volume system. They found that this method accuratelsesyis the non
uniformity of momentum and temperature with a computational cost that would render it
suitable for HVAC control applicationdAll the studies on FFD found during this
literature review relied on solvers tailored to each case scenario, tertbie® user

expertise needed for setting the model 6s

POD and FFD have been both validated for use in building simulation, as tvegepr
reakttime predictions of temperature distributions which is an improvement over the well
mixed assumption found in zonal and nodal modeiese advantages are mitigatgd b
the fact that POD suffers from its dependency on many snapshots obtainedRbm

simulations, while FFD still requires extensive user expertise.

2.4.2Compartment models

Another approach for reducing the complexity of CFD simulations is the partitioning of
CPD results into cell clusters that accurately represent a physical phenomémenest.
This methodhas been studied in fields suchchemistry[47], hydraulics[48], but has

seen very limited use in the built environment.

The method is based on clustgrcomputational cells obtained from CFD res(Figure
2-3) in order to extract a simplified fluid network model that can subsequently be solved
at a much lower computational cost. The clusargompartmentgre assumed uniform

and the interactions betweeangpartmentsuch as heat and mass exchange are osed t
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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 lowerpmgational cost than
CFD.

)
7

Variable

=
—
=
=

Definition of uniform

CFD domain Clustering of CFD cells
compartments

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

In their recent paper, Tajsoleiman et [@9] note that the accuracy of the resulting
compartment model is heavily dependent on the definition of compartments. [foey a
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 dusteredthe CFD cells depending on their pressure into a compartment. They applied
this method to th case of a cylindrical stirring bioreactor dodnd that the resulting
compartment model could provide results in good agreement with CFD in less than 2
seconds compared to the Bdursit took to solve the corresponding CFD case. They also
state that the model can be extrapolated to a range of operating corf@itidonisg as the

flow regime does not change significaidthAnother approach to a similargblem has

been proposed by Webetral.[47]. Thecompartment model of a multiphase loop reactor
was designed and validated against validated CFD data. Their clustering methbd relie
on amanually defineadtoarse gd, and the compartment model took 5.8 hours to yield a
solution against 118 hours for CFD. In the field of hydraulics, Alvarado €#&j.
designed a compartment model to study the hydraulics of a wastewater stabippauii.

Their objective was totsdy the hydraulic behaviour coupled to a biokinetic reaction
model , but CFDO6s c o mnghfortpedtticabusea They devalaped & a s

compartment model based on validated CFD data wherartheyally defined éirst set
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of compartmentsbaseddo ifexpert interpretationo of CFD

into equal volumes. The resulting compartment model showed good agreement with
experimental data at a computational cost that rendered the addition of @metoki
reaction model acceptable.

No other published research that applied this method to the built envirohasebeen
found, except for the preliminary work done by Mullen et[&0] which eventually led

to the proposal of this doctoral ®#ig. Mullen et al. applied a cligsing method based on
temperature distributions to the CFD simulation of an office and found that the resulting
reducedorder model could be solved at a lower computational cost and retain most of
CFDO6s accur daedthe modelagainst @Gdataandshowed that the model
could predict temperature distributions wittm error ofless than 10% when the

temperature at the domain inlets were varied lyK.

2.4.3Summaryof the methods for CFD order
reduction

This section h& shown the mairapproaches 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 assmption of zonal ad nodal models did not permit predict of airflow or
temperature distributions within a zone. The published research shows that it is a valuable
method for extracting aeducedorder model from CFD, but it is extracted from a
sometimedarge number of €D simulations which renders it tim&onsuming.
Furthermore, POD assumes a fixed fliteld and has difficulties in retaining its accuracy
when the flow properties change. FFD is another valid alternative to CFD fdimneal
applications as it providesccurate and faster than réiahe results for fluid dynamics
simulations. While its results have been validated for simple-sx#dation cases in the

built environment, the method still relies on high user expertise and the FFDssamlger

often devebpedcase 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 retine results were needed. The method seba
clustering &D 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 excéption o

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

2.5.Conclusionsf the literature review

This chapter summarized the findings of the literature review made during this doctoral
thesis. It first introduced the reader to the maifectves of builihg performance

optimization: most studies aim at minimizing energy usage while maximizing occupant
comfort, principally thermalTo achieve this, designers and operators use computer

models to inform design choices and monitor systemsatpe.

The compiter models used in building simulation are generdilyided 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 kgewied

the buildirg 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
buil dingdbs performance, or t he senodesdnse ¢
notr equire a detailed knowledge of a builc
quality of the data that can be gathered. They are often used for the performance
optimization of existing buildingginally, grey box models take femes from both laick

and white box modelling andffer 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 fsoddée wellmixed assumption

does not allow the accurate descriptionaaflow, useful when predictingccupant
themal comfort since it is dependeatnong othefactors, ontemperaturelistributions.
Researchers therefore rely on zonal models to aésielsson-uniformities Zonal models
subdivide each zone into sabnes and allow the characterization temperatue
distributions at low computational cost. These models perform wellfane low
computational cosbut they rely on extensive user exfse to define pertinent staones

that can capture the fluid physics accurately which eventually leads to lorigpieeat

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 imdreds of thousands or millions of control
volumes, which allows the accurate representation of fluid flows. Thiesn@FD a
widely used method for studying natural ventilation, thermal comfort and indoor air
quality. However, CFD is sensitive to the @sptions made on boundary conditions and
requires extensive computational power and user expertise. To mitigatesbex,chers
developed methods for extracting ROMs from CFD simulations. R€dviscapture a
limited set of physical phenomena of interest grovide predictions with a fidelity
comparable to CFD but at a fraction of the computational costleMorder redction
methods applied to the built environment generally focus on POD and FFD. In POD, a
set of CFD simulations is used as samples farmetihg a mathematical model that give

a simplified representation of the major flow features. In FFD, assumptiaies onathe
NavierStokes equations allow a faster than -+teak solution of fluid dynamics
problems. Both methods have been validatedHerituilt environment, but they require
an additional level of user expertise. Finally, this literature review idesttbmpartment
models as a potentially automatable methodnfiodel order reductionCompartment
models are generated from CFD simulatidaysclustering cells that represent guasi
uniform regions of the domain. The clusters are then assumed upifopetiesand are
used to build a fluid network model representing the interactions between glusters
capturing mass and energy exchange. Tihesdels have shown good performance in
other applications such as chemistry and hydradfliesy also showotential br method
automation An automated method for extractingnalmodels that capture namiform
temperature distributions would provide alvantage over the current highly manual

methods used in the built environment.
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Chapter 3 Methodology

3.1. Introduction

This chapte will present the proposed methodology for extracting zonal models from
CFD simulations and solvinigpemfor different boundary conditioparameters. Firsg

short overview of the method will be givehhen,an overview of the software packages
used in this work will be presenteéthe CFD data extraction method will be introduced,
with details on the available data and the steps takeagsify and record.iThe methods
used for clustering CFD cells wiletpresented, and the assumptions made on the resulting
subzones will beexplainedalong with the assumptions made on the energy exchange
between suzones. Finally, the generation oktfull zonal model will be explained as
well as the method for assasgithe results.

3.2. Method overview

The proposed method relies on the clustering of CFD cells to gemsotitermalsub
zoneghat can later be considerediform for the purpose of gendireg a simplified fluid
network model. The fluid network model is gestted using the uniforreubzonesas its
nodes, and the energy exchange between nodes is computed from the mass and heat
exchange betweecell clustersfrom the CFD resultsFigure 3-1 shows an idealized
overview of the method@) the CFD simulation results are used to extract data on the
properties of the fluid flowfb) the CFD cells are clustered into isothersw#bzones (c)

the subzonesare then assumed uniform with regards to temperature, pressure and
density;(d) boundary onditions are extracted from CFD as well as mass flow rates and
heat exchange betwesnbzonesand 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 pretitemperature distribution$he resulting simplified model
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aims at providing predictiors of temperature distributiongor the indoor built

environment

a. CFD results are imported

S \“‘"’Jf/jl/ 7 >
T\ Z

4
2
) //://’, 7

b. CFD cells are clustered

¢. Clusters are considered
uniform compartments

Boundary 1

Boundary 2

d. A fluid network model
is generated

Boundary 1

Boundary 2

¢. The model can be solved for
different boundary conditions

Figure 3-1: Overview of the proposetiethodology. 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 dat differ

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 CF[b1] was used for developing the CFD simulations,
Sinda/FLUINT[52] was used for solving the zonal maglednd the code presented in this
work was developed in the Pythprogramming languadé3].

3.3.1PHOENICS CFD

PHOENICS CP is a CFD package published by CHAMfeature oPHOENICSis the
possibility to define immersed boundary conditions. The mesttastasianstructured
mesh, which allowsthe definition of complex cases withouthe needto spend
considerabldime on mesimg when coupled with immersed boundary conditiofise
cartesianstructured 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 inTecplot format which is compatible with many visualization softrea
packages. Results filagritten in the Tecplotformat 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, wh binary format isnot readable byiaumans but pndades
smaller files and renders read/write taskse efficient computationally

PHOENICS CFD has been used in a variety of studies, which inahpleations tdahe

built environment Cui and Zhend54] used PHOENICS to study the effect of building
greening on urban heat islands, and Zhang f%|Istudied the impact of green roofs on
building energy consumption. Guo et 6] used PHOENICS to study urbanale
natural ventilation. Dong and Liafg7] studied the dispersion of fire smoke in an atrium.
PHOENICS provides features for customizing the type of energy sources and sinks
through its texbased interface, as walbauserfriendly Graphical User Interface (GUI)

which allows faster definition of cases where-gedined objects can be used.
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The guantitiebalanced in the PHOENICS solae:
Scalars:
1 Pressure
1 Temperature
1 Enthalpy
1 Mass fractions
1 Volume fractions
1 Turbulence quantities
1 \Various potentials
Vectors:
1 Velocities
I Radiation fluxes
91 Displacements
The continuity equation(Equation 1), NavierStokes conservation of momentum

(Equation2) and the conservation of enerdgyglation3) can be written as:

— 2”06 T Equationl

Wheremis the densityn Othe divergence an@the flow velocity;

T ) . . , P , o
T_(‘)”o no” & 6 nar ‘o a‘ﬂ n»®» "Q Equation2

WhereS is the outerproduct, n° the mechanical pressurg, the shear viscosity

coefficient, andQthe gravitationaforce.

T y N e ’ FLEY . 4 A A
T_éu _ no” § nd t N (@))) O N Q’] n Q'] Equation3

Where- is the total energyf the viscous stress tens@@he unit tensom) the heatflux

andn the radiative heafux.
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The generalized form of the consation equatiorsolved in PHOENICSan be written

as:
T 7
e

no" g WNe Y Equation4

Where” is the densitys the variable in questionYthe velocity vectorg the diffusing
exchange coétient ofe and"Y the source term.

PHOENICS uses a finite volume formulation of the balance equationinetitdy
integrating the differential equat over the cell volume. More details on the
mathematical basis of PHOENICS are availabliaj.

3.3.2Python language

The Pyhon language is an interpreted programming language often used in scientific
applications because of its relatiggmplicity and the numerouscientific libraries
available to the useinterpreted languages are programming languages in which the
instructons are executed directly from the source code, without needing to be compiled
which is the translation of the w@e code to machiAdanguageanstructions.This allows

for faster prototyping and testing of functionempared to compiled languagess
mertioned earlier, numerous scientific libraries are available to the user. This work used
mainly one library, the NuPy library which is focusedn numerical operations and data
structuring. It was used because of the presence of useful basic functioasrseeim()

which computes the mean value of an ohbjéct also because it offers practical ways to
initialize andmodify n-dimensional arraydts functions have been used extensively in

the code presented in this doctoral thesis.

3.3.3Sinda/FLUINT solver

Sinda is athermal analysisoftware package developed by C&R technolagies a
package useful for compiling netmk models such as RC modelpplied to thermal
problems. liwascreated in thd960s and extensively used and developed. I ¥9€s
Sinda sw the extension of its features to fluid network models wifftackage named
FLUINT. Sinda/FLUINT can be useegither with a GUI or with input files written in a

format similar toFORTRAN This allows the automatic generation of an input file
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directly fromanother code and the solution of the model by Sinda/FLUINT. This study

uses Sinda/FLUINT because its featuresvalthe definitionof a fluid network model

with heat and mass exchange, both in the fluid domain and with solid boundaries. Section
3.7.1provides details on how Siadd FLUI NT6s features eare | ever ac
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 sectionwill present the first step toward generating a zonal model, wkic¢hei
extraction of data from the CFD results.

3.4.1CFD duta structure

PHOENICSCFD usesa finite volume method, meaning thdtwad domain is discretized

by subdividing it into smaller volunse These elementary volumes are called cells, and
their properties are assumed uniform within each cell. Thetearel used to simulate
the fluid flow, and the interactions of the fluid with isisl. Typically, CFD codes define
cells that can be tetraheahs, pyramids, triangular prisms or hexahedrassshown in

Figure3-2.
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Tetrahedron Pyramid
Triangular prism Hexahedron

Figure 3-2: Usual geometries for CFD cells

The PHOENICS CFD package allows the definitionaofartesianstructured mesh,
meaning thatll cells are hexahedrons and are arranged in a structured grids Hmis i
important factor as it means that each CFD cell can be indexed, therefore allowing their
classification into a multidimensional structdrarray which is explained in detail in

section3.4.2

3.4.1.1Fluid data

EachCFD cell stores the properties of the fluid contained within it, tiede quantities
are available to the user when the simulation is campfome quantities astored at
the centre of the cell such as fhessurgand others such as velocities si@edat the
vertices(or nodes) of the cells. Consequently, the data is availabMoiseparate arrays:

cell-centred and nodeentred. In HOENICS CFD the user must define which properties
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arepresengdin the results file, an@able3-1 summarizes the properties that are needed

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

TheX, Y andZ coordinates are used to process interface areas between cells and between
cells and boundaries (sectioB$.2and3.6.3. The densitypEN1and pressur@l are

used to proess the uniform properties stibzones (sectior8.5.4, as well as the
temperaturefEM1 which is also used in the callustering process (secti@b). PRPS

is used to differentiate between cells that contain a fluid and cells that contain a solid
(section3.4.2). The heat transfer cdafient HTCO and mass flow rateSNH1, CNE1

and CNN1 are used to process tmeass and heat exchange betwsebzones and
betweersubzones and boundaries (secti@6.2and3.6.3. The mass flow rates at the
High, East and North face of eadtil@re stoed at the cell centre and the mass flow rates

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

the I, J and K direction. PHOENICS useshgibrid upwind discretization schenod the

convection equatiodescibed in[59].
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Table3-1: Variables extracted from the CFD resultise 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.nm3 Node Model generation

CNH1 High face mass kg.s? Cell-centre Model gerration
flow rate

CNE1 East face mass flov kg.s?t Cell-centre Model generation
rate

CNN1 North face mas: kg.s? Cell-centre Model generation
flow rate

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 W.m?2 Cell-centre Model generation
coefficient

(turbulent flow)

R1 Mass flow rate kg.st CFD results Model generation
through  domain output

inlets and outlets

3.4.1.2Boundary conditions

PHOENICS CFD outputs anothee ¢ of dat a, the fAresulto
from the solver, and for the scope of this work it is used to extract informatioreon th
boundary conditions. It contains the name and parameters for each boundaryfoexcept

geometrical informationueh as their position and dimensions.

PHOENICS defines th&COVAL" solverstatement which provides a unique format for
defining all the bounary conditions of the simulatiohCOVAL" stands foiCOefficient
and VALue and depending on the type of boundamondition both will represent

different variablesThe CO and VAL variables are used in this work to extract surface
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heat transfer coefficiégeand temperatusdor linear heat sourceblextis theR1variable
which corresponds to the mass flow rate déis and outlets. Finallg name is assigned
to each boundary condition and is used in this work for identification purgéigese
3-3 shows an extract of the "result" figherethe solver command used to sedusface
heat fluxhas been highlighted

Parent VR object for this patch is: NWINDOW1

PATCH(OC7-H ,WEST , 4, 4, 8, 26, 68, 72, 1, 1)
[COVAL(OC7-H ,TEM1,2.3 ,20.82 ) |

Parent VR object for this patch is: NWIND 2
PATCH(OC8-H ,WEST , 4, 4, 29, 55, 68, 72, 1, 1)
COVAL(OC8-H ,TEM1,2.3 ,20.82 )

Parent VR object for this patch is: NWIND 3
PATCH(OC9-H ,WEST , 4, 4, 57, 82, 68, 72, 1, 1)
COVAL(OC9-H ,TEM1,2.3 ,20.82 )

Figure 3-3: extract from the "result" file containgnthePHOENICS solver commandsutomatically generated by

the GUI tool or manually input by the us@he commantbr defining a surface heat transfer is highlighted, in this

case the "NWINDOW1" boundary is set to have a heat transfer coefficient (2@)Wi2.Kland a temperature
(VAL) of 20.82C

3.4.1.3Domain objects

The last file required in this work is the geomyefite. It contains information on the
position and size of each object, as well as their tjfie¢he objects of the domain are
representedh this file, identified by a unique name and a list of node coordinates used to

locate the object in the domain.

3.4.2Data extraction and classification

This section describes the functions used for reading the files, extracting and organizing
the data. Cuantly the code interprets files written in ASCII format or text format. This
is for debugging purposes in orderotber a data format readable by humans, but there is

no technical limitation to using thrmemoryefficientbinary file format.
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3.4.2. 1Fluid data

Fluid data is input in the Tecplot data format, which is a format shared by numerous CFD
and data visualization pkages. The code reads the input file line by line, parses each

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

The Tecplot 6rmat packages dasadis organizedas follows. First, a header comprising
a few lines contains information oretldata arraylt includes the dimensions of the array
in theorthonormal, J andK directions(corresponding t&, Y andZ), the list ofvariables,
whether the array is cell or node cenfraddadditional information that iszquired by
the Tecplot formiabut not used in this work-inally, the data array contains the values
of the variables for each node in the arfieigure 3-4 shows an example of CFD results

in the Tecplot format.

Output Variables Number of cells in the 1, J and K direction

TITLE = "" J

T
ZONE T="Domain 1 Center™ STRANDID=0, SOLUTIONTIME=@|I=65, J=96, K=66,| ZONETYPE=Ordered
DATAPACKING=POINT DT=(SINGLE SINGLE SINGLE SINGLE SINGLE SINGLE SINGLE SINGLE SINGLE SINGLE SINGLE SINGLE SINGLE SINGL

Header

3.500000015E-002 3.249999881E-002 2.500000037E-002 @. +060 @. +000 0. +000 8. +0ee
1.849999967E-001 3.249999881E-002 2.500000037E-002 0.000000000E+000 ©.000000000E+000 0.0RR000000E+000 O.000000000E+00Q
1.749999978E-0@1 3.249999881E-002 2.500000037E-002 0.000000000E+000 ©.000000000E+000 O.000000000E+000 O.000000020E+00Q
2.150000036E-001 3.249999881E-002 2.500000037E-002 0. +0ee a. +0ee 8. +008 8. +ed
2.349999994E-801 3.249999881E-062 2.500000037E-002 -4.426799774E+000 8.462280035E-002 5.471349880E-002 -1.831769943E-6
2.750000060E-001 3.2499998B1E-002 2.500000037E-002 -4.436200142E+000 1.301019937E-001 2.182400040E-002 -1.079429984E-6
3.249999881E-001 3.249999881E-002 2.500000037E-002 -4.461329937E+000 2.897479999E-001 -2.286369954E-004 -6.839438332E-
3
3

.600000143E-001 3.249999881E-002 2.500000037E-002 -4.484720230E+000 2.569400072E-001 -7.574839983E-003 -5.937119946E-
.849999995E-801 3.249999881E-002 2.500000037E-002 -4.496339798E+000 2.873069942E-001 -1.674940065E-002 -4.488439858E -
4.350000024E-001 3.249999881E-002 2.500000037E-802 -4.512058152E+000 3.256610836E-001 -2.6580499831E-802 -9.495999664E-
4.900000095E-001 3.249999881E-002 2.500000037E-002 -4.531019151E+008 3.528810143E-001 -2.745500021E-002 5.413279869E-0
5.587499738E-001 3.249999881E-002 2.500000037E-002 -4.537970060E+000 3.492960036E-001 -2.894290033E-802 2.647430077E-8
6.562500000E-001 3.249999881E-002 2.500000037E-002 -4.531089783E+000 3.043400049E-001 2.103260020E-003 3.439119831E-06
7.537580262E-801 3.249999881E-082 2.500000037E-002 -4.584270077E+000 1.698160022E-001 6.111549959E-082 4.311779886E-08
8.512499928E-001 3.249999881E-002 2.500000037E-002 -4.480430126E+000 -1.163489968E-001 1.372199953E-001 9.788848264E-0

Data

Figure 3-4: Extract of CFD results in the Tecplfutrmat

Then, the header and data array are repeated for theeo@léddata. The data is
presented as adimensional arrapf O 0 0 0 numbers that need to be
reorganized in a-dimensional array containing the flow data. The Btsp is to identify

in the header the values fipld andK. Then, be list of variables isxtracted and checked
for two reasons: the code checks that all the required variablpsesent, and it counts
the total number of variabl@ariavies With this information available, the next step is to
create a NumPy array dfmensionsO 0 U v containing the nodeentred data. In
fact, it is an array ofO 0 0 cells containing each a vector of length 5 in the form

OIHO O PHYO P as illustrated inFigure3-5.
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The same process iepeated to generate the -@ahtred array. Since calentred data is
used extensively throughout #tle steps of the method presented in this work, the array
sees the addition of new variables used during cell clustemmygfor data output
Consequatly, the array is of dimensiori® 0 0 p un order to record 15 variables
for each CFD cell. The vatides are dhdhdhdé £ADG ¢ £0Qo VO ph

WE EOMAa N Qi X6 L &0 P O Pho 6 o O hophwé & hd O XD

as seen ifrigure3-5.

)X

1Y

) |A

3 |Zone 1D
4 | Zone type
1

5 |TEMI
i |Zone temperature

i |Error
x| H _Ill'!.‘-.'l
. 9 |CNNI
N
DENT : 1] JUNY
e 'I';" ]'I.
I'EM1 I~
13 | Voluome
14 | Boundary

Figure 3-5: Representation of the data space used in this work. Two datasets are creadelécantred and a cell
centred. Each @limensional node and cell contains a vector representing its properties

The values foX, Y, Z, DEN1, TEM1, CNN1, CNH1, CNEiAdP1 are taken from the
CFD result file while the other values in the vector are intgalito-1 and then changed
to the appropate value in the clustering and model generation stegsause the code

only uses positive integers to identify zone types;zuies and boundaries

Finally, a™O 0 0 Boolean array is created to flag solidIselThe solid cells flag
Boolean array is generated with the information provided byPiRESvariable and
contains 0O for fluid cell and 1 for a solicas a consequence to ihemersed boundary
conditionapproach used in PHOENICShis is used for latexcluding any solids from
cell clustering, as PHOENIC8utputsthe 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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sectons.As an outcome to this first step, the flow data has been organized inte two 4
dimensional arrays containing the nementred data and the cekntred data and an
addtional array used to flag solids. It is a more intuitive way to access and vistiize
data than the originaldimensional list of values.

3.4.2.2Boundary conditions

The next step in the CFD data extraction process is the identification of boundary
conditions Thef r e sfilelcantains this information, in the form of commands for the
CFD sdver and outputs from the simulatiofhe commands can either be input manually

by the wuser or automatically geMaostofaheed wl
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 beTEM1 (an example is shown fRigure3-6). The next two numbers

in the line are th€OandVAL 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 recorde@iRython dictionanyf the flow is turbulent, PHOENICS

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

HTCO value will be used instead in thenalmodel

Parent VR object for this patch is: SWALL 2
PATCH(OB1B ,EWALL , 86, 86, 3, 16, 51, 78, 1, 1)
COVAL(OB1B ,Vv1 , GRND2 ,8. )
COVAL(OB1B ,Wl , GRND2 ,8. )
COVAL(OB1B ,KE , GRND2 , GRND2 )
COVAL(OB1B ,EP , GRND2 , GRND2 )
COVAL(OB1B ,TEM1, GRND2 ,23.639999 )

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

VAL onthe other hand can be directly extracted from another sectionidfrthe sfile] t o

t he fANett s &igured-A.3ndhisseeton theaengy gources of the domain
boundaries are printed after the solution to the CFD model is available. Among other
results for energy sources, the values for surfeeafluxes and the mass flow rates at

the inlets and outlets are present. Again,thecedes c hes f or the keyw
of :0 which is followed by a keyword i den
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TEM1it means that the line contains the tenapare of a surface, and if iti&lit means

that the line contains the mass flow ratean 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 forahsource: temperature or mass flow rate. Other types

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

Nett
Nett
pos.
nett

Nett

Nett
Nett

Figure 3-7:

source of R1 at
source of R1 at
sum=8.156655 neg.
sum=4.813875E-06

source of KE at
source of KE at
source of KE at

patch named: 0B21
patch named: 0B24
sum=-8.15665

patch named: 0B21
patch named: 0B24
patch named: 0B1

(EASTINLET

(NORTHOUTLET )

(EASTINLET

(NORTHOUTLET )

(SWALL

)

)

)

Output of the nett sources of energy atdbenain boundaries in the result file

1.566548E-01
-1.566588E-81

2.893380E-84
-2.2081183E-84
3.469573E-88

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

information on linear heat sources has been extraBPtd@ENICS records thelTCO

value when the flow is turbulent, when thigppens thédTCOvalue is used instead of

t he
guadratic heat sources
3.4.2.3Domain objects

b o (CO dale fgr the heat transfer dbeient. This method is repeatable for

as

t hey

ar e

recorded

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

a fi

| e cal l

ed

figgoepoitenestsucly as. bouddlary eonditians (mlets,

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

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

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

the inlets and outlets.

For each object, the geometry f{lghown inFigure 3-8) contains its uniqgue name, the

type of objectl{sted inTable3-2) 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 objeetstracted at the previsistep. Then the type of

object is recorded, as well as the list of node coordinates.
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TITLE="Geometry data file for: Cs04"
VARIABLES = "x"_  my" upn

ZONE T="SWALL", ZONETYPE=FEQUADRILATERAL, DATAPACKING=POINT, N= 24, E= 6
AUXDATA OBITYPE="PLATE"
6.15600E+00 1.60000e-01 0.00000E+00
6.15600e+00 1.60000e-01 0.00000E+00
6.15600e+00 1.60000e-01 3.47000e+00
6.15600E+00 1.60000e-01 3.47000E+00
6.15600e+00 0.00000e+00 0.00000E+00
6.15600E+00 1.60000E-01 0.00000E+00
6.15600E+00 1.60000E-01 3.47000E+00
6.15600e+00 0.00000e+00 3.47000E+00
6.15600e+00 0.00000E+00 0.00000E+00
6.15600E+00 0.00000E+00 0.00000E+00
6.15600eE+00 0.00000E+00 3.47000E+00
6.15600e+00 0.00000e+00 3.47000E+00
6.15600e+00 1.60000e-01 0.00000e+00
6.15600eE+00 0.00000E+00 0.00000E+00
6.15600e+00 0.00000e+00 3.47000E+00
6.15600e+00 1.60000e-01 3.47000e+00
6.15600E+00 0.00000E+00 3.47000E+00
6.15600e+00 0.00000e+00 3.47000e+00
6.15600eE+00 1.60000E-01 3.47000E+00
6.15600E+00 1.60000e-01 3.47000E+00
6.15600e+00 1.60000e-01 0.00000E+00
6.15600eE+00 1.60000E-01 0.00000E+00
6.15600E+00 0.00000E+00 0.00000E+00
6.15600E+00 0.00000E+00 0.00000E+00

Figure 3-8: Extract of the PHOENICS geometry file. It presents the coordinatesaiires) of the object's vertices

Thenode coordinates must be indexed first. The code uses theeaotled aay defined

in Section3.4.2to compare the coordinates extracted from the geometry file to the
coordinates present in the necentred amy. As a result, each object is now
characterized by a list of node indices rati@n 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 lisbf node indices for each object, the code detects whether
the object is 2D or 3Dit searches for the maximum and minimum indices in each
directionl, J andK. If any direction has a minimum index equal to the maximum index,

it signifies that the object BD. Otherwise, it is 3D.

41



Chapter 3

Table3-2: List of object types used by PHOENICS CFD, and whether the current versiompgtttbiecode is capable
of extracting them. Note: object types used only foriptptesilts 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

Inlet 2D, fixed mass source Y

Wind_Profile 2D, fixed mass source followiagmospheric boundary laye 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 source Y

Angledin 3D, fixed mass source on surface wriderlying BLOCKAC Y
object

PCB 3D, solid or fluid with nofisotropic thermal conductivity N

ROTOR 3D, rotating ceordinate zone in cylindricadolar grid N

Wind 3D, whole domain, applies wind profiles at dom: N
boundaries

Sun 3D, whole domain, apjas solar radiation heat load withi Y
domain

Angledout 3D, fixed pressure on surface of underlying BLOCK Y
object

Foliage 3D, represents effects of vegetation N

User Defined 2D or 3D, for settingserdefined sources (PATCH/COVA Y

Celltype 2D or 3D, for setting usedefined sources (cannot affec N
grid)

Assembly 2D or 3D container object for muitbmponent object N
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3.4.2.3.1 2D objects

When an object is identified @sdimensional, the code generates a temporary list of node
indices comprising allhte nodes belonging to the object. To do so, the gap between the
mi ni mum and maxi mum i ndi c Egured%showdthahreeb j e ct
stepprocess: (1) the four nodes of the object are extrac¢a@ll(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

(1) ()

{.,_\
L]
’.L“

. L] L} L] L] L] L] L] L}

- ] - L] - - L L] L}

’ - - L ] - - L] L - L ] L}

n | | - n n L ] ] - - L ]

- - L - - - L] L - -

n L ] ] n ] | - - L ] ]

i | ] | ] L | ] L] n L | | ] L} -

y' (i,m.‘) " = = 2 E E N EN ® -<i
| i)
J
(a) The four nodes used to define (b) The nodes contained between the

a geometry are selected initially initial nodes are added to the selection

(e) The cell faces defined by the selection
of nodes are used to define the geometry
Figure 3-9: 3 step procedure for importing 2D geometries: theedtices 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 al 2-dimentional objects have been extracted, the code cesplae temporary
lists of indices to detect any intersection between 2D objects. If there is an intersection,
as shown irFigure 3-10, the code updates the list of nodes of each object to guarantee

that objects dmot overlap.
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-/\ -

. N Object 1 .
J Object 2 /
() Two objects overlap. The (b) The cell faces are removed from
intersection is detected the largest object to avoid overlapping

Figure 3-10: lllustration of the step resolvingegmetry intersection issues

Finally, the code updates the eedintred array to identify cells that have a face in contact
with a boundary. A uque identifier is defined for each object and the value of the
0 ¢ 6 ¢ Quaiialde in the celtentred any is updated with the object identifighown

in Figure3-5).
3.4.2.3.2 3D objects

Currently the code is able to correctly identify hexahedral objects ANALED
IN/ANGLEDOUT objectsas defined inTable 3-2. In PHOENICS CFDANGLED
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 betwe&N&hED object and a
BLOCKAGEObject as shown iRigure3-11.
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Angled-in object

Intersection

Blockage object

Figure 3-11: The angled inlet defined as the intersection between an ANGNE&nd BLOCKAGE object in
PHOENICS CFD

As in the 2D case, theode first extracts a temporary list of node indices. This time since
the objects are-@imensionalthe list is translated directly into a list of cell indices. Each
object is characterized by a name, its tyBe@CKAGE, ANELED-IN or ANGLED

OUT) and theibt of cells belonging to the object. After completing the temporary list of
objects, the code searches for objects of &NE&SLEDIN or ANGLEDOUT. If it finds

any, it will search for intersections with objects of tyBeOCKAGE When an
intersection is fand, the list of objects is updated: BEOCKAGEandANGLEDobject

are deleted and replaced by the new object defined by their inters&tiolarly to the
2-dimensional case, each object is assigned a unique idemifieha ceHcentred array

is updated by changing th ¢ 6 ¢ Quaiiialde of cells belonging to an object. As stated
earlier, currently only hexahedral objects can be correctly identified. Further work is
required to identify other-8imensional objects, in order of complexity thisuld 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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3.4.3Summaryof CFD data extraction

This section presented the type of data that is extracted from CFD results, and the details
on how the code extractagorganizes thidata. Thred¢ypes of information are extracted

from the CFD results: (1) the fluid flow properties, organized in a{cedé&red array and

a cellcentred array; (2) the boundary conditions, recorded as a Python dictionary for later
usage dring the parametrization of the zonal model; and (3) the boundary geometry
information, used to detect which nodes and cells are in owith aboundary. The

next section will present the method for clustering cells sBubzones of uniform

properties

3.5.Subzone Generation

The method evaluated liyis doctoral thesis ithe clustering o€FD computational cells

into subzoneswhich canbe assumed to have uniform properttegapture most of the

flow features while providing a model that can be sofieedh lower computational cost
than CFD Subzonegeneration ignores CFD cells that do not contain a fluid, therefore at
each step the de verifies that the cells it iterates through have not been flagged as solid

in the array defined in sectid4.2.1

This work has developed and compatiectealgorithms for clustering cells: (1) Mean
Values Segmentation (MVS), creatadthin the scope of this work; (2) Coarse Grid
(CG), in which the CFD mesh is interpolateda very coarseartesiarstructured mesh;

(3) Classic Watershed (CW), which is a method used in image processing for image
segmentation. This section will present theeealgorithms and the assumptions made

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

3.5.1MeanValues Segmentation

In the MVS algorithm the clustering of CFD cells into sadmes is done in 3 steps,
described in this section: (1) the definition of zone types, or the criteria for including a
cell in a cetain cluster; (2) cell clustering, or the rhetl 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 subzones of uniform properties.

3.5.1.170ne types

This section will define two rtns: the zone type and zone criteria. ldesrto 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
parametes for which zone types are defined: they dsnfor 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 viaé 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 wortrder to define zone types,

MVS proceeds iterativelyHigure3-12). 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 split the cel 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 aremit each into tvo new groups.
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Initialization

Add all cells to a single zone type

< —~
i

\
Find mean value

Compute mean value over all available

zone types

i

Split zone types

Divide each zone type in two new zone

types

Yes

Update data array

Write the zone type 1D of each cell

Figure 3-12: Flowchart of the MVS method

This will be repeated until the number of zone typesined by the usehas been
generatedThis process is shown Figure3-13. At each step, the list of cells belonging

to a zone type is split into two new lists that are used to computeciie framperature

of each zone type. The lists contain a set of data vectors containing the I, J and K
coordinates of edccell as well as its temperature.
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Figure 3-13: Representation of thigerative assignment of zoitgpes. On the left, a representation of cell number
versus temperature, and on the right the zone types/amntaining the |, J, K coordinates and the temperature of
each cell. At the4th step, the cells are classified irRbgroups, which in the n+th step are divided into"?* groups
depending on their mean temperature

The number of zone types correspsiaolthe minimum number of clusters that should be
created: several clusters can belong to the same zone type, aedypedms necessarily

at least one cell belonging to it.

With regards to the code, the first step is to create an array containthg a#lls and

their temperature. The array contains th& andK indices of each cell along with the
corresponding taperature. The mean value for temperatures in the array is computed,
and the array is split into two columns, containing each theflestlis belonging to each
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zone type. The operation is repeated, and at the end of the process the array will contain

asmany columns as there are zone types.

As a final step, the code updates the-celitred array with theone type If each cell.

Thisinformation will be used in the next step of the MVS algorithm, cell clustering.

3.5.1.2Cell clustering

In the previous stezone types have been defined and theamitred array has been
updated with this information, but no clusters have been created gkist@r is defined

as a group of computational cells that are contiguous and share the same zone type. To
create theselusters, the algorithm proceeds in the following way: (1) the starting cell
does not belong to a cluster yet, so a new cluster isecke@) all the cells surrounding

the initial cell and which do not belong to a cluster yet are scanned, if theytshasme

zone type as the initial cell they are added to the cluster; (3) the algorithm proceeds to the
next cell of the cluster and regds the operation; (4) when no more cells can be added to
the cluster any more, a new cluster is created and popwiétethe 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 bthe clustering method. This section presents the

computationaldetails of the clustering method.
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(‘reate new cluster

A

Create new cluster containing first cell

Are there

non-clustered
cells left?

(- -

Select next cell in cluster Eliminate small clusters
y \
Scan surrounding cells Update data array
Check the zone type of cells in the Write the zone 1D of each cell
I+, I-, J+, J-, K+ and K- directions

Found cells

with same
zone type?

¢ Yes

Add cell to cluster

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 (1=0, J=0, K=0). It creates a new
cluster ID and a new column in the clusters array, and updates thoentedd array by
changing thdizo n evariable of cell (O, 0, 0) with the new cluster ID. Then, the code
searches for other cells in 6 directions corresponding to the 6 faces of the cellJd+, |

J, K+, K-). An index check prevents the code from tryiogdcess invalid indicesndex

< 0 orindex> indexnay). 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 cel |, faznodvaidilees updatdd lindhe cellentred 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 wikkeep 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
availablecdl is added to that new cluster. A simplifieedEnensional representation of

the clustering method is shownkimgure3-15.

Due to the largawumber of cells in a CFD simulation (hundreds of thousands, if not
millions), 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 atiskering
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 touhecgc

of the final zonal model, but they do add a significant compmutaticost in all the
subsequent steps. A pgsibcessing step is necessary to eliminate very small clusters
which consist of a negligible amount of cellgich is done iteratively. Aér all the cells

in the domain have been assigned to a cluster the t@egerature, pressure and density

of each cluster are computed and recorded for later usage during model parametrization
(Section3.6). During this process, the caléntred array is updated to include the @ust

ID of each cell.
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CED results are imported

Zone types are defined

The first zone is initialized

The surrounding cells are added
to the cluster if they have the
same zone-type

The cluster expands until none
of the adjacent cells share
the same zone-type

A new cluster is created

The cluster expands

(lustering stops when all cells
have been assigned to a cluster

Figure 3-15: Graphical step by stepepresentation of the MVS cell clustering
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3.5.2Coarse Grid

The second method developed while investigating cell clustering is the interpolation of
the intial CFD mesh to a coarse mesh. Since PHOENICS usestesianstructured
mesh, the definition of a coarsgesh is straightforward: (1) the user defines the number
of desired cells in the coarse grid in thd andK directions; (2) CFD cells are assighe

to a cluster depending solely on their coordinakégure 3-16 showsa simplified 2D

representation dhe clustering process.

The coarse grid is initialized

Each cell is assigned to a
cluster based on its index

Sub-zones are defined

Figure 3-16: Graphical step by sterepresentation of the coarse gitlistering

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 codrser gr
Then, the plan® coordinates are nthedto 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 cellseimmediately 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.

3.5.3ClassidNatershed

The Classic Watershed (CW) is a method usedmage processing for image
segmentatiomnitially presented by Soille and Vincef@l]. It has been adaptdyy the
authorto ROM generatio because its principle is very similar to cluster generation. In
fact, the CW algorithm is mainly used for grayscale imaggmentationput its

fundamental basis can be used for ardimensional dataset.

The CW algorithm comprisebreesteps shown ifrigure3-17. First, the local minima

and maxima are detected and used as initial seeds for the cell clusters. Then, the "water
level" ortolerance to include a neighbouring cell to a cluster is itergtiegsed.In this

work, the tolerance was thep Tbetween 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.

Local minima and maxima are
used as seeds for the clusters

Each cluster is expanded
iterativelyby raising the allowable
AT between cells

The cluster expands until no
cells remain unclustered

Figure 3-17: Graphical step by step representation of thessicwatershed cell clustering
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3.5.4Subzone assumptions

Once cell clusters have been formed, they are considered as beirgoasubr a portion

of the fluid domain which is condered uniform for the purpose of the subsequent
calculations on the simplified model. Smbnes have therefore uniform temperature,
pressure and density. These values are calculated by computing the mean value of each
parameter on theells composing theub-zone. By selecting cells that have similar
properties, clustering them into smbnes and assuming their uniformity allows a
significant reduction of the computational power needed to solve the zonal model, while

ensuring that thenermal distribution bthe domain is ngresented with a good accuracy.

3.5.55ummaryof subzone generation

This section has introduced the three clustering methods developed for this work. The
first method is the MVS clustering algorithm, which defines a setoperature interval

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 show4rn2 Finally, the CW algorithm was agted

from the eponymous image segmentation method and relies on the selection of initial
seeds for sulzones and the iterativaaise of the tolerance of each suime to the
inclusion of new cells with a diffené temperatureA comparison of the level of error
against CFD and the time taken to generate a zonal model with each method is shown in
Section5.2

3.6. Model parametrization

This section will introduce the stepskéam to generatea zonal model based on the
information extracted from the clusteginsteps seen in Sectiod5. The physical
interactions considered in the model are boundary conditions for inlets and outkts (ma
flow rates andemperatures), heat transfers at domain boundaries, andertdssige

between sulzones.
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3.6.1Introduction

After clustering computational cells together and considering them axosel of the
zonal model, it is necessary to compute the attgons between sezones and between

the subzones 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 positione3ion 3.4.2 and (2) the celtentred array
containing information on the cell clusters (Sectob).

Two new 2D arrays will be generated at this step: one keegiok of mass flow rates

in and out of each sutone (calledntMFR for "Interface Mass Flow Rates") and one
keeping track of areas of exchanga&Areasfor "Interface Areas"). Both arrays have
dimensionsA x B with A the number of sulaones and the numbe of subzones plus

the number of bendaries (shown iRigure3-18).

A columns, one per sub-zone

boundary

Sub-zone to boundary interactions

(' rows, one per

‘ Sub-zone to sub-zone interactions

SOUOZ (NS PUR SILIRPUNO(
JO PqUINT [RJ0) ‘SMOL ¢]

A rows, one
per sub-zone

Format of the intMFR and intAreas tables

Figure 3-18: Format of the intMFR and intAreas tables.
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3.6.2Mass flow rates and interface areas

In order to compute the mass exchange betweeaauds, the mass flow rataghe cell
facescomposing the interface between two-games are summed to define a total mass

flow rate between two subones at their interface as seeffrigure3-19.

Sub-zone A Sub-zone B

Figure 3-19: Interface between suiones. The total mass flow rate betweenzuies is computed from the unitary
mass flow rates of the cells composing the interface

Thissection of the code processes the interface atehe same timeavhich will be used

in two calculations: the contact area between twezsutes as well as the contact area
between a sukone and the domain boundaries.

The code starts by iteratingver 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 if¥the

I-, J+, J, K+ andK- directions and verify two values in the eeintred array: the "zone"
value and the "boundary" value. Three outcomes are then possible:

1 If the cells have a different "zone" value (i.e. they do not belong to the same sub
zone), thentMFR tableis updated: depending on the orientation of the face
between the two cells (North, East or High) the cell valu€féN, CNE or
CNHin kg.st is added to the current value for the total mass flow rate between
the two sukrzones. If these sulones are nunds A andB, the value is contained

in theintMFR table in columm and rowB+number of boundaries
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The area in squared metres of the contact face is computed as well and added to
the current value for contact area between the twezsnbs in théntAreas
table in the same manner as for thiMFR table. The code then repeats the
process for the rest of the neighbouring cells.

1 If the cell is marked as belonging to a boundary, the contact area between the
cell and the boundary is computed and is addedetodhe of the
corresponding cell in thiatAreasarray. Additionally, theHTCOvalue in the
cell-centred array and temperature values in theced&ed array are recorded
for later usage, in case tHew over the surface is turbuleas described in
Section 3.4.2

1 If none of the above apply, the code moves on to the next cell

After all the cells have been verified, tiMFR and intAreas tables will contain
information respectively on the mass flow rates andheniriterface area between sub

zones and between sabnes and boundas.

3.6.3Boundary conditions

Three types of boundary conditions are considered in the model: mass extinange

inlets and outletsheat exchange through the walls, and heat input froer atbnstant

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 unifoawdy the inlet/outlet surface.

As a result, if one subone only is in contact with an inlet/outlet then the entirety of the
mass will be exchanged with that sziine, but if several are in contact with the baany

then the mass flow rate in each sadme will be calculated as follows:

, 0 ,
a o = o o) Equation5
0
With & o the mass flow rate from the balary to a suizone,
0 7 ando the interface area between the boundary and the sub
zone and the total area of the boundary respectively, @and o the total

mass flow ratdrom the boundary to the domain. When summed together, all the mass
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flow rates from the boundary to each sadme in contact with it will egal to the total

mass flow rate between the boundary and the do(Rainre3-20).

Sub-zone A

n
L] .
m =) m _
boundary-domain houndary-subzone i

i-0

T . "\hnul]l]:l ry-sub-zone; .
m = Xm

boundary-sub- zonei

\ boundary-domain
AAhoundary

Sub-zone B

Figure 3-20: If a boundary hasn interface with more than one smbne, the total mass flow rate from the boundary
is passed to each swtone proportionally to the surface of each interface

Heatexchange between the walls (or any+aaiiabatic surface) and the domain is treated
by processing the correspondidg value. TheJA value corresponds to the overall heat
transfer coefficient times the exchange area. The overall heat transfer coefficient i
directly extracted from the CFD ressilas explained in Sectid4.2 and the exchange
area has been extracted in the previous step as explained in Se6tiWhen the
HTCOvalue is available, then the flow is tutbnt andhe HTCO value available in the
cell-centred array is used instead. The mdacO value is computed from thdTCO
values of the cells at the interface between thezeume and the boundargndit is used

as theU value.

Finally, other heat inputs such as heat from people or from computers are treated as
constant heat sources. The key assumption on heat sourded ibe heat input is
distributed uniformly over the sutones in contact withhe heat sourc&he heat input

into eachsubzone is computed in a similar fashion as for the mass flow rates, as follows:

ol b it
U o) = v ) Equation6
0
With 0 o the heat transfer rate from the boundary to a-zare,
0 T ando the interface area between the boundary hactib
zone and the total area of the boundary respectivelypand 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 stdone in contact with it wilequal to the total heat rate between the
boundary and the domafrigure3-21).

Sub-zone A

n
qbcul||||a||'_\'—||(||||:|i11 Z q‘"’""'l"'Z"‘""hm”l‘i
i-0

T Almll||1l;1r')'-ﬁl|l)-21|t1(-i
q = X

bhonndary-subzone i ‘.\hulllld'll'\'
E

boundary-domain

Sub-zone B

Figure 3-21: If a boundary hasan interface with more than one smbne, the total fe¢ exchange from the boundary
is passed to each st#one proportionally to the surface of each interface

3.6.4Summaryof the extraction of boundary

conditions

This section has shown how heat and nmeashange between saones and between

subzones and the donmaare extracted and compiled for parametrizing the zonal model.

Mass flow rates between sabnes are extracted directly from CFD data and are summed

up to compute the total mass flow rate betwéwo sukzones. The parameters for heat

exchange are extrad 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 stones. At this stage, tlavailable information on the model is:

)l

1
1
1
1
1

The temperature, prag®, density and volume of each szdne

The mass flow rates in and out of each-sabe

The interface area between szdnes and between sabnes and the boundaries
The heat transfer coefficimbetween boundaries and sadnes

Mass flow rates betweenlets/outlets and subones

Heat exchange between constant heat sources armbseb

The next section will explain how this dasacompiled into a zonal model.
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3.7. Fluid network model

The previous sections have shown how-sabes were extracted from CFDnsilations

along with data on thieeat and mass excharggtween swzones and between sabnes

and the domain. At this stage, all the data necessary to compile the zonal model is
avdlable and the last step is generate an input file for the solvérhis 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 fornaaighieadable by SintFLUINT.

3.7.1Sinda/FLUINT solver

Sinda/FLUINT has been introduced in Secti®3.3 This section will present more
specifically the features available to the user to build and solsteaystate fluid
network mode(Figure3-22). Sinda/FLUINT malels 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 eastiiyzone and the energy and mass exchange
between suzones. The thermal modelcorporates the featurésr thermal exchange.

For the scope of this work, the thermal submodel is used to represent the thermal
boundaries of the domain and the heat exchémeg@een the boundaries and the fluid

domain.
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Inlet

Thermal boundary (Walls)

Fluid lump (Subzones)
— Tie (Heat transfer)

—» = (Connection (Mass & heat transfer)

Figure 3-22: 4-subzonesfluid network model n  Si nda/ FL UI NT,dith th&fluid lumpssepresenBiign a p s
the uniform sukzones,1 inlet and 1 outlet, thermal boundary and the corresponding ties (thermal to fluid heat
exchange) ad connections (fluid to fluid mass and heat exchange)
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3.7.1.1Thermal submode/

The thermal submodel defines the boundaries of the model that exchange heat with the
d o ma iflud&hsough convection. The boundaries include walls, windows and other
non-adiabaticobjects 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 propertas of ea
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 catiddaand
represents only thermal elemenkstst, a header for the thermal submodelstmie

declared. It is written as follows:

HEADER NODE DATA,NAME

With NAMEthe name of the thermal submodel.

A node is input using the following format:

#N, T, C

With #N beingan integer used to identify the node, preceded by the sigmdentify it
as a thermal nod§; the temperature of the node, a@dhe thermal capacitance of the
node By defining a capacitance of 0 J*khesolver assumes that the nddes an infinite
capacitance, thus a constant temperature throughout the simulation.

An exampé of node declaration is givenkigure3-23 below.
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HEADER NODE DATA,walls
C DOM_YMIN_ W
-1,301.150000,0.0
C DOM_YMAX_W
-2,301.150000,0.0
C DOM_ZMIN_W
-3,301.150000,0.0
C DOM_ZMAX_W
-4,301.150000,0.0
C XMIN
-5,301.150000,0.0
C PLAT6
-6,301.150000,0.0

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. 7.1.2Fluid submodel

The fluid submodel is composed of two core elemdatksandplena Tanks are finite
volumes of fluid, while plena are infinite volumes of fluichnks are used in this study

to represent the sutones extracted from the CFD simulations. They have several
properties: volume, density, pressure and temperature. Plengemrenuthis study to
represent inlets andutlets;they share the same propestias 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 aRtDID 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 beingan integer identifying the tankL the tank temperatur®¥OL the volume,
PL the pressurd)L the density, an@L 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 giveRigure3-24.

HEADER FLOW DATA,f1d,FID=8729

LU TANK,8
TL = 3081.15
PL = 101325.8
VOL = 64.000000
oL = 8.8

C Inlet: INLE7

LU PLEN,6
TL = 301.156000
PL = 101325.0

Figure 3-24: Example of a fluid submodel declaration in Sinda/FLUINT. This fluid submodebtoota tank and a
plenum

In Sinda/FLUINT, conservation of energy and mass osiown in Equation7 and
Equation8 below:

. , Qa

Q « oY Equation?
R 1 | I 0 o
Q Q a U n U 0o w 96 Equation8

With ‘Q the direction of the flow# 1), & the mass flow ratéx the mass of the tank)
the donor enthalpy) the heat transfer rat@) the pressure) the volume rate of change,
wthe volume, and the internal energylhe volumenand heat transfer rateare set by
the Python code as the total volume of a zone and the hedétnats0 in or out of the

lump (for example, a heat source) as sedtyimation6, while the pressunmgis initialized
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as the mean pressure in a zone computed from TR® other variables are computed

by thesolver.

3.7.1.3Connections

Connectionsare used to define the interactions between fluid lumps, they are therefore
used in this study to parametrize the mass exchange betweeorggand between
inlets/outlets and subones. They are characterized by two n@anameters: the mass

flow rate and area. These two parameters are taken from the previous step described in
section3.6.2 The mass flow rate in a connection is prescribed and cin&teonnection

is declared sifollows:

PA CONN,#N, L1, L2 FR,DEV, AF, smfr

With #N the unique identifier of the connectidri, andL2 thelumps (tank or plenum) it
connectsFR the initial mass flow rateDEV the type of device (in this worltJFRSET
for fixed mass flow rate AF the area, ansimfrthe prescribed mass flow rate. An example
IS given inFigure3-25.

Connectionsare governedoy Equation9 (mass balance) anHquation 10 (energy

balance)

Qa L Equation9

‘QQa Tt Equation10

WhereQndicates the upstream or downstream end of the conneftithe flow rate
rectifier (+1 if upstream;1 if downstream)@ is the mass flow rate ari@ is the donor
enthalpy.

Tiesare used to define heat exchange between thermal nodes and fluidTampslver
requires the input of the overall heatrisfer coefficientimes the exchange arear UA
value, which is computed as described in se@®i6r8 Theassumption used in this study
is thata tiehas a constadA value,which is used to compute the heathange between

a wall and a fluid lump as describedbBguationll. The constant UAassumptions due
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to a limitation of the Sinda/FLUINT solver which offers only a limited number of options
for heat transfer ithe case of natural convectijoa variable UA is only available for

forced convection.

) YO Y Y Equationl11

Wherel s the heat transfer rate between the thermal andehe fluid lump through

atie,"Y® the overall heat transfer coefficient times the area of exchange between the

node and the lumgY the tenperature of the node afid  the temperature of the

lump. The solver assumes thié wall has a uniform temperatiié and t he fl ui doés
bulk temperature is that of the luri

In Sinda/FLUINT, aie is declared as follows:
T HTU, #N, L1, N1, UA

With #N the tie identifierL1 andN1the lump and node it conneatespectively, andA
the fixedUA value for the heat exchange. An example of tie declaration is givegure
3-25.

PA CONN,2,7,8,
FR = -8.12
DEV=MFRSET
AF = 3.139848
smfr = -8.12
T HTU,1,8,walls.1,
UA = 1.585

Figure 3-25. Example of connection and tieclaration in Sinda/FLUINT

3.7.2nput file

Si nda/ FLUI N$tudureiisrdgsaribed ih thik sectidirst, the thermal nodes

are declared along with their properties, then the fluid lumps, and finally the connections
and ties. As a last step, the paedens for the solver must be specified.

To generate the Sinda/FLUINT input file, the code startsiiializing 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 thermaubmalel andproceeds tawrite the thermal nodes. It first
assigns a unique number to a thermal boundanghwborresponds to the identifier
defined in sectior3.4.2.3 Depending on the information extracted in presgisteps, it
includes the temperature directly extracted from the results file or it includes the
temperature processed from the mean temperatiuthe CFD nodes at the boundary. It
repeats this process until all thermal boundaries havedsemdecods the identifier

of each boundary for later use when defining ties.

Then, the code declares the fluid submodel header and proceeds iraamsiamher on
declaring all the fluid lumps. The code first assigns a unique identifier to a lump equal to
the ungue ID assigned during the clustering process, and defines its parameters
depending on the stdone properties computeghrlieras described igection3.5.4 It
includes the temperature of the fluid lump, ithwoe, and finally its density and pressure.

The codaepeatghe operation for all the stdpnes define@arlier

Then, the code declares the connections header and iterates throungMfetable to
write each connection between fluid lumps. It itesahrough the table because as stated
earlier, each cell mords the value of mass flow rate between-zoiie number (row
geometries) and stdone number (column). If the cell of tieMFR table has a noen
zero value, it signifies that there is a masshange between the two fluid lumps. A
unique identifiermud 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 floate value. Finally, the connection is
characterized by a rea flow rate and the area of the connection. This information is taken

respectively from thentMFR andintAreasarrays populated earlier.

Finally, the fluid network model is completed by deicigrall the ties between thermal
boundaries and fluid lump$his step is similar to the precedent: the code iterates through
theintAreasarray except it is limited to rows 0 througiuMmber of boundarigd4o detect

only the cells representing a connestlzetween a boundary and a sadme. If that cell

has a nofzero surface and a null mass flow rate, it signifies that the thermal boundary
has a tie with the fluid subone.Thereforethe code declares a new tie between boundary
(row) and sukrzone (columi It assigns the tie a unique id andAparameter takemdm

the data extracted in sectiBr6.3
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3.7.3Summaryof fluid network model generation

This section has described how the mguErameters extracted fromettCFD can be
translated into a zonal model, in the form of a fluid network maddlable by
Sinda/FLUINT. The suzones are translated into fluid lumps, with finite volume and
initial temperature; inlets and outlets are translated into fluid lumps oitenfrolume

and prescribed temperature; thermal boundaries are translateiantwat nodes with

fixed temperature; and finally, the heat and mass exchanges are translated respectively
into ties with fixedUA and connections with fixed mass flow ratesc®the model has

been defined, the Sinda/FLUINT solver outputs a result filplalygng the steadgtate

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 chdregestiutcearder
model becomes unbalanced becaatghis stagéhe mass exchanges betwesrzones

are identical to those dhe original case, and changitite mass flow ratesnly at the

inlets and outletsinbalances the model. Before solving tieavly definedsystem it is
necessary to rebalance the system with risg#o 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 betweesz@uds remains pportional to the

original one.

In order to recalculate the massckange while maintaining the same proportions as in
the original model, a simple algorithm has been written to iterathaligncethe mass
exchanges between sabnes. First, a map of tleeirrent mass exchanges between sub
zones is generated. It recottie proportion of mass coming in each-zame that flows

in each of the next suonesas a weight factorFigure 3-26 illustrates the process of
defining the weights for each mass exchange betweer@uss. lillustrates a example
where asubzoneis connected to 2 stiones upstream and 3 downstredm that

example the mass exchange map will record 2@ of the mass flows into sttmneC
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from subzone X 30% intoD and50% into zoneE, and that 40% of mass is coming from

subzoneA into X and 60% from swzoneB.

Weight of a connection:
Comy,

Wy =

X Hlin‘r(inxnut)

In this example:

Connection [ A-X B-X X-C X-D X-E
Weight 0.4 0.6 0.2 0.3 0.5

Figure 3-26: Example of weight assignment for a sadne X connected to 6 ettsubzones. Each weight is computed
as the ratio between the mass flow rate at the connection and the total mass flow rate entering or exitinzptie sub

Then, the algorithm updates the mass flow rate at the inlets and outlets witbwthe
valuesrequestad by the userFinally, the mass exchange is balanced iteratively. To
achieve this, at each step the algorithm will update the mass entering eaxnsub
compute thanass imbalance&sompute thenew mass exiting each sabneand updates
theIntMFR tableaccordingly Equation12 shows how new upstream mass flow rates are
computed from the downstream mass flow rate and the connection weights defined

earlier.Equation13 showshow the mass imbalance is computed for eackzsule.

QA i 0 a i Equation12

whered  is theupstreammass flow rate through connectignd is the weight of

connetioni, andd j is thedownstream mass flow rate through connection j.
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Equationl13

where- is the mass imbalance of smbne i andd is the mass flow rate through

connectior.

One execution of this routine is not sufficient to obtain a balanced modslitge stage
the algorithmcomputeghe total masgmbalance over all the stdpbnes and wilrepeat
the masshalancing stepntil thetotal imbalancéas been reduced toder 0.1 g/sFigure
3-28 shows a flowchart of the mass rebalancatgprithm andFigure 3-27 shows the
rebalancing of a simplified network where sizlones are arranged iarges. The swaone
generation method presented in this thesis typically generategzosab that are

connected in a more complex arrangement.
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Figure 3-27: representation of the mass rebalancing algorithima simplified network of stdmnes in series
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Update MFRs at inlets and outlets

Y

Generate weights map

y
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Select first sub-zone
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Compute sub-zone mass imbalance
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Compute total imbalance
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threshold?

Yes

Output new model parameters

Figure 3-28: Flowchart of the iterative mass rebalancing algorithm whemtlass 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 outpstsalystateprediction of the

temperature of each lump. This information is then mapped back to the original CFD

domain to obtain a prediction of temperature distributidaslitionally, this step isised

to quantify the temperature difference betwee]
predictions. This section will therefore describe both éher quantification and the

transpositiorof the resultgo the original CFD domain.

3.9.1Error quantification

In this study, the errdoetween the temperature prediction of the zonal models and that
of the corresponding CFD simulatiohas been quantified ugj the Weighted Mean
Absolute Error (WMAE)This method offers a useful information on the accuradeof
methodrelative to the CFD predictionsvhile not needing a reference temperature like
theWeighted Mean Average Percentage Emdrich must be defied case by case. The
error is weighted to account for varying cell volumes, so that the error isrpooad to

the volume the cell occupies in the domain. €akulation for the WMAE is shown in

Equationl4:

eY Y s
W

L0 Equationl14

With “Y the temperature of celcomputed when solving the zonal mod#, the
temperature of cellzomputed with CFDw the volume of cellCandw the total

volume of the domain.
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3.9.2Remappingf sulkzoneproperties to the CFD
domain

SinceSinda/FLUINT solves the model as a fluid network, it outputs a set of properties
for each sufzone. In order to obtain &dimensionalinformation on the temperature
distribution, the new value of temperature in eachzuie 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 heTecplotformat and therefore respects the formatting described in section
3.4.1 first, a header defines the number of cells in each dimension and theohtmae
variables available for each cell. In thiseathe code takes the domain dimensions from
the size of the celtentred data array, and the variables recorded in the file are 6, for
visualization purposes: th¢, Y andZ coordinates of each cell, the cell temperature
computed from the zonal mod@ICFD the originalCFD temperature of the cell arEl

the absolute error of temperatdoe each cell. By doing so, it is possible to visualize the
temperature distributions obtained from solving the kor@del but also information on

the local temperaturerror for debugging purposes.

3.10. Chapter summary

This chapter hagiven details othe methodology developed in this doctoral thesis. First,

it introduced an overview of the method adescribed the software used for CFD
simulations, for the zonal modelexact i on, and finally for t
described the steps takém 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 olects of the domain and their respective boundary
conditions must be extracted fnm 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 togethn order to define subones for the zonal

model andproposed a methotb extract quasi isothermal volumes of fluid from a 3
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dimensional domain and therefore define a small number efeués. Then it described

the steps taken to translate the infolioraextracted from CFD and from the clustering
step into a zonal model, or howetsubzones have been generated from the clusters and
how the boundaries between suimes and between sabnes and the domain have been
characterized. Finally, it showed hdhe fluid network model was input to the solver
through a texbased input fileAdditionally, 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 inFigure3-29. It highlights the main steps from the CFD data extraction to the
solution of a zonal modelhe next chapter will present the case studies to which the
proposed method has been applied in order to assess its performartragting zonal

models from CFD simulations of the built environment.

Data inputs Load CFD data Data outputs
[
EI'I [OENICS CFD I‘(‘.‘Glllt.'ii - [‘;XTI‘:I(" [l(Hll"(""“tlT'{l ________________ ;... Coll-ceontred array
¢ and cell-centred data
PHOENICS result fil r - |
S ———— i = Extract boundary conditions oo =! Boundary conditions array
El’ll(ll'l.\'lt?'i geometry file | ’ !
r‘ -
; S 1 > Coll-centred array | Updated
E Coll-ventred a rray i - ('lllrif(‘l‘ ( ']J‘I ) ':""“.H ......... .i“ '|'||'\([|||||\‘ MLk
' ' “nam . Ulnsters areay
i ! " . e - Cell-centred array | Updated
i Iusters array | =| Define sub-zones oo o b
) ' e Clusters array Upnlastenl
. . f
il&l:lmllm'}' conditions array | Compute mass and { .
' 1 R = Interface arrays
heat exehanges
r [
I i S ("f"]_”h inda’ FLUINT T 1 Sinda/ FLUINT input file
b flnid network model ’ '
{Interface arrays :
. i f
{Sinda/FLUINT input file | =| Solve zonal model |- -:,.-,im]_.., FLUINT output file
f
- | Remap results back [ Coll-contred array | Updated
Sinda/FLUINT output file | > . . . R R = Cell-centred array bt
- to original CFD domain
f
Compute the absolute error e = Result file

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
Pregntation

4.1.Introduction

This chapter will present the three CFD cases used to benchmark the performance of the
method developeth this work. Two case studies represent existing rooms in two Irish

research institutes, and oideal ventilatiorscenario takefrom 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 eomphtanintel Core i7
4790processor 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 showRigure
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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Glass panels

Open Windows .
=

Figure 4-1: Office LGO04 in the ERI dfICC, 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 hdmoa that can be open or clo3ée office

has been modelled in PHOENICS by Mullen et[30] in steadystate using a regular
structured grid with 115x147x93 cells (totalling 1,572,165 caltewn inFigure 4-2.
Turbulence wasnodelledusing the Reynolds Average Navigtokes (RANS) approach
coupled with the R&lormalisation Group (RNGX-U 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 23.2C, 18 °C, and both east and west walls°C. The windows had a
temperature of 9.35C and 8.3C 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 peopl&he CFD simulationtave been alidated with experimental data

and previously publishefb0], so further CFD validation will not be presented in this
thesis.The CFD domain energy sources are listedidable4-1. In the case used ftinis

study, the windows and door are closed, and the two convéeatsip the air td5°C

at their outlets
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cr +X view

== +Y view

- - [
o )
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Figure4-2: +X,+Y and-Z views of the mesh used in Case Sfudrange lines represent regidoundaries, used
in PHOENICS CFD for generating the mesh around domain features.
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Table4-1: Parameters of theoundary conditions of case study 1

Boundary Comment Type Base value
Convectors
East 2D inlet Teconvector= 45 °C
convecto 0l Econvector= 0.048 kg.3
West 2D inlet Tweonvecto= 45 °C
convector G weonvecto= 0.048 kg.3
Walls
Ceiling 2D plate, constankceiling Teeiling =23.2 °C
Floor 2D plate, constanKsoor Thoor =18 °C
East wall 2D plate, constantewai Tewan =20 °C
West wall 2D plate, constarfwwai Twwan =20 °C
Windows
East window Closed Angledin Tewindow= 9.35°C
O Ewindow= 0 kg.s!
West window Closed Angledin Twwindow= 8.3 °C
O wwindow= 0 kg.s*
Other openings
East vent Opening Tevent= 20.2 °C
Pevent= 1.013 X106 Pa
West vent Opening Twvent= 20.7 °C
Pwvent= 1.013 x10 Pa
Door Closed 2D plate G door = 0 kg.s

The case has been solved for different parameters of temperature and mass flow rates at
the convetors inlets. The convector temperature has been varied fré@ 8660°C by
increments of 8C, and the convector mass flow rates Hasen varied from 0.0528 kg.s

110 0.192 kg.3. The interactions between temperature and velocity field are ignoeed, th
convectors being in a regime of forced convectiBhsummary of the simulation

parameters is shown rable4-2.
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Table4-2: List of parameters used for the variatiooiscase study 1

Variable Cases Values
Temperature (donvecto) T1 35°C
T2 40°C
Base 45°C
T3 50°C (West) & 45°C (East)
T4 50°C
T5 55°C
T6 60°C
Mass flow ratesq convector} M1 0.0528 kg.3
M2 0.0672 kg.3
Base 0.096 kg.8
M3 0.1248 kg.2
M4 0.1392 kg.8
M5 0.1536 kg.3
M6 0.192 kg.8

Each of thecases took approximately 7.5 to 8 hours to solve. Temperature plots of the
CFD simulations are shown igure4-3 andFigure4-4. The slice is a XZ slice taken at
Y = 1.17 m, since this slice lies in thentre of the west convector and clearly shows the

temperature stratification in the domain as well as the heat plume abaentieetor
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Figure 4-3: Numerical domain (top) and thresice 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.£7m. It shows the heat plume abovecivevectorand
the air stratification in the rom

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 bnadel. There are

no major drafts in this case, which allows a simpler calculatidhesimal 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 Nation&lniversity of Ireland, Galway. The meeting room
is a highly glazed, naturally ventilatspace shown iRigure4-5. Its dimensions are 4.90

m by 5.89 m by 3.47 m, and it is located in the corner of the building.

83



Chapter 4

Figure 4-5: photograph of the meeting room considered for the second case study

The North and East wallseahighly glazed, and on each of the walls one of the bottom
windows is opened. Consequently, theransair 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 & a soundproofing panel above the desk, and a concrete column in the
North-East corner of the roomirfally, two laptops delivering 13W of heat each and

two people delivering 60 W.%of heat each are placed at the northern end of the desk.
Simulations vere developed in Ansys Fluent by Hajdukiewicz e{G2] and validated
experimentally. For the scope of this study, the CFD ystuas been replicat in
PHOENICS CFD Figure 4-6) in steadystate. The RNGk-Uturbulence model was
selected, and the air was modelled as an incompressible gas. Buoyancy was computed

using density difference.
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North outlet Liptops East inlet
/

B\ Y

Occupants

Figure 4-6: CFD model of the meeting room of case study 2.

The mesh was eartesiarstructured grid of 120 by 100 by 70 cells (totalling 840,000
cells)shown inFigure4-7. A grid independnce study is presentedhrigure4-8, 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 13D by

by 120 or1,872,000 cells. The locations of pole 1 through 4 are presenkéglure4-9,

taken from Hajdukiewicz et aJ62]. For poles 1 through 3, the temperature variation
between grids is less than 0.4 K, while pole 4 exhibits larger variations. This te the
complex flowat the location of pole 4, which is in the draft between the east and north
windows as well as clos® two heat sources (one occupant and one laptop)y¥he
values are between 30 and 60 at the first @atitresin contact with he wall, defined
using a loglaw wall funcion For a hi gh Reynolds nulmber
valuesbetween 30 and 30fuarantee that the wall function is valid and that the region
near the wall is sufficiently resolvg@3] when the analysis focuses on the mixing in the
domain rather than the forces applied to thié.\Whe outside temperature was set to 20.82

°C, and the east sidelet passes 0.184 k¢! ®f air at 20.82C 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 20.8ZC used ircase of backflow.
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Figure4-7: +X, +Y and-Z views of the mesh used in Case Study 2
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Figure 4-8: Grid independence study with a coarse (840,000 cellsgjjume(1,200,00 cells) and fine (1,872,000 cells)

meshfor case study 2T h e
from Hajdukiewicz et al[62]
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The windows have been modelled as a surface with a constant temperature 6€20.82
and the buikin IMMERSOL radiation model of PHOENICS was used to simulate
radiative heat transfer. The nafazed 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 24.45C respectively. Fially, the floor and ceiling are set to a temperatire
23.5°C and 23°C respectively. All the windows have a heat transfer coefficient of 2.3
W.m2, The desk, chairs and soundproofing panel are fully immersed in the fluid domain
and considered adiabati& summary of the boundary conditions set for this case is
available inTable4-3.

Figure 4-9: View of the computational domain taken frétajdukiewicz et al. shawg the position of the four poles,
comprising temperature sensors S1 through &kt for validation.

88



Table4-3: List of boundary conditions of case study 2

Case Studies Presentation

Boundary Type Value

Window bottom  Angledin Glinet = 0.184kg.s?!
gap Tinlet= 20.82 °C
Window outlet Outlet

Door

2D plate, adiabatic

Double glazed

2D plate, constant heat

hwindow= 2.30 W.I’TIZ.K-1

windows flux Twindow= 20.82°C

South wall 2D plate, constant Tswan= 23.64°C
temperature

West wdl 2D plate, constant Twwan = 24.45°C
temperature

North wall 2D plate, constant Tnwall = 22.6°C
temperature

East wall 2D plate, constant Tewal = 22.6°C
temperature

Column 3D object, constant Teolumn= 22.8°C
temperature

Ceiling 2D plate, constant Teeiling = 23.0°C
temperature

Floor 2D plate, constant Tfioor = 23.5°C
temperature

Occupants 3D objects, constant  Goccupants= 60 W.m?
heat source

Laptops 3D objects, constant  Qiaptops= 131 W
heat source

Table, chairs, 3D objects, Adiabatic

soundproofing

panel, lamps
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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 summarizatil@d-4. The

mass flow rate wavaried from 0.121 kgisto 0.225 kg.3, while the temperature was
varied between 14.8Z and 26.82C.

Table4-4: List of case variations for case study 2

Variable Cases Values
TemperatureTniet) T1 14.82°C
T2 17.82°C
Base 20.82°C
T3 23.82°C
T4 26.82°C
Mass flow ratesqiniet) M1 0.09828 kg.3
M2 0. 1310 kg.3
Base 0.1638 kg.3
M3 0.1965 kg.3
M4 0.2293 kg.3

Figure4-10 shows a threslice view ofthe 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 X5 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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Temperature (°C)

2400

Figure4-10: Threes | i ce vi ew of t he t emper Rdimulatien, mghlightingthé airdrafe me e t
from the window as well as the heat plumes above the occupants and |ap@pehite spots on the hgatimes 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 theSinace
clustering is done on the temperature variabbejable flow fieldsare expected to
challenge the accuracy of the simulated thermal distribution. Furthermore, this case has
much lowe temperature gradients than the first case samtythe air isreasonably

mixed,whichis also expected to be a challenge for the method.
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4.4.Case study Bieal ventilation case

The last case is taken from Cao and Mey@4$ and is a simple ventilation CFD case. It
is a cubic room of 4 m by 4 m by 4 m metres in dimension, aedtitifes an inlet at the
top of a wall and an outlet at the batt@f the opposite wall. A schematic of the room is
shown inFigure4-11 and the CFD model is shown kiigure4-12.

Inlet

—
e

e =

—

L

-

-

Outlet

—

Figure 4-11: representation of the room used for case study 3
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Figure 4-12: CFD model of heideal ventilation case. It features an inlet and an outkettwo opposing walls

The case has been developed in PHOENICS CFD in sstat¥y 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 usatdérom Smith

and 3nith [65] who state that the typical values for mass flow rates at the inlets for a
laboratoy room of 64 m are usially between 0.12 and 0.25 kg/s therefore 7 simulations
have been run for mass flow rates from 0.12 k¢ps0.25 kg.3 at a temperature of 24

°C, and 5 further simulations with inlet temperatures ranging frofC2b 33°C with a
mass flow rate of 02 kg.s!. The domain was subdivided ircartesiarstructured grid

of 27 by 27 by 52 cells (totalling 37,908 ceb$own inFigure4-13. A grid independence
study was realized with three mesha 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 by635 by
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or 77,175 cells for which the results are showRigure4-14 at a verticapole located at

X=2m and Y=2m, or the centre of the domain.

X View

' 1Y view

g

— -/ view

Figure4-13: +X, +Y and-Z views of the mesh used in Case Study 3

The study shows that there is good agreement between the results obtaitieel eadise

and fine grid, the temperature variation between h = 3 m and h = 4 m being low with a
maximal value of 0.25 KAs in Cao and Meyeri§4], the centre of the first cell near the
wall is at less than 0.5xf0 and they+ value is comprised betwe®x2 and 9The air

was modelled as an incompressible damsv-ReynoldsChenKim-k-ewasused as the
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turbulence model, and the buoyancy was set to be computed on density diffeasrices
Cao and MeyersThe outlet has been modelled as a presslied outlet at a pressure of
101325 Pa. The walls and ceiling were considered adialvelite the floor had a
temperature of 18C, with a heat transfer coefficient of 5 WAHKL. The reason for this
parameter is that otherwise, the temperature irdtmeain would be perfectly uniform
and the method would be inapplicable. The boundary dondifor this case have been
summarized inTable 4-5 and thevarious parameters for the 11 cases have been
summarized imMable4-6. This case, due to its relative simpli¢itgok 5 to 7 minutes to
solve.

Grid convergence study, case study 3

4,50

4,00 1o}
q @ o ® b

3,50

3,00

52,50

=

2

@ 2,00

T

1,50

@ Coarse
1,00 @ Medium
/ Fine
0,50
0,00 X
20,50 21,00 21,50 22,00 22,50 23,00

Temperature {C)

Figure 4-14: Grid independence study for case study 3, carried ththe grids: a coarse (37,908 cells), medium
(52,200 cells) and fine (77,175 cells) mesh. The temperatpietted on a vertical pole located at X=2m and Y=2m
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Table4-5: boundary conditions for case stugy

Boundary Type Value
Inlet 2D Inlet Tinlet = 24°C
ainletzo.lz kgS1
Outlet 2D outlet Pout= 101325 Pa
Floor 2D plate hfioor = 5 W.m2%.K"1
Thioor = 18°C
Ceiling 2D plate adiabatic
Walls 2D plate adiabatic
Table4-6: List of case variations for caséusly 3
Variable Cases Values
TemperatureTinier) T1 21°C
Base 24°C
T3 27°C
T4 30°C
T5 33°C
Mass flow ratesq(inet) M1 0.12 kg.&
M2 0.14 kg.&
M3 0.16 kg.&
Base 0.18 kg.&
M4 0.20 kg.&
M5 0.22 kg.&
M6 0.25 kg.&
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Figure4-15 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 directiom r om t he pl ot @exiting the room atdhe lower e w
outlet in accordance with the flow patterns described by Cao and M@&#édrs
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Figure4-15; XZ slice taken at Y = 2m that shows the inlet at the top left corner and a clockwise flow in the room, with
Qinlet=0.12 kg.Sl.

The interest of this case is to benchmark the performance of the method in a ventilated
environment with a simplified geormg. This allows to pinpoint codeelated errors
rather than the influence of simulation factors due to a complex simulatibrasubte

one in casestudy 2 with multiple boundaries and a complex flow shapeditionally,

this case allows a finer study thle performance of the method around air inlets.
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4.5. Summary of the Case Studies

Presentation

This chapter has presented theee case studies used to benchmark the performance of
the method proposed in this doctoral thesis. Two cases were taken fromedsdiaties

of real building offices: the first one is a small office space with a notable effect of air
stratification, ad the second is a larger highiyjazed and naturalyentilated meeting

room featuring two occupants and their laptops as well aafainlithe domain. The last

case is a simple cubic room with air mixing and was used for benchmarking the method
in a simpe ventilation case. These cases represent a range of potential applications for
the method and they include features that provideermchmark 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 séesare 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 pegpmethod, zonal models
have been extracted from the CFD cases present&hapter 4. They have been
subsequently solved and the results are pteden this chapter. Firstly, this work has
studied the performance of the three clustering algorithms prese/®&dTie accuracy

and time takenat generate the zonal model have been compared, and the results are
presented in Sectioh.2 Then, this work studied the influence of the numberbf s
zones on the error and time to solution of the generated mmukel. Zonal models with

2 to 153 sukrones have been generated for the three case studies and their level of error
compared to CFD is presented in Secbdh 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. Thas done to assess the flexibility of the zonal
models and the overall validity of the method. The results are presented in Settion

5.2. Comparisomf clustering methods

The first study concerns the performance of the three clustering methods pres@ried in
The methods are Mean Values Segmentation (MVS), Coarse Grid (CG) and Classic
Watershed (CW). The results of the comparison have been pulbefued[66]. In this

study, the aasracy of the clusterop 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 generateach zonal model waseasuredThis 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 benchrked 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! each which was validated by Mullen et[&0]. The windows and dooreclosed,

and two air vets are located in the domain. Zonal models were generated f@aoseb

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 t)euimgon of

Python.

The results presented Figure5-1 show the WMAE of each method versus the number

of subzones. These results show that MVS &a¥MAE that converges around 0.10 K

for24 subz on e s, wh i

e

CGo6 s

V¢hjedeyet at@ s sumnegandd ul |y

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 KMWIAE for 26 subzones.The grids used

for CG are defined imable5-1.

Table5-1: Grid dimensions for the zonal models extracted using CG

Cells in dimension

Sub-zones

J

2

3

8

12

16

27

W N N N |-

W N N N |-

W A W N W NAR
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Figure5-1: Comparison of the MVS, CG and Giéthods with regards to WMAE in K versus the number ezanes
N

Figure5-2 shows a comparison of the temperature distribution prediotibtiee soled

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 fituca both he
stratification in the office as well as the large temperature gradients around the
convectoros heat plume. On the other han
the stratification and the large temperature gradients. Themwds e initialized
correctly near the temperature extrema such as around the convector, as well as in
volumes with small temperature gradients. However, after expanding eadorsub
iteratively the sukzones fail at capturing temperature distributions aslddtan 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 capfiowmgroperties, which

did not prove satisfactognough as shown by the WMAE results presented above.
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Figure 5-2: Comparison of the temperature distributions predicted by zonal models genesatgdhe MVS, CG and
CW clustering methods. The absolut®eis measured in K and against CFD.

Figure5-3 shows a detailed view of the plume above the convector of case study 1, with

the peak error of the zonal model 6s temperat |
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 convegare5-4 also highlightsan

errorbelow 0.2 K at the interface tveeen sukzones capturing astratification. There
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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.

Location of the detailed view

Z-Axis

1.0 2.0 3.0 4.0 5.0
X-Axis
Zonal model Error against CFD
0 ) »
Temperature (°CY) Error (K)
w __
—27.00 —1.500
22.00 1.000
17.00 0.500
12.00 0.000

Output errors

Figure 5-3: detailed vew of the heat plumabove the convector of case study 1, with the error of the-géviBrated
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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Location of the detailed view
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[ ]

270
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Figure 5-4. detailed view of the volume of stratified air of case study 1, with the error of thegbhé&Bated zonal
model's temperature prediction against CFD

The CW method relies on seeds to initially define-sabes which i@ then iteratively
expanded to include surrounding cells that fall within a certain temperature range. The
method increases the allowable temperature range of eacoseluntil all cells of the
domain have been assigned to asabe. As a result, if quastisothermal volure of the
domain were not captured by a seed in the initial step, it would be wrongfully included in
another sulzone as seen around the convectoFigure 5-5. The figure shows two
examples osubzones that expanded excessively: the first one is located directly above
the convector and comes from a sadme initialized at the base of the heat plume, which
expanded to include all the cells surrounding the ctiovethe 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 sabnes dung the sukzone generation stepna

(2) by studying more robust methods for efficiently selecting seeds in a large dataset.

Zonal model Error against CED
2.5 31 | Error (K)
| - 20.00
2.0 — ’ —15.00
3 - 10.00
% 1.5
= ]
N § — 5,000
1.0 —_ 0.000
0.5 —

Sub-zones that expanded
excessively

Figure 5-5: detailed view of the heat plume above the convector of case studly the error of the C¥generaed
zonal model's temperature prediction against CFD. The highlighteezeubés are an example of subnes that
expanded excessively, causing large errors in the resulting temperature distributions.

The second step of thassessment considers the tinkemafrom CFD data extraction to
subzones generation, in order to compare the three methods on their computational cost.
The results presented igure5-6 show that of the three methods, CG (left axis) is the
mostrapid as it was expected due to its computational simplicity, generatirgpaeb

in around 17 seconds quite constantly regardless of the numberodrseMVS (left

axis) is the second fastest, generatingzufes in approximately 26 to 29 seconais f
respectively 2 to 29 sdbones, while CW (right axis) is the least rapid method with sub
zones generated in approximately 600 to 800 seconds. The CW mathsiddwn to be
computationally inefficient, because of a thw@nsuming search for seeds and tfoe
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 difficesides in
correctly locating local maxima and minima in-a@ifhensional dataset, which igime-

consuming task.
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Figure 5-6: Time taken to generate a zonal model with MVS and CG (left axis) ardd@i\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 featurémdlitid domain such

as stratification and temperature gradients.

Figure5-7 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 eaxdneub
This figure shows how the MVS method generateszautes that capture thactual
temperature distribution in the domain, rather thandafened sukzones as in the @

method or other classic zonal methods.

106














































































