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Abstract

In the present thesis the impact of natural cross-ventilation on thermal comfort levels in
sustainable residential buildings is evaluated. A sustainable dwelling is designed in Crete and is
simulated in OpenStudio to assess its energy consumption. For the study of the indoor airflow
pattern and the thermal comfort levels the Blender (with CFD plug-in) and the Autodesk CFD are
chosen. Various scenarios of different combinations of open windows and doors in the ground
floor, the first floor and between the floors are tested in Blender to determine the final scenarios
with the best possible airflow movement. Three scenarios with open windows and doors in the
ground floor and six (6) between the floors (9 total scenarios) are chosen to be the final scenarios
where the impact assessment of natural ventilation on thermal comfort levels is performed. For the
study of thermal comfort levels, using the Predicted Mean Vote (PMV) index, the Autodesk CFD
software is used for the Computational Fluid Dynamics (CFD) simulations with the 3D steady
Reynolds-averaged Navier-Stokes (RANS) approach and the Shear Stress Transport (SST) k-w
turbulence model. The Scenarios are tested for a typical summer day for four different hours and
environmental conditions. The designed building is treated as a stand alone in all the simulations
and it is not an existing construction. From the analysis of the results we observe that natural
ventilation is an effective way to achieve indoor thermal comfort. In many Scenarios the high values
of PMV from the Base Scenario (no windows or doors open) are decreased and in a few cases the
values fall into the cold zone of comfort. The layout of the floors also affects the airflow movement
in addition with the openings and the environmental conditions and can be used accordingly.
According to the author’s knowledge in the field of investigating natural ventilation via numerical
approach simulation the present study is an original attempt to examine a more elaborate building
architectural design and is also concluded that the followed methodology can be applied.
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NepiAnyn

2TOX0C TNG MAPOVOOC UETAMTUXLOKNG SUTAWUATIKAG Epyaciag eival n afloAdynon Twv EMUMTTWOEWY
Tou dUOLKoU SlapmepPolg agpLopol ota enimeda BepPULKAG AVEONG O BLWOLUA KT{PLAL KOTOLKLWV.
Mia Bwwowun katowkia oxedialetatl otnv Kpitn kal mpooopolwvetal oto OpenStudio yla tov
EKTIUNON TNG EVEPYELOKNG TNC KATAVOAWONG. H PEAETN TNG EOWTEPLKNC PONG TOU QEPO KAl TWV
emunédwv NG Bepuikng aveong e€etaletal pe to Blender (pe CFD plug-in) kot to Autodesk CFD.
Aladopa oevapla eVOANOKTLKWY CUVOUOOHUWY OVOLXTWV apabupwv kot Bupwv oto LooyELo, OTOV
0podo Kkal peTaEL TwV 0podwv gAeyxovial oto Blender yia va kaBoplotouv ta TEALKA CEVAPLA [E
NV KAAUTEPN SuvaT ECWTEPLKN por Tou aépa. Tpla oevapLa LE avoLyXTa tapaBbupa Kal OPTEC OTO
Looyelo Kal €L (6) avapeoa otoug opodoug (9 oevapla ouVOAIKA) eMIAEyOVTOL WG TEAKA OevapLa
Baoel Twv omolwv afloAoyouvtal Ol EMUMTTWOELS TOU PpUOLKOU OEPLOUOU ota eTtimeda BepULKNC
aveonG. Na t HEAETN Twv eMMESWV TNG BepULKNG dveong, He To Seiktn PMV (Predicted Mean
Vote), to Autodesk CFD xpnotpomnoteitat yia tnv Computational Fluid Dynamics (CFD) avdAuon pe
texvikeg 3D steady Reynolds-averaged Navier-Stokes (RANS) kat povtélo otpoBilhiopol Shear
Stress Transport (SST) k-w. Ta Zevapla eA€yxovtal yla pio TUTIKI LEPA KOAOKOLPLOU YL TEGOEPLG
OlaPOPETIKEG WPEG Kal TG avtiotolxeg TmepLBoAAovTikEG ouvOnkes. To oxedlaopévo Ktiplo
OVTLUETWITIETAL WG ATIOUOVWHUEVO O OAEG TLG TIPOCOUOLWOELS (6ev glval UPLOTAPEVN KATAOKEUNR).
Ao TNV avAAuon TWV QMOTEAECUATWY TAPOTNPOUME OTL O TOAANEG TEPUTTWOELG KAl UTIO TNV
TPoUTOOEoN €VOG ATOTEAECUATIKOU QPXLTEKTOVLIKOU OXESLAOMOU, 0 GUOLKOG AEPLOMOG Elval Evag
OMOTEAECUATLKOC TPOTIOC YLa TNV ETUTEVEN TNC ECWTEPLKAG BEPULKAG Aveong. 2Tnv MAsloPndia Twyv
Yevaplwv mou afloAoynbnkav os oxéon He TG VPNAEC TIHEG Tou PMV mou Slamotwbnkav Katd To
Baolko Zevaplo (6ev umdpyouv avolxta mapabupa Kol TOPTEG) MOPATNPELTAL LKOVOTIOLNTLKN
Helwon ota enineda aveong. MapaAAnAa cupnepaivetal ot n dtappuBULoN TWV 0pPOPWV Kal TWV
QVOLYHATWY EMNPEAlEL KABOPLOTIKA TN PON TOU AEPO OTO ECWTEPLKO TNG KATOLKIOAG 0€ CUVOUAOUO
HE TIC TEPLBOANOVTIKEG OUVONKEC. IUpPWVA HE T YVWOEL, TNG ouyypadEa OTOV TOUEA TNG
Slepelivnong tou puoLkol aepLOpOU UECW TIPOCOMOLWOEWYV, N Tapouoa UEAETN AMOTEAEL pia
OpXLK TipooTtaBela £€ETAONC €VOC TILO TIEPLUTAOKOU OPXLTEKTOVIKOU oOXeSlAopoU KTlpiou Kot n
nebodoloyia mou akoAouBnOnke eival epapudoLun.
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1. Introduction

Natural ventilation is an alternative way to achieve indoor thermal comfort and healthy
environmental conditions. It is linked to Indoor Air Quality (IAQ) and the comfort of the occupants
as well as to the potential of reducing building energy consumption. Natural ventilation can be
effectively used during the day for the improvement of thermal comfort levels and during the night
for cooling the thermal mass of the building [1]-[5].

The objective of the present study is to assess the impact of natural cross-ventilation on thermal
comfort levels in sustainable residential buildings. Alternative strategies were explored for the
study of natural ventilation and the effect of a complex building geometry on indoor airflow
patterns and thermal comfort levels. Various software packages are included in this research for
the required simulations.

According to the author’s knowledge in the field of investigating natural ventilation via numerical
approach simulation the present study is an original attempt to examine a more elaborate building
architectural design.

In this framework, the impact of natural cross-ventilation on thermal comfort levels in a complex
two storey building geometry, with its inner layout is investigated. Moreover, the thermal comfort
is studied on seven human figures (Avatars) located in various spaces of the residence, and not just
on some points in a specific height or plane of the building volume. In all the simulations the
building is isolated modelled.

The dwelling is designed for the needs of 4 people (family or cohabitation of students) and can be
treated as a Live Lab. For that reason the location of the dwelling is chosen to be in the Campus of
the Technical University of Crete.

1.1. Methodology
The applied methodology in this research consists of the following main steps:

e Literature review of evaluating thermal comfort in a building with natural ventilation

e Design of the dwelling with bioclimatic parameters

e Energy consumption of the building with the OpenStudio software

e Study of indoor lighting levels using the Ecotect

e Selection of the programs for the CFD simulations

e Study of the natural ventilation inside the dwelling with the Blender program using the CFD
analysis

e Study of the indoor thermal comfort (PMV index) of the dwelling using the Autodesk CFD
program
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1.2. Issue layout

- Inthe 1% section, the objective and the applied methodology are presented,

- In the 2™ section, the literature review of previous works on the field of naturally ventilated
buildings is analysed,

- In the 3" section, the architectural design process of the residence is presented,

- Inthe 4™ section, the applied methodology for the natural ventilation modelling and
simulation is introduced

- In the 5" section, the indoor airflow and thermal comfort results per Scenario are analysed,

- Inthe 6" section, a comparison of the results from all the Scenarios is made and some
future steps or changes are suggested

- Inthe7™ section, the above results are summarised

- Inthe 8" section, the references of this research are displayed.
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2. Literature review

Over the years a lot of works study the impact of natural ventilation inside the buildings. For their
study, some works [4]-[12] used field/experimental measurements or examined the natural
ventilation in an existing building. Stavrakakis et al [4] used field measurements to validate the
numerical results from their simulation for the study of indoor conditions and thermal comfort
levels. Evola et al [5] and Nikas et al [11] used experimental data of previous works on the same
building geometrical configuration to validate their simulation results. Su et al [6] used an existing
building in China as a study case where measurements and tests are performed and in combination
with the use of the adaptive model an evaluation method of natural ventilation system base on
thermal comfort is established. Wong et al [7] conducted a field survey in naturally ventilated
building in Singapore to evaluate the thermal comfort perception of the occupants. The occupants
voted on thermal sensation (TS), comfort perception (TC) and air movement sensation (wind
sensation, five-point scale). Cui et al [8] used field measurements to validate the CFD models of
their study case. Chu et al [9] used wind tunnel experiments to examine the impact of natural
ventilation in a building with two openings on the same external wall while Karava el al [10]
conducted a wind tunnel experiment in a cross-ventilated space and they highlighted the
importance of inlet-to-outlet ration and related location of the openings on the sides of the
building. Kolokotsa et al [12] experimented on a naturally ventilated chamber for the testing and
optimization of an advanced EIB system on its effect on the indoor environment.

In other works they preferred to use various software packages to model the study case and
simulate the airflow pattern inside a space. Some used Flow Networks for their simulations [2],
[13]-[15] while others used CFD analysis [1], [4], [5], [8], [11], [16]-[27]. Schulze et al [2] used the
coupled approach of airflow network and dynamic building simulations (EnergyPlus software) to
determine the annual thermal comfort and energy savings in a naturally ventilated space. Pisello et
al [13] investigated the impact of natural ventilation on building primary energy requirement for
heating and cooling using the Design Builder and EnergyPlus software. Good et al [14] used the IES
Virtual Environment to model the proposed building and simulate the natural ventilation based on
their proposed process on designing buildings for natural ventilation. Kinnane et al [15] evaluated
the passive ventilation provision inside a building using an advanced airflow network and the
EnergyPlus in conjunction with DesignBuilder for the transient simulations. Castillo et al [16] used a
numerical simulation of a cross ventilated building by the ANSYS Fluent 14 program for the
development of a methodology for the evaluation of thermal comfort in naturally ventilated
spaces. Menchaca-Brandan et al [17] used the Fluent (part of ANSYS 14.5) to perform CFD
simulation to analyze the radiative effects on the indoor air temperature in a naturally ventilated
space. A typical office space was modelled with several heat sources and it was found that the
indoor air temperature was lower when the radiation was not considered and that the air velocity
inside the space was higher when the radiation factor was included in the simulations. Bastide et al
[18] performed CFD analysis (without mentioning the software package that they used) and the
velocity coefficient (Cv) to examine the behaviour of the indoor airflow of a naturally ventilated
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space. Prianto et al [19] used the N3S software to study the airflow pattern inside a building as a
result of the balcony configuration, the opening design and the internal division. Liping et al [20]
investigated the impact of various ventilation strategies and facade designs for naturally ventilated
buildings on indoor thermal environment using the TAS, ESP-r and ANSYS Fluent 15 software
packages for the simulations. Faizal et al [21] examined the effect of the porches on the indoor
flow field modification by simulating a typical one-storey terraced house, in Malaysia, using the
Open FOAM software. Gilani et al [22] used the ANSYS Fluent 12.1 software to perform a CFD
analysis in a naturally ventilated room (cross ventilation) with a heat source. The purpose was to
predict the indoor temperature stratification. Perén et al [23] used ANSYS Fluent 12 to perform CFD
simulations to analyse the indoor natural ventilation flow, in a wind-driven cross-ventilated space
with different roof inclination angles. Cui et al [8] used ANSYS Fluent 14 for the CFD analysis to
examine the effects of a loggia and window opening size on cross-flow ventilation rates in a low-rise
building on the seaside in Corsica, France. Daemei et al [24] used Design Builder to model an
existing building in Rasht in Iran, in order to assess natural ventilation based on CFD analysis.
Airflow and indoor air velocity was explored to investigate the effect of single-sided and cross
ventilation. Ayata et al [1] used the ANSYS Fluent 6.2 program to investigate, by CFD, the potential
of natural ventilation as a passive cooling system in new building in Kayseri, Turkey. Perén et al [25]
used the ANSYS Fluent 12 program to perform CFD simulations in order to study the impact of
different roof geometries (single-span and double-span leeward sawtooth roof) on the wind-driven
cross-ventilation flow inside a building. T. van Hooff et al [26] focused on the accuracy of CFD
simulations and the most known models used for the examination of cross-ventilation flow patterns
in a generic isolated building. Stavrakakis et al [4] and Nikas et al [11] used the Fluent 6.3 for their
numerical simulation of a naturally cross-ventilated building. Hawendi et al [27] examined the
effect of an external boundary wall on the indoor airflow pattern with the Fluent R16.3 software for
the CFD simulations.

In the works that use a CFD approach for the simulation of natural ventilation, the selection of a
turbulence model is required. Six works found in literature [4], [5], [8], [17], [18], [21] choose the
RNG (Re-Normalisation Group) k- turbulence model, which is the most commonly used for indoor
airflow simulations, as it is also referred from Perén et al [23] in their literature research. Cui et al
[8] tested the RNG k-g and the Reynolds Stress Model (RSM) where they resulted that the second
seems a bit more accurate than the first, but for their study they choose the RNG k-€ turbulence
model because of its shorter convergence time. Stavrakakis et al [4] and Evola et al [5] tested the
turbulence models Sk-g, Rk-€ and RNG k-g, and Sk-¢ and RNG k-g respectively and both works
concluded that the RNG k-e model presented slightly better results. Other works [11], [16], [22],
[23], [25], [26] choose the SST (Shear-Stress Transport) k-w turbulence model for their simulations.
Four of them [16], [22], [23], [26] tested some of the turbulence models: (1) Standard k-€ model
(Sk-€), (2) realizable k-€ model (Rk-€), (3) renormalization group k-€ model (RNG k-¢), (4) standard k-
w model (Sk-w), (5) shear-stress transport k-w model (SST k-w) and (6) low-Re stress-omega RSM
model, and the first 3 concluded that for their work the SST k-w turbulence model had more
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accurate results. Perén et al [25] choose that model because it was resulted in their previous work
[23] that it had a slightly better performance than the other turbulence models.

The most common method for the evaluation of thermal comfort is the Predicted Mean Vote (PMV)
with the Predicted Percentage Dissatisfied (PPD). PMV (Predicted Mean Vote) is a thermal comfort
index. It was developed for the prediction of the human mean vote of thermal sensation from a
large sample of people that was exposed to a given indoor environment. PMV has a 7 scale range
from -3 to +3 (-3=cold, -2=cool, -1=slightly cool, O=neutral, 1=slightly warm, 2=warm, 3=hot). The
ideal value of PMV is 0, with a comfortable range from -0.5 to +0.5, but even in the comfortable
zone some people will not be satisfied with the indoor temperature [28], [29].

That could be due to other factors that the human consider or do in order get to a comfortable
state in the exposed environmental conditions (adaptation model). From the literature [6], [30],
[31], three primary modes exist:

- Behavioural adaptation. In this mode are all the actions that people do to themselves to
adapt in the environment conditions (change of clothing or their position, drinking cold
beverages, ect) or the adjustments that do to the environment in order to meet their needs
(adjusting the shading system, the air velocity, etc).

- Physiological adaptation. The physiological reaction of long term/repeatedly exposure to a
thermal environment, which leads to adjustment of thermal sensation of the occupant in
the conditions of the exposed environment.

- Psychological adaptation. This mode is depended from many factors that are different from
person to person and are important for the human thermal sensation. Such factors are:

e The natural environment

e The expectations that the environment should be different

e The exposure time

e The previous experiences, etc
All these factors can affect the human perception of the environmental conditions and thus, their
thermal comfort and satisfaction.

To predict the percentage of dissatisfaction of the occupants in the given thermal conditions the
PPD index (Predicted Percentage of Dissatisfaction) was developed and is a function of PMV. Figure
2.1 shows the relation between PMV and PPD. For an acceptable thermal environment the PPD is
defined as PPD>10% [28], [29].
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Figure 2.1 The relation between PMV and PPD [32] Figure 2.2 The expanded zone of PMV [33]

Pitt et al [33] examined the extended limits of the PMV comfort zone (Figure 2.2) and concluded
that the extended limits of PMV can applied in many cases.

From the literature four works [5], [12], [16], [20] used the PMV index for the thermal comfort
evaluation of the CFD simulations of a naturally ventilated space. Castillo et al [16] used the Heat
Balance Index (HBI) and the Predicted Mean Value (PMV) to study the indoor thermal comfort of a
naturally ventilated space in hot climate. Liping et al [20] used the PMV index to evaluate the
impact of various ventilation strategies for naturally ventilated buildings on the indoor thermal
environment; and Stavrakakis et al [4] for the thermal comfort evaluation in naturally cross-
ventilated buildings under high-temperature experimental conditions. Kolokotsa et al [12] used the
PMV index to estimate the effects of an advanced EIB system on the indoor environment in a
naturally ventilated test chamber. Castillo et al [16] and Luo et all [34], from their literature
research, concluded that PMV was invalid when it was applied to naturally ventilated buildings
since it ignores the psychological criteria that are significant for the thermal sensation of the
occupants in these cases. The first, mentioned the SET approach (Standard Effective Temperature)
that is used to correct the PMV and is applied for outdoor, semi-outdoor and interior spaces. In
their study, they used a correlation between the PMV and HBI to estimate the comfort evaporation.
The latest used the ACS (Adapted Comfort Standard) method to evaluate the indoor thermal
comfort in their study case of a naturally ventilated space.

Four works [4], [6], [34], [35] used the Adaptation Model/Adaptive Comfort Standard (ACS) to
evaluate the thermal comfort of the occupants. Luo et all [34] used it to assess the thermal
comfort and the Infiltration Air Quality (IAQ) in a naturally ventilated space in four cities in China.
Emmerich et al [35] used it to assess indoor thermal comfort regarding the humidity factor in four
US cities while Su et al [6] used the Adaptive model to evaluate the natural ventilation system of an
existing building based on indoor thermal comfort. Stavrakakis et al [4] except from the PMV, PPD
and PD indexes used also the Adaptive model to evaluate the impact of natural cross ventilation on
the indoor thermal comfort in their work.

Two works [17], [22] used other factors to evaluate the indoor thermal comfort in a naturally
ventilated space. Menchaca-Brandan et al [17] examined the influence of radiation heat transfer
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on indoor temperature and velocity and thus the influence on indoor thermal comfort. Gilani et al
[22] performed a CFD analysis in a naturally ventilated room (cross ventilation) with a heat source
to predict the indoor temperature stratification which is an important factor for the occupants’
thermal comfort.

A few works [1]-[3], [5], [13], [15], [18], [36] have investigated the impact of natural ventilation in
buildings on their energy consumption. Pisello et al [13] studied the role and effect of natural
ventilation through building openings on building energy demand for heating and cooling. Bastide
et al [18] aimed to optimise the building energy efficiency by reducing the air-conditioning period
due to the use of natural ventilation and the better study of the bioclimatic design. Ayata et al [1]
concluded that the design of a city, where the location of the buildings is based on wind data, can
benefit the affect of natural ventilation and can significantly reduce the energy consumption.
Schulze et al [2] determined the annual thermal comfort and energy savings in a naturally
ventilated space in three different locations. Kinnane et al [15] evaluated the passive ventilation
provision inside a building after housing energy-efficiency retrofits. Santamouris et al [3] concluded
that night ventilation may increase the next day peak of the indoor temperature and a significant
energy reduction can be achieved. With the use of natural ventilation a better indoor air quality
conjoint with the reduction of the energy consumption can be achieved as is reported in the work
of Evola et al [5]. According to Papamanolis [45] natural ventilation systems in Greece can have
better performance over the mechanical ones, especially regarding to the energy efficiency of the
buildings.

Few works [2], [18], [36] address the results of their research to the architects and the necessity of
taking into account natural ventilation systems from the early stage of architectural design. Bastile
et al [18] studied the reduction of the energy consumption by natural ventilation and better
bioclimatic design of the building and noted that the followed method is useful for an architect.
Schulze et al [2] concluded that the method used, for their work, for the study of indoor airflow by
natural ventilation can be used in the architectural design phase. Papamanolis [36] highlighted the
importance of natural ventilation strategies, especially in Greece, as a design factor which is often
ignored by the designers.

In most of the research works, the examined space, where the simulations were performed, had a
simple geometry, except from three works [21], [24], [27] where the effects of natural ventilation
were examined in simple low-rise house geometry. In the work of Nikas et al [11] a simple cell is
used but the impact of indoor layout on the indoor flow patterns from natural ventilation is
examined. In the present study, the impact of natural cross ventilation on thermal comfort levels in
an isolated residential building with complex geometry is examined.

From literature we find that natural ventilation in buildings is still a concern and is studied with
various software packages and field measurements. A numerical approach, mostly CFD, is used but
there is no specific method in which provides best results, more accuracy and meets the
computational demands. So far, the majority of the simulations are performed in a simple
geometry and only one factor is investigated each time.
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3. Architectural Process

3.1. Bioclimatic parameters

The design process of this dwelling is done with consideration of the bioclimatic design principles
that apply in Greece. As noted in the work of Karkanias et al [37], bioclimatic architecture needs to
be further studied and implemented and is a key factor for the energy efficiency in the building
sector. The bioclimatic design aims to integrate buildings into the natural environment and the
utilisation of the local climate, for the optimal comfort conditions of the users in combination with
the reduction of energy consumption. The bioclimatic parameters become important in the
architectural design, and the management of natural lighting and ventilation is directly related to
the layout of the floor and the sitting of the building.

The orientation and the sizing of the openings are a key element of the building orientation. The
shading of the openings is based on their orientation and is preferable the application of external
shadings, which prevent the penetration of unwanted sunlight and the overheating of the interior
space. Generally, the following can be applied [38]:

- in south orientation is recommended the use of suitable horizontal fixed of operable
shading systems,

- in east or west orientation vertical fixed of operable shading systems are more appropriate,

- in SE and SW orientation the combination of horizontal and vertical shading systems is
recommended, and

- in north orientation a shading system is not required.

The use of natural ventilation for the means of cooling the building has plenty benefits. The indoor
air is recirculated and has better quality, which directly affects the health of the occupants, better
thermal comfort conditions can be achieved as well as the feeling of wellness in the spaces of the
building. Some factors that affect the indoor air movement and conditions from natural ventilation
are [38]:

- the environmental conditions and specially the direction of the cold winds of the area,

- the orientation, the size and the position of the openings on the sides of the building,

- the type of the building and the occupants activity,

- the colour and texture of the outside surfaces,

- the creation of ventilation currents through water evaporation,

- the environment around the building, existence of vegetation, trees, bushes, fences, etc.
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3.2. Location
The selected lot is located in the Campus of the Technical University of Crete, in the area of
Kounoupidiana, a seaside suburb in the northern part of the prefecture of Chania, Crete (Figure
3.1). The area, being outside of the centre, is characterised as residential area and has few
commercial shops, cafe houses, supermarkets, etc. It is located close to several beaches, the airport
and the Old Harbour of Chania.

The access in the lot is from the NE side where a small road ends. Close to the lot, from the east
side, there are three low-rise green houses and far in the north side, are the buildings of the
Architectural Engineering and Environmental Engineering School (Figure 3.1).

Technical University
of Crete

. Selected location
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3.3. Architectural design
After the study of the selected location the designing process of the building began. The lot does
not have specific dimensions and the required area of the building is not boundary. The originally
defined building space requirements are presented in the Table 3.1 below.

Building layout
Ground floor First floor
Living room 2 Bedrooms
Kitchen Office
Dining room 2WC
Laundry room
WC

Table 3.1 The required building layout

The dwelling is designed for the needs of 4 people (family or cohabitation of students) and can be
treated as a Live Lab. For that reason the design is not binding further changes or additions on the
envelope or the inside of the building or its surrounded environment (shading
systems/constructions, alternation of the size and location of the openings, etc).

The building has openings in the North, East and South directions, avoiding completely the West.
The floor plan of the house is elongated with the long sides facing the north-south direction. In the
ground floor an open space of the Living room-Kitchen-Dining room is created and on the first floor
the two bedrooms and the office are placed. The living room has N and S orientation, the kitchen E
and N and the dining room S, but the open space layout of the ground floor allows the diffusion of
light in the various areas. In the living room there is a two-storey open space which allows
communication with the hallway on the first floor and a two-storey northern opening that creates a
sense of unity. The office has N and E openings and the two bedrooms have E and S openings. The
laundry and the 3 bathrooms are located in the western area of the residence with N and S
windows. The floor plans (Figure 3.2, Figure 3.3), sides (Figures 3.4 and 3.5) and position (Figures
3.6, 3.7) of the building are presented below.
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South view

East view

North view

Figure 3.4 Views of the building
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SE vie North view

Figure 3.5 Views of the building
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SE view of the area
Figure 3.6 Position of the building in the area
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NW view of the area

Figure 3.7 Position of the building in the area
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3.4. Building Constructions

In this section the detailed construction of the building is presented in the Tables 3.2-3.8 and

Figures 3.8- 3.13 below as well as the thermal characteristics of the selected materials in Table 3.9.

Roof
1 | Gravel 0.05m
2 | Polyethylene membrane
3 Extruded polystyrene 0.05m
(insulation XPS)
4 | Asphalt membrane
5 | Reinforced concrete 0.15m
6 | Air 0.15m
7 | Gypsum Board 0.015m
Total 0.415m
Table 3.2 Roof construction
Floor/Ceiling with tile/wood
1 | Ceramic tiles/ Wood floor | 0.01m/0.03m
2 | Tile adhesive 0.03m
3 | Screed concrete 0.07m/0.05m
Extruded polystyrene
4 (insulation XPS) 0.05m
5 | Polyethylene membrane
6 | Reinforced concrete 0.15m
7 | Air 0.15m
8 | Gypsum Board 0.015m
Total 0.475m

Table 3.3 Construction of floor/Ceiling with tile/wood

Floor with outside boundary

1 | Wood floor 0.03m

2 | Tile adhesive 0.03m

3 | Screed concrete 0.05m
Extruded polystyrene

4 (insulation XPS) 0.05m

5 | Polyethylene membrane

6 | Reinforced concrete 0.15m

7 | Plaster 0.03m
Total 0.34m

Table 3.4 Construction of floor with outside boundary

Figure 3.8 Roof construction

Figure 3.9 Construction of floor/Ceiling with tile/wood

Figure 3.10 Construction of floor with outside
boundary
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Ground Floor with tile/wood

1 | Ceramic tiles/ Wood floor | 0.01m/0.03m
2 | Tile adhesive 0.03m
3 | Screed concrete 0.07m/0.05m
4 | Polyethylene membrane
5 Extruded polystyrene 0.05m
(insulation XPS)
6 | Asphalt membrane
7 | Cement mortar 0.02m
8 | Reinforced concrete 0.15m
Total 0.33m

Table 3.5 Construction of ground floor with tile/wood

s FIrrs

Figure 3.11 Construction of ground floor with
tile/wood

Exterior Wall

1 | Plaster 0.035m
2 | Brick 0.09m

Extruded polystyrene
3 (insulation XPS) 0.05m
4 | Brick 0.09m
5 | Plaster 0.035m

Total 0.30m Figure 3.12 Construction of exterior wall

Table 3.6 Construction of exterior wall
Interior Wall

1 | Plaster 0.03m — i R
2 | Brick 0.09m “ f
3 | Plaster 0.03m e Lo AT T

Total 0.15m

Table 3.7 Construction of interior wall Figure 3.13 Construction of interior wall
Windows/Glass Doors
1 | Glass 5mm
2 | Air 18mm
3 | Glass 5mm
28mm
Total (0.028m)

Table 3.8 Construction of windows/glass doors
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Thermal characteristics of the building materials

Materials Density Conductivity Specific Heat
Kg/m?3 W/m K J/kg K
1 | Air 1.23 0.26 1008
2 | Asphalt membrane 1100 0.23 1000
3 | Brick 1200 0.45 1000
4 | Cement mortar 1800 0.87 1000
5 | Ceramic tiles 2000 1.84 840
Extruded
6 | polystyrene 35 0.031 1450
(insulation XPS)
7 | Glass 1
8 | Gravel 2200 2 1000
9 | Gypsum Board 700 0.21 1000
10 | Plaster 1800 0.87 1000
11 | Polvethylene 980 0.50 1800
membrane
12 | Reinforced 2400 2.50 1000
concrete
13 | Screed concrete 1500 0.64 1000
14 | Tile adhesive 1800 0.87 1000
15 | Wood floor 700 0.21 1600

Table 3.9 Thermal characteristics of the selected buildings materials [40]
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3.5. Energy Consumption

After completion of the architectural design and the selection of the materials for the building
construction the residence is modelled in OpenStudio (with the SketchUp plug in) for the
assessment of its energy consumption. The building geometry is created using the SketchUp
interface. The chosen materials, constructions and the schedules for the operation of the building
and its systems are created in OpenStudio. The setpoints for heating and cooling in a typical HVAC
system (in Greece) are 20°C and 26°C respectively, as they are recommended from [41] for new

residential buildings.

Energy Consumption

3%

MW Heating
m Cooling
Lights

W Equipment

kWh kWh/m?
Heating 2755.59
Cooling 4660.63
Lighting 234.55
Equipment 2197.3
Total 9848.07

Diagram 3.1 Percentage of the building energy consumption

Table 3.10 Building energy consumption

Diagram 3.1 depictures the allocation of the building energy consumption where we observe that
the required energy for cooling is 47%, almost the half percentage of the total energy consumption.
The energy for heating and the electric equipment of the building is 28% and 22% respectively,

while lighting has the lowest percentage, 3%.

Table 3.10 shows the energy consumption for heating, cooling, the lighting and the electric

equipment of the modelled building.
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Diagram 3.2 Heating and cooling energy consumption per month

Diagram 3.2 shows the energy consumption of the modelled building for heating and cooling needs
per month in comparison with the mean outdoor air temperature. The need for cooling is appeared
more for July and August, when the outdoor temperature is at its highest. On January and February
is the highest need for heating, when the outdoor temperature is around 10°C.

The energy consumption for heating and cooling of the modelled building is conversed into the
Primal Energy Consumption, using the guidelines of [42]. They are then compared with the mean
heating and cooling primal energy consumption of residential buildings for the year 2015 as they
were resulted from [43] and are presented in Table 3.11. We observe that the modelled building
requires a lot less energy for heating purposes (24.85%) but a lot more for cooling, more than
double. This can be explained by the fact that the designed building is located in the A climatic zone
of Greece where the need for cooling is more while the compared data are the mean values from
all the climatic zones.

Heating Primary
Energy Consumption

Cooling Primary Energy
Consumption

(kWh/m?) (kWh/m?)
Mean Value for 2015 171.18 31.04
Examined building 42.53 71.93

Table 3.11 Comparison of the heating and cooling primal energy consumption
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3.6. Lighting study
During the stage of architectural process and design of the residential building the indoor lighting
levels are also studied. The aim is to see if the luminance levels in the spaces are adequate and if
any further study is required for the implementation of shading systems or other changes in the
envelope, the openings or the surrounding environment of the building. The required lighting levels
for the various space types of a residence are presented in Table 3.12 [41].

Spaces Luminance levels (lux)
Living room 200-250
Kitchen-Dining room 250-300
Bedroom 200
Office 300-500

Table 3.12 Luminance levels per space type of a residence

The lighting analysis, using the Ecotect software, for March 21%, June 21%, September 23™ and
December 22™ (summer and winter equinox and solstice) for the hours 9:30, 13:00 and 16:30 is
presented below. The building is modelled and simulated as an isolated building without taking into
account its surroundings.

21 March
Time Ground Floor Plan 1* Floor Plan
9:30 L
T+
30
e il
13:00
350
o

Figure 3.14 Lighting analysis for March 21%




From the above analysis (Figure 3.14) we observe high lighting levels in the living and dining room
in all the three examined hours. In the first floor high levels appears in the two bedrooms at 9:30
and 13:00 o’clock.

21 June
Time Ground Floor Plan 1* Floor Plan
9:30 b
T+
&30
e il
13:00
70
o

Figure 3.15 Lighting analysis for June 21

At June 21 (Figure 3.15) high lighting levels (more than 700 lux) appears in all the spaces of the
ground floor (except in the WCs) for all the examined hours. Similar results are presented in the
first floor at 9:30 and 13:00 o’clock. At 16:30 the luminance levels drop under 500lux in all the

spaces.
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23 September

Time Ground Floor Plan 1* Floor Plan

9:30 L
TOD+
&30
RED

13:00
145

Figure 3.16 Lighting analysis for September 23"

In Figure 3.16 high lighting levels appear mostly in living and dining room, Bedroom 1 and partially
in Bedroom 2 at 9:30 and 13:00 o’clock. At 16:30 the luminance levels present a significant drop,

especially in the kitchen and the spaces on the first floor.
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22 December

Time Ground Floor Plan 1* Floor Plan

9:30 L
T
L]
BED
450

13:00

Figure 3.17 Lighting analysis for December 22™

From the analysis above (Figure 3.17) almost sufficient luminance levels appear in the living room
at 9:30 and 13:00 o’clock and in bedroom 1 at 13:00 o’clock. Overall, the lighting levels seem to not

me the required in most of the spaces for the examined hours at 22 December.

A study for the lighting levels inside the dwelling is performed, in the stages of the architectural
design, but needs further work due to the need of shadings’ implementation or other changes in

the outdoor environment (trees, shading constructions, etc). The impact of these interventions on

the indoor airflow pattern and the indoor conditions need to be further studied and are not inside

the framework of this research.
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4. Natural ventilation modelling

4.1. Weather Information
Greece is characterised by the Mediterranean type of temperate climate and has mild moist
winters and hot dry summers, with long sunshine periods nearly all year round. In individual areas
of the country we find great variety of climate types, with common feature the high summer
temperatures especially in closed valleys and highlands of the country.

Crete’s climate is characterised as temperate Mediterranean and we find long sunshine periods in
almost all months of the year. Winter is generally mild and the summer season extends from April
to October. The warmest period is detected during July and August, with the temperature range
from 29°C to 35°C, but is tempered by the sea breeze and the northern winds (Figure 4.1).

CLIMATE AREAS OF GREECE

Mountain climate with cold winters,
cobl surmmers and rains through all
the seasohs

- Humid climate with many rains, mild
winters and cool sUmmers

Clirate with winters colder than oh Climate with moderate rains, mild
theshores and dry sUmmers winters and dry sUmmers

Figure 4.1 The climate areas of Greece [44]
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Figure 4.2 Prevailing winds per month

Figure 4.3 Prevailing winds throughout the year Figure 4.4 Prevailing winds for the period 1* June-31" Aug

From Figures 4.2 and 4.3 we observe that the direction of the wind throughout the year is mostly
NW and S. In Figure 4.4, for the summer season, the NW direction of the wind prevails.

The weather conditions of a typical summer day are 26°C, 55%RH and 3.5m/s velocity, therefore a
day with these values is picked as the study day (30th of July). The climate data of four hours of this
day (2:00, 8:00, 14:00 and 20:00) are chosen, as they are recorded from the meteorological station,
to be the input of the external conditions, as shown in Table 4.1. The initial indoor temperature is
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decided to be constant, same as the clothing level [28], [45]-[47], the metabolic rate [28], [45]-
[47] and the human activity, so the only changes in the simulations are the outdoor conditions.

Time Temperature Relative Humidity Wind speed
(°C) (%) (m/s)
2:00 25 65 2
8:00 25 65 1
14:00 30 40 7
20:00 27 50 5.5

Table 4.1 The examined outdoor conditions for the selected hours

4.2. Software tools
The criteria for the choice of the software that is going to be used for the simulation of the natural
ventilation inside the building for this dissertation are:

- Asoftware with the potential of 3D view mode of the results

- Afree/open source software

- A software with friendly environment for someone with architectural background while
providing the required features.

After research, the Blender program with the CFD plug-in is chosen for the preliminary results of
the airflow inside the building. The results can be seen in 3D mode, so it is easy to understand the
movement of the wind inside the building and the computational time of every scenario is less than
10 minutes. The software uses simple solve for the run, the pro version had some issues and it is
not possible to set the ambient temperature and the environmental conditions that are necessary
for the simulation. The geometry of the building is designed in SketchUp and then is imported in
Blender. Scenarios with alternative combinations of open windows and doors in the ground floor,
the first floor and between the floors are tested to determine the final scenarios with the best
possible airflow movement. For the tests, the wind velocity is set at 1m/s and 5m/s and the wind
has S, N and NW direction. Three scenarios with open windows in the ground floor and six between
the floors (9 total scenarios) are chosen to be the final scenarios where the impact assessment of
natural ventilation on thermal comfort levels is performed.

For the study of thermal comfort levels, using the PMV index, the Autodesk CFD software is chosen.
The geometry of the building and the nine scenarios are designed in Revit and then exported in
Autodesk CFD. Every time the materials, boundary conditions, environmental conditions and all the
other parameters are assigned from the beginning. The internal conditions of the building and the
human activity are in all cases constants so that the results could be compared on how the external
environmental conditions affect the indoor environment. The effect of solar radiation in the
simulations is considered, and the location and time of the day are also inputs in every case.
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4.3. CFD simulation: computational settings and parameters

Regarding the creation of the model in Autodesk CFD [47] for the simulation of natural ventilation
inside a building and its impact on thermal comfort levels, there are no specific instructions. From
research, tutorials and documentation of the Autodesk Knowledge Network the following
methodology is created. In this work, the building is treated as stand alone case for the CFD
analysis. The steps for the model creation are:

e Creation of the building geometry in Revit
e Set of the orientation of the building, so that the domain in Autodesk CFD is on the x&y axes
and the wind direction (NW) is on the y axis (it was observed that the software responded a
little better if the domain was aligned to the axis)
e Hide, in the 3D view, the selected windows/doors that will be open in the simulation
e Launch in Autodesk CFD
e Use the Geometry Tools to:
- Merge edges
- Fill Void, to create the air volume inside the building since there are some
windows/doors open
- Create the Domain, the air volume of the environment around the building (Figure
4.5)
e Assign the Materials in the imported geometry
e Assign the Boundary Conditions, velocity and temperature for inlet and pressure=0 for
outlet for the domain and 70W heat generation for the human figures
e Set initial conditions, 26°C for the inside air volumes
e Create the Mesh of the model
e From the Solve dialog:
- Set the Thermal Comfort Factors, Metabolic rate 60W/m?, Clothing 0.36clo and
Relative Humidity (different values)
- The location of the building, the study time and day and the orientation
- For the turbulence the SST k-w model is chosen
- The PMV index is used for the thermal comfort assessment
e Run the Scenario
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150.00m

Figure 4.5 Computational Domain

The equations (1-12) for the PMV index and the turbulence model that the selected software uses
are presented bellow [47]:

PMV equation
PMV = [0.303¢ ~0936M 1 0,028]{(M — W) — 3.96E ~3f,[(t + 273)* — (t, + 273)%]

— fahe(ta — ta) — 3.05[5.73 — 0.007(M — W) — p,] — 0.42[(M — W)
— 58.15] — 0.0173M(5.87 — p,) — 0.0014M (34 — t,)} (1)

With:

1.0 + 0.2

fa=

ta = 35.7 — 0.0275(M — W) — R {(M — W) — 3.05[5.73 — 0.007(M — W) — p,]
— 0.42[(M — W) — 58.15] — 0.0173M (5.87 — p,) — 0.0014M (34 — t,)} a)

he = 12.1(V)/? (5)
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Where:

— e: Euler’s number (2.718)

— fa: clothing factor

— hc: convective heat transfer coefficient
— la: clothing insulation [clo]

— M: metabolic rate [W/m2] 115 for all scenarios
— pa: vapour pressure of air [kPa]

— Rci: clothing thermal insulation

— ta: air temperature [°C]

— ta: surface temperature of clothing [°C]
— tr: Mean radiant temperature [°C]

— V:air velocity [m/s]

— W: external work (assumed=0)

SST k-omega Governing Equations

Turbulence Kinetic Energy:

% | UJ% =P, - kw4 % |:(.U t opvr) %}
Specific Dissipation Rate:

i—t UJ:—: = aS? - B’ 4 % [(.u b o) 3—;} F2(1— Fl)owgigi ::;;
Fi:

F, = tanh {{min {max ( vk 500”) dounk }}4}

Brwy’ y*w ) C Dy

CDkw:

CD,,, = max (zpo“gis—ig%, 1U_1")

Kinematic eddy viscosity:

Ellk
max(aw, SF3)

VT =

(6)

(7)

(8)

(9)

(10)
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le

2
2vk
F, = tanh [ max (,G*i’ 5?0201))] ]
Pk (Production limiter):
P, = min (nj%, IU_ﬁ*kw)
Ox; (12)
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4.4. Presentation of the examined Scenarios
For the airflow movement inside the dwelling various scenarios were simulated in Blender software
with the basic CFD plug-in and in Autodesk CFD. The examined Scenarios are presented in the
Figure 4.6 below.

Scenario NE Perspective view SE Perspective view Openings

Inlet: N glass
door of the
living room
Outlet: S
window of the
dining room

Inlet: N glass
door of the
living room
Outlet: E
kitchen window

Inlet: N glass
door of the
kitchen
Outlet: S glass
door of the
living room

Inlet: N glass
door of the
living room
Outlet: S
window of the
bedroom 1

Inlet: N glass
door of the
kitchen
Outlet: S
window of the
bedroom 1
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Inlet: N glass
door of the
living room
Outlet: S
window of the
bedroom 1 and
E kitchen
window

Inlet: N glass
door of the
office

Outlet: S glass
door of the
living room

Inlet: N glass
door of the
living room
Outlet: E
window of the
office

Figure 4.6 Examined Scenarios

Inlet: N glass
door of the
office

Outlet: S glass
door of the
living room and
E kitchen
window
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For the evaluation of the thermal comfort levels, seven (7) human figures (Avatars) are placed in

the examined spaces of the building as they are depictured in Figure 4.7. One Avatar is placed in a

room that is not examined to see if the changed conditions in the other spaces will affect it.

Kitchen

Ground Floor plan

Two-storey
open space

2 &
Bedroom 1

First Floor plan

Figure 4.7 Position of the Avatars in the building
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5. Results Analysis and Discussion

5.1. Base Scenario: no windows/doors open
From the SE perspective view of the building (Figure 5.1) we have a general image of the PMV on
the Avatars’ body for the four examined hours of the day. At 2:00 o’clock the PMV seems to be
inside the comfort zone, at 8:00 the Avatars C, G and F record high values, in the hot zone, at 14:00
the PMV of all Avatars is located inside the hot zone and at 20:00 the values are in the warm zone.

Time PMV SE Perspective view

2:00

8:00

14:00

20:00

Figure 5.1 PMV results for the four examined hours of the day
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Human position

Time PMV A B - S
S S S S
0 0 0 0
@ | @ & @
b | TR
i ; b il f |I !‘ i } iy
N n
| i |
2:00 3 N N . .
I25 0 0 0 0
.| B | R LI
al i i | o
ANl AR
- - s T s
. 15 2 3 3
. w w
8:00 ) N 5
1 3 3

']
ﬁi’ﬁ w w

Figure 5.2 Detailed PMV results of the Avatars inside the building (A-G: position, S-E-N-W: orientation)

From the thermal comfort results, PMV values appear on the body of the Avatars. In this study the
PMV value on the heads of the Avatars is measured but not without leaving uncommented the
thermal comfort levels on the rest of the body.

At 2:00 o’clock (Figure 5.2) the PMV of all the Avatars is located inside the comfort zone. In the case
of 8:00 o’clock we observe that the eastern side of the body of Avatar C has higher values, probably
because of its position and the incoming sunlight the examined hour. The PMV values of all the
Avatars are recorded in the warm and hot zone.

Page | 45



Human position
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Figure 5.3 Detailed PMV results of the Avatars inside the building (A-G: position, S-E-N-W: orientation)

At 14:00 o’clock (Figure 5.3) the PMV of all the Avatars is located in the hot zone and in the last
case (20:00 o’clock) all the values are in the warm zone.
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5.2. Scenario 1: openings in the living room and dining room

Figure 5.4 presents the airflow movement of Scenario 1 where the northern glass door (inlet) of the

living room and the window (outlet)

of the dining room are open. The air is moving with low speed

inside the building but gets higher when reaches the outlet opening. The airflow does not appear in

the kitchen area but we observe movement in all the height of the two-storey open space of the

living room. This is probably caused by the geometry of the building and the stack effect, where the

different pressures that exist that
upwards and in other areas.

il

(a) NW view of the building. Air with NW direction is going through the northern glass door

(b) SE view of the building. Air is coming out of the building from the southern window of the
dining room

(c) Top iw (d) East view

moment inside and around the building make the air move

of the living room

Figure 5

.4 Airflow movement inside the building

Figure 5.5 shows the measurement planes a (inlet) and b (outlet). From the planes we confirm that
air is moving in the two-storey space of the living room and that the wind speed is higher closer to
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the openings. For the cases of 2:00 and 8:00 o’clock the maximum speed is recorded around 1m/s

and for the 14:00 and 20:00 o’clock around 3m/s.

Position of the measurement planes, SE view

Time Velocity Plane a (inlet) Plane b (outlet)
m/s
l |

2:00 .

8:00

14:00

20:00

Figure 5.5 Velocity results for the four examined hours of the day
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Time PMV SE Perspective view

2:00

8:00

14:00

20:00

Figure 5.6 PMV results for the four examined hours of the day

PMV results for the different hours of the day

From Figure 5.6 we observe that the thermal comfort levels of the Avatars (A&B) that are in the
direct path of the wind, going in and out of the building, are lower than the others.
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Human position

Time PMV 5 = - G
S S S S
0 0 0 0
9| 08| 9
IR
AL
2:00

o

[ Se——

B ]
e s
ke
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o

e —
I o

e ——

8:00

Figure 5.7 Detailed PMV results of the Avatars inside the building (A-G: position, S-E-N-W: orientation)

For the case of 2:00 o’clock (Figure 5.7) the Avatars C-G are in the comfort zone with 0 PMV value.
Avatar A and B are located in the direct wind path and their PMV has negative values, especially
from the side where the air is entering the building, even though the velocity is around 1m/s. In the
next case (8:00 o’clock, Figure 5.7) Avatars A and B are in the comfort zone (PMV=0.25) but we can
see different values on their body, some of 1 on the upper body and -1 on the legs probably
because the airflow has higher speed in the leg height. Avatar C presents lower PMV values on its
west side which means that the air conditions in the kitchen have been affected although no
particular air movement is recorded. The air movement in the two-storey space has affected Avatar
D and records lower value on the northern side of its body.
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Human position

Time PMV A B C 5 . : G
S S E S S S S
1 1 2 2.5 3 3 3
._Q : w w w w
4
i
14:00 fi
N w N N N N
0.5 2 3 3 3
j w w w
o
-S. S S S S
-1 0.5 1 1 1
2 - I'Q'l L'Q"’ |'Q'1
e i ‘ wondg | g
20:00 ;4 '#' ik i

9 | 19|
|

il L 4 LA B
Figure 5.8 Detailed PMV results of the Avatars inside the building (A-G: position, S-E-N-W: orientation)

In the case of 14:00 o’clock (Figure 5.8) the Avatars A and B have significantly lower PMV values
than Avatars C and D with the A being in the comfort zone and B just outside with a value of 0.75.
For the last case (20:00 o’clock, Figure 5.8) the Avatars A and B present negative values and are in
the cold zone while Avatars C and D are in the comfort zone.

Avatars E, F and G are in spaces that the air cannot reach, therefore they do not record any
difference in the PMV values in any case of this Scenario.
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5.3. Scenario 2: openings in the living room and kitchen

In Scenario 2 the building with the northern glass door of the living room (inlet) and the eastern
kitchen window (outlet) open is simulated. The air is moving with low velocity in the areas of the
building but gets higher in the kitchen on the way out. In this Scenario also, there is air movement
in the first floor of the open space of the living room and some in the dining area (Figure 5.9).

(a) NW view of the building. Air with NW direction is going through the northern glass door
of the living room

(b) SE view of the building. Air is coming out of the building from the eastern window of the
kitchen

(c) Top view (d) North view
Figure 5.9 Airflow movement inside the building

Figure 5.10 presents the measurement planes a (inlet) and b (outlet). From the planes of the four
cases we observe higher air speed in the openings and air movement in the two-storey spaces. For
the cases of 2:00 and 8:00 o’clock the maximum speed is around 2m/s and for the 14:00 and 20:00
o’clock around 3m/s.
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Position of the measurement planes, SE view

Veloci
Time elocity Plane a (inlet) Plane b (outlet)
m/s
2:00
8:00
14:00
20:00

Figure 5.10 Velocity results for the four examined hours of the day
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Time

PMV SE Perspective view

2:00

8:00

14:00

20:00

Figure 5.11 PMV results for the four examined hours of the day

From Figure 5.11 we observe that the thermal comfort levels of the Avatars (A&C) that are in the

direct path of the wind, going in and out of the building, are lower than the others but Avatar C has

high PMV values on the eastern side of the body in the case of 8:00 o’clock.
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Human position

Time PMV D E F G
S S S S
0 0 0 0
2 2 2 2
o W
i

2:00 -

w Hi !\a% iJMti
N : —
' 1.5 3 3

B 3

. i
8:00 ) \N N N
1 3 3

Uﬁzﬂ

gl

il

by 5

ding (A-G: position, S-E-N-W: orientation)

Figure 5.12 Detailed PMV results of the Avatars inside the bui

In the first case (2:00 o’clock, Figure 5.12) the PMV values of the Avatars A and C, that are in the
direct wind path, are moving in the cold zone, while the other Avatars are in the comfort zone. In
the second case (8:00 o’clock, Figure 5.12) we observe that the Avatar C has different values on
each side of the body. On the east side where there is direct sunlight at that time, the value is 2 and
on the west side where the wind is coming from, the value is 0. On the west side we also observe
that there is higher PMV value on the feet, which could be caused from lack or very low air
movement. Avatar A and B are in the comfort zone with the first one presenting negative values
(cold zone) on the legs. Avatar D has lower value on the northern side of the body where the air is
moving.
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Figure 5.13 Detailed PMV results of the Avatars inside the building (A-G: position, S-E-N-W: orientation)

In the 14:00 o’clock case (Figure 5.13) the Avatars A and C recorded the lowest PMV values (0.75)
and the Avatar B is following with value of 1.5. At 20:00 o’clock (Figure 5.13) the Avatars A and C
are moving just outside of the comfort zone with value of -0.75.

In all the cases of this Scenario, the low airflow that appears in the dining area is able to reduce the
high PMV values of Avatar B or keep it in the comfort zone. Avatars E, F and G are in spaces that the
air cannot reach, therefore they do not record any difference in the PMV values in any case of this
Scenario.
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5.4. Scenario 3: openings in the Kitchen and living room

In this Scenario the tested openings are the northern kitchen glass door (inlet) and the southern
glass door of the living room (outlet). The air is going through the kitchen and living room with high
speed and creates some vorticity in the dining room and the first floor of the open space in the
living room (Figure 5.14).

(a) NW view of the building. Air with NW direction is going through the northern glass door
of the kitchen

(b) SE view of the building. Air is coming out of the building from the southern glass door of the
living room

(c) Top view (d) East view
Figure 5.14 Airflow movement inside the building

Figure 5.15 shows of the measurement planes a (inlet) and b (outlet). In all the cases we observe
higher air speed in the openings and in the kitchen area where the wind is coming through. In the
two last cases the air movement in the first floor of the open space in the living room is more clear
and the speed is recorded around 1m/s. For the cases of 2:00 and 8:00 o’clock the maximum speed
is around 2m/s and for the 14:00 and 20:00 o’clock around 3m/s.
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Position of the measurement planes, SE view

Time

Plane a (inlet)

Plane b (outlet)

2:00

8:00

14:00

20:00

Figure 5.15 Velocity results for the four examined hours of the day
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Time

PMV SE Perspective view

2:00

8:00

14:00

20:00

Figure 5.16 PMV results for the four examined hours of the day

From the perspective view in Figure 5.16 the Avatar C seems to be more affected from the airflow
that is created from the selected openings.
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Figure 5.17 Detailed PMV results of the Avatars inside the building (A-G: position, S-E-N-W: orientation)

In the first case (2 o’clock, Figure 5.17) the PMV of Avatar C is moving just outside of the comfort
zone (-0.75) while in the other Avatars is inside the comfort zone. In the next case (8 o’clock, Figure
5.17), Avatar C presents a value of 0.5 (inside the comfort zone range) but we notice negative
values on the legs, especially on the west side because of its location regarding the open glass door.
Avatar D is slightly affected on the northern side of the body by the low airflow movement in the
first floor level of the open space. The PMV of the Avatars A and B is moving inside the comfort
zone with value of 0.5.

Page | 60



Human position
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Figure 5.18 Detailed PMV results of the Avatars inside the building (A-G: position, S-E-N-W: orientation)

Avatar C, in the case of 14:00 o’clock (Figure 5.18), because of its position and the created airflow,
has a significantly drop in the PMV values that fall in the comfort zone. For the Avatars A and B on
the other hand, the air movement is not enough for them to reach comfort conditions. In the last
case (Figure 5.18), the PMV of Avatar C is moving in the cold zone with a value of -0.75 and of
Avatars A, B and D inside the comfort zone.

Avatars E, F and G are in spaces that the air cannot reach, therefore they do not record any
difference in the PMV values in any case of this Scenario.
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5.5. Scenario 4: openings in the living room and bedroom

In Scenario 4 the northern glass door of the living room (inlet) and the southern window of
bedroom 1 (outlet) are open. The air is moving mostly in the living room, less in the dining room
and kitchen, and goes outside through the bedroom with high speed without staying in the space
(Figure 5.19).

(a) NW view of the building. Air with NW direction is going through the northern glass door
of the living room

(b) SE view of the building. Air is coming out of the building from the southern window of the
bedroom

(c) Top view (d) East view
Figure 5.19 Airflow movement inside the building

The measurement plane a (inlet and outlet) is shown in the Figure 5.20 below. In all the cases
higher air speed is recorded in the bedroom 1 and then at the glass door from where the wind is
entering the building. For the cases of 2:00 and 8:00 o’clock the maximum speed is recorded
around 1m/s and for the 14:00 and 20:00 o’clock around 5m/s.
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Position of the measurement plane, SE view
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Figure 5.20 Velocity results for the four examined hours of the day
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Time

PMV SE Perspective view

2:00

8:00

14:00

20:00

Figure 5.21 PMV results for the four examined hours of the day

From the perspective view (Figure 5.21) we notice that Avatars A, D and E are mostly affected from

the created airflow.
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Figure 5.22 Detailed PMV results of the Avatars inside the b

uilding (A-G: position, S-E-

N-W: orientation)

In the 2:00 o’clock case (Figure 5.22), the PMV of the Avatars A, D and E resides around the low end
of the comfort zone. In the 2™ case (Figure 5.22) Avatar C presents lower values on the western

side of the body (especially on the legs) which means that the airflow and the lack of direct sunlight

helped to decrease the PMV values. Different values are also recorded in Avatar A and they are

moving from -1, on the legs of the northern side, to 0.5 on the southern side of the body.
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Figure 5.23 Detailed PMV results of the Avatars inside the building (A-G: position, S-E-N-W: orientation)

In the case of 14:00 o’clock (Figure 5.23) the Avatar A seems to have been more affected from the
air movement; however the new indoor conditions are not able to make the PMV values of any
Avatar fall in the comfort zone. At 20:00 (Figure 5.23), the PMV of the Avatars A, D and E is moving
around the low values of the cold zone, probably because they are located in the direct wind path.

Avatars F and G are in spaces that the air cannot reach, therefore they do not record any difference
in the PMV values in any case of this Scenario.
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5.6. Scenario 5: openings in the Kitchen and bedroom

In Scenario 5 the northern glass door of the kitchen (inlet) and the northern window of bedroom 1
(outlet) are open (Figure 5.24). The air is moving fast through the kitchen and the bedroom but
stays in the dining and living room exploiting the height of the open space.

(b) NW view of the building. Air with NW direction is going through the northern glass door
of the kitchen

(b) SE view of the building. Air is coming out of the building from the southern window of the
bedroom

(c) Top view (d) East view
Figure 5.24 Airflow movement inside the building

In the Figure 5.25 below the measurement planes a (inlet) and b (outlet) are presented. The highest
velocity is recorded close to the inlet kitchen opening and in the bedroom space. The air that is
moving in the two storey open space reaches 2m/s velocity at 14:00 and 20:00 o’clock. For the
cases of 2:00 and 8:00 o’clock the maximum air speed is around 2m/s and for the 14:00 and 20:00
o’clock around 5m/s.
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Position of the measurement planes, SE view

Time

Plane a (inlet)

Plane b (outlet)

2:00

8:00

14:00

20:00

Figure 5.25 Velocity results for the four examined hours of the day
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Time PMV SE Perspective view

2:00

8:00

14:00

20:00

Figure 5.26 PMV results for the four examined hours of the day

From Figure 5.26 we observe that the Avatars C, D and E present bigger decrease of their PMV
values in all the cases.
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Figure 5.27 Detailed PMV results of the Avatars inside the building (A-G: position, S-E-N-W: orientation)

In the Figure 5.27 above at 2:00 o’clock, Avatars C, D and E present a decrease of their PMV values
but they remain in the comfort zone. Avatar C records high negative values on the legs, where the
air is moving with high speed, and Avatar E on the northern side of the body where the air is
coming from. In the case of 8:00 o’clock (Figure 5.27) the PMV of the Avatars A and B is in the
comfort zone, while the values of the Avatars C, D and E are moving around the high end of the
comfort zone.
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Figure 5.28 Detailed PMV results of the Avatars inside the building (A-G: position, S-E-N-W: orientation)

In the 14:00 o’clock case (Figure 5.28) none of the Avatars present PMV values in the comfort zone
but Avatar Cis close with o value of 0.75. At 20:00 o’clock (Figure 5.28) the PMV of the Avatars C, D
and E is located in the low end of the comfort zone but higher negative values are observed on their
legs.

Avatars F and G are in spaces that the air cannot reach, therefore they do not record any difference
in the PMV values in any case of this Scenario.
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5.7. Scenario 6: openings in the living room, kitchen and bedroom

In Scenario 6 the northern glass door of the living room (inlet), the eastern window of the kitchen
(outlet) and the southern window in bedroom 1 (outlet) are open. Higher air speed is recorded in
the living room, kitchen and bedroom and vorticities are created in the living and dining room
(Figure 5.29).

(a) NW view of the building. Air with NW direction is going through the northern glass door
of the living room

(b) SE view of the building. Air is coming out of the building from the southern window of the
bedroom and the eastern kitchen window

(c) Top view (d) East view
Figure 5.29 Airflow movement inside the building

In Figure 5.30 below, the measurement planes a (inlet-outlet) and b (outlet) are presented. From
the planes higher air speed is recorded in the living room and bedroom space while in the kitchen
the speed is reduced. Air movement is located in the two-storey open space of the living room that
in some cases (14:00 and 20:00 o’clock) reaches 2m/s. For the cases of 2:00 and 8:00 o’clock the
maximum speed is around 2m/s and for the 14:00 and 20:00 o’clock around 5m/s.
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Position of the measurement planes, SE view

Time PMV Plane a (inlet-outlet) Plane b (outlet)

2:00

8:00

14:00

20:00

Figure 5.30 Velocity results for the four examined hours of the day

Page | 73




Time

PMV SE Perspective view

2:00

8:00

14:00

20:00

Figure 5.31 PMV results for the four examined hours of the day

From Figure 5.31 from the NE perspective, we observe many changes in the PMV values of Avatars

A andC.
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Figure 5.32 Detailed PMV results of the Avatars inside the building (A-G: position, S-E-N-W: orientation)

At 2:00 o’clock (Figure 5.32), the PMV of Avatar A is moving in the cold zone with mean value of -2
while the PMV of Avatars C, D and E is moving in the low end of the comfort zone. In the case of
8:00 o’clock (Figure 5.32), the PMV of Avatar A has negative values on the northern side of the
body but the mean value of the head is -0.5, inside the comfort zone. The PMV of Avatar C has high
values on the eastern side of the body and lower (inside the comfort zone) on the western side,
except on its feet, but the mean value of the head is 1.25 (warm zone). For these Avatars we
observe that the lower PMV values are recorded on the side where the air is coming from. The
Avatars B, D and E have a 0.75 value, close to the comfort zone.
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Figure 5.33 Detailed PMV results of the Avatars inside the building (A-G: position, S-E-N-W: orientation)

At 14:00 o’clock (Figure 5.33), the PMV of Avatar A is the only one that is recorded inside the
comfort zone. In the last case (20:00 o’clock, Figure 5.33) the PMV of Avatar A has negative values
in almost the whole body, Avatars B, D and E are inside the comfort zone and Avatar C is moving in
the low end.

Avatars F and G are in spaces that the air cannot reach, therefore they do not record any difference
in the PMV values in any case of this Scenario.
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5.8. Scenario 7: openings in the office and living room

In Scenario 7 the building is simulated with the northern glass door of the office (inlet) and the
southern glass door of the living room (outlet) open. The air is moving through all the available

areas of the building with low velocity (Figure 5.34).

(a) NW view of the building. Air with NW direction is going through the northern glass door
.~ ofthelivingroom |

(b) SE view of the building. Air is coming out of the building from the southern window of the
bedroom and the eastern kitchen window
(c) Top view (d) East view
Figure 5.34 Airflow movement inside the building

The measurement planes a (inlet) and b (outlet) are shown in the Figure 5.35 below. In all the cases
higher speed is recorded close to the openings and the airflow appears to be more in the spaces of
the office and living room (in all its height). For the cases of 2:00 and 8:00 o’clock the maximum air
speed is noted around 1m/s and for the 14:00 and 20:00 o’clock around 3m/s.
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Position of the measurement planes, SE view

Veloci
Time elocity Plane a (inlet) Plane b (outlet)
m/s
I |
2:00 [
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Figure 5.35 Velocity results for the four examined hours of the day
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Time

PMV SE Perspective view

2:00

8:00

14:00

20:00

Figure 5.36 PMV results for the four examined hours of the day

From the perspective view (Figure 5.36) we notice that the PMV of Avatar D presents more changes
in its values in most of the cases.
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Figure 5.37 Detailed PMV results of the Avatars inside the building (A-G: position, S-E-N-W: orientation)

At 2:00 o’clock (Figure 5.37), the PMV of all the Avatars is inside the comfort zone. For the case of
8:00 o’clock (Figure 5.37), the PMV of all the Avatars is very high, where the lower value is 2 and
appears on the Avatars A and E. The high values appear due to the heat transfer that occurs when
the air is entering a very warm space of the building and moves to a cooler space.

Page | 80



Human position

Time PMV E F G
S S S
3 2 3
14:00
. N N N
I 3 2 3
25
-2
- 15
L, N
~ 05
[v]
l S S S
~ -0.5
0.5 1 0.5 1
-1
Q Q | ! @

E

20:00

AER N

oWy

rl|-|-_| 1tk
Figure 5.38 Detailed PMV results of

,_H_.—
[ —
T —
r—

i

|
! IR
he Avatars inside the building (A-G: position, S-E-N-W: orientation)

I

—

At 14:00 (Figure 5.38), the PMV of all the Avatars has high values with the lowest recorded at 1.5
on Avatar D. In the last case of 20:00 o’clock (Figure 5.38), the PMV values of all the Avatars are
moving closer to the comfort zone. On Avatar D we observe different values on the body caused by
the direction of the airflow. Cooler values appear on the eastern side of the body, where the air is
coming from, neutral in the middle and warmer on the western side.

Avatars E and G are in spaces that the air cannot reach, therefore they do not record any difference
in the PMV values in any case of this Scenario.
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5.9. Scenario 8: openings in the living room and office

In this Scenario the northern glass door of the living room (inlet) and the eastern window of the
office (outlet) are open. The wind is going through the living room and the office with high speed
but stays in the kitchen and dining room. The direct wind path is preventing a better air movement
in the two-storey open space but a vorticity is created in the area of the living room and the stairs
(Figure 5.39).

(a) NW view of the building. Air with NW direction is going through the northern glass door
of the living room

(b) SE view of the building. Air is coming out of the building from the eastern window of the
office

(c) Top view (d) North view
Figure 5.39 Airflow movement inside the building

The following Figure 5.40 presents the measurement planes a (inlet) and b (outlet). From the
planes we observe that higher speed is recorded close to the openings and low air movement in the
kitchen and in the first floor level of the open space of the living room. For the cases of 2:00 and
8:00 o’clock the maximum air speed is around 1m/s and for the 14:00 and 20:00 o’clock around
3m/s.
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Position of the measurement planes, SE view

Time

Plane a (inlet)

Plane b (outlet)

2:00

8:00

14:00

20:00

Figure 5.40 Velocity results for the four examined hours of the day
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Time

PMV SE Perspective view

2:00

8:00

14:00

20:00

Figure 5.41 PMV results for the four examined hours of the day

From Figure 5.41 the PMV values of the Avatars A and F seem to be more affected from the created
airflow of the selected openings. At 8:00 o’clock we observe that the airflow is not able to improve

the indoor conditions of the office and the Avatar F shows high PMV values on its upper body.
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Figure 5.42 Detailed PMV results of the Avatars inside the building (A-G: position, S-E-N-W: orientation)

At 2:00 o’clock (Figure 5.42) the northern side of Avatar A and the southern side of Avatar F present
negative values on the whole body and is caused from their position and the direction of the
incoming air in the spaces they are located (living room and office respectively). In the second case
(8:00 o’clock, Figure 5.42), Avatar A presents negative values on the legs (northern side) where the
air is entering the building. The PMV of Avatar C on the eastern side of the body has values that
indicate the level of thermal sensation as warm but values of comfort are recorded on its western
side where the air has bigger movement.
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Figure 5.43 Detailed PMV results of the Avatars inside the building (A-G: position, S-E-N-W: orientation)

In the case of 14:00 o’clock (Figure 5.43), only the northern side of Avatar A presents some PMV
values of thermal comfort sensation while in all the other Avatars the values are in the warm or hot
zone (from 1 to 3).At 20:00 o’clock (Figure 5.43), Avatar A and F show similar results with the case
of 8:00 o’clock, negative values on the side and parts of their body where the air is moving.

Avatars E and G are in spaces that the air cannot reach, therefore they do not record any difference
in the PMV values in any case of this Scenario.
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5.10. Scenario 9: openings in the office, living room and kitchen

In Scenario 9 the building is simulated with the northern glass door of the office (inlet), the
southern glass door of the living room (outlet) and the eastern window of the kitchen (outlet) open.
The air is moving in all the available spaces (not so much in the dining area) with low velocity

(Figure 5.44).

(a) NW view of the building. Air with NW direction is going through the northern glass door
of the living room

(b) SE view of the building. Air is coming out of the building from the eastern window of the
office

(c) Top view (d) East view
Figure 5.44 Airflow movement inside the building

Figure 5.45 shows the measurement planes a (inlet), b (outlet) and c (outlet). Higher velocities are
observed from the planes near the openings and the air speed in the other space is not higher than
1 m/s. For the cases of 2:00 and 8:00 o’clock the maximum air speed is recorded around 1 m/s and

for the 14:00 and 20:00 o’clock around 2m/s.
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Position of the measurement planes, SE view

Time

Plane a (inlet) Plane b (outlet)

Plane c (outlet)

2:00

8:00

14:00

20:00

Figure 5.45 Velocity results for the four examined hours of the day
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Time

PMV SE Perspective view

2:00

8:00

14:00

20:00

Figure 5.46 PMV results for the four examined hours of the day

From the above Figure 5.46 we observe that the created airflow, from the selected openings, is not
able to make the PMV values of Avatar F reach the comfort zone (except at 2:00 o’clock where the

indoor conditions are comfortable from the base Scenario).
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Figure 5.47 Detailed PMV results of the Avatars inside the building (A-G: position, S-E-N-W: orientation)

In the first case of 2:00 o’clock (Figure 5.47), the PMV of all the Avatars is recorded inside the
comfort zone. From the created airflow some negative values appear on some parts of the body of
Avatars C and D. At 8:00 o’clock (Figure 5.47), the PMV values are very high but values of thermal
comfort appear on the legs of Avatar A. Even though some windows are open, the high values
appear due to the heat transfer that occurs when the air is entering a very warm space of the
building and moves to a cooler space.
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Figure 5.48 Detailed PMV results of the Avatars inside the building (A-G: position, S-E-N-W: orientation)
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At 14:00 o’clock (Figure 5.48), high values, but generally lower than the 8:00 o’clock case, of PMV
are recorded. In the last case (20:00 o’clock, Figure 5.48), the values are moving close to the
comfort zone. On Avatar D we observe cooler values on the eastern side of the body, where the air
is coming from, neutral in the middle and warmer on the western side.

Avatars E and G are in spaces that the air cannot reach, therefore they do not record any difference
in the PMV values in any case of this Scenario.
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5.11. Comparison between all Scenarios

From the results above, we observe in all the Scenarios air movement in the two-storey open space
of the living room area and stairs. The air movement there appears in all the Scenarios regardless
the windows/doors that are open and usually has low speed.

In the first 3 Scenarios we notice that the air is moving in the first storey level without any
windows/doors open in that floor. This is probably caused by the geometry of the building and the
stack effect, where the different pressures that exist that moment inside and around the building
make the air move upwards and in other areas. Higher speed is recorded near the openings and on
the direct path of the airflow from the inlet opening to the outlet opening. In Scenarios 2 and 3 the
air is following the direct path through the kitchen and does not mix in that area. The same is
happening in Scenario 1 in the dining area and there is not any air movement in the kitchen.

In the next 3 Scenarios the combination of open windows and doors between the bedroom 1 in the
1* floor and the ground floor is simulated. In Scenario 4 we observe low air movement in the
kitchen and dining area. The position of the selected openings, the direct path of the airflow going
in and out, does not allow a better movement in the two-storey open space and the air does not
reach the roof. In Scenario 5, the air moves quickly from the kitchen and the bedroom but there is
better movement in the living room and dining area than in the previous Scenario. Scenario 6
presents a combination of the results from the previous Scenarios. The air is moving in all the
available areas of the residence but because of the selected openings (2 in the ground floor and 1 in
the bedroom) the direct path that is created might cause uncomfortable conditions for the users.

In the last 3 Scenarios the combination of openings between the office in the 1** floor and the
ground floor is simulated. The airflow pattern in Scenario 7 seems to cover all the available areas of
the residence with small velocity, except the dining area where the movement is very low. In
Scenario 8 the airflow does not cover the whole living room area because of the direct path that is
created and restricts the air movement. The air goes through the office with higher velocity but a
small circulation movement is created. Scenario 9 shows similar airflow pattern as Scenario 7 even
though it has one more window open in the kitchen.

In some Scenarios we notice that air that is going fast through a space might not be able to
decrease the PMV values inside the comfort zone. In these cases different PMV values on the
Avatars’ body are observed (i.e. Scenarios 6, 8). The values on the head could fall in the hot zone or
comfort zone while there are negative values on their legs or some other part of the body, or values
of the hot, comfort and cold zone can be recorded on different parts of the body. In these cases the
indoor conditions cannot reach the comfort level and the fast movement of the air most possibly
creates uncomfortable conditions.
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Cold zone

Expanded comfort
zone

Comfort
zone

-2 -1 0 1 2 3

Warm
zone

Cool zone Hot zone

Table 6.1 Legend of the PMV range

2:00

Base
S1

Human position

S2
S3
sS4
S5
S6
S7
S8
S9

Table 6.2 PMV results of the Avatars at 2:00 o’clock of all the Scenarios

8:00

Human position

Base
S1
S2
S3
sS4
S5
S6
S7
S8
S9

Table 6.3 PMV results of the Avatars at 8:00 o’clock of all the Scenarios
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Human position

14:00

Table 6.4 PMV results of the Avatars at 14:00 o’clock of all the Scenarios

Human position
20:00
A B C D E F G
Base 1 1 0.75 1 1 1 1
1 1 1
1 1 1
1 1 1
1 1
1 1
1 1
0.75 1
-0.75 1
0.75 1

Table 6.5 PMV results of the Avatars at 20:00 o’clock of all the Scenarios

From the Table 6.2 (2:00 o’clock) we observe that the PMV of all the Scenarios is inside the comfort
or the expanded comfort zone except of the PMV of Avatars B in Scenario 1, which is in the cool
zone and the PMV of Avatar A in the Scenario 6, which is in the cold zone. Generally all the
Scenarios at 2:00 o’clock are able to keep the indoor conditions in a comfort level.

At 8:00 o’clock (Table 6.3), there is a decrease of the PMV values almost in all the Scenarios.
Scenarios 7 and 9 present an increase of the values because the air is entering a very warm space of
the building and is moving to cooler spaces, transferring in that way the heat and making the
existent conditions hotter. This is also a result from a steady state situation where the simulation
stops when the selected conditions met. A transient state, where the time is taken into account,
would show how the natural ventilation affects the indoor conditions and the levels of comfort
sensation regarding a period of time.
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At 14:00 o’clock (Table 6.4), we observe a decrease of the PMV values of all the Avatars that are
located in the available spaces (for the airflow movement) of each Scenario. The decrease can even
reach the 2 points (inside the comfort or expanded comfort zone) but the PMV is moving mostly to
the warm zone. In Scenario 1, 7 and 9 the decrease of the values is very small on a few Avatars and
they are located in the warm and hot zone.

In Table 6.5, at 20:00 o’clock, the PMV values in all the Scenarios are moving in the comfort or
expanded comfort zone, except for the Avatar A in Scenarios 1&6 that is located in the cool zone.
The incoming air is causing a decrease in the values and in the most Scenarios the PMV of the
Avatars in the available spaces is dropping in the comfort zone.

From the airflow analysis of the examined Scenarios we observe that the indoor airflow pattern is
affected by:

— the geometry of the building,

— the position of the selected inlet openings in the geometry of the building, and

— the relative position and orientation of the outlet openings in respect to the inlet openings.
The impact of the incoming velocity between the selections of different position of the inlet

openings can be observed from the Scenarios 7 and 8. In the first Scenario, the inlet opening is the
northern glass door of the office, where that wall has a retreat on that side of the building and the
volume of the stairwell is frontmost of the office. The air is entering the building with low velocity
and is moving in all the available spaces. In the second Scenario, the inlet opening is the northern
glass door of the living room, where the air is directly entering the building, without meeting any
obstacle, with higher speed but the air does not move in all the available spaces.

It must be noticed that, even though the airflow pattern in a Scenario seems efficient, the velocity
might not be enough in some areas for the indoor thermal conditions to reach a comfort level. The
wind speed and other factors (such as temperature, humidity, etc) affect the sensation levels.

From the analysis of the thermal comfort results of the examined Scenarios and their conditions,
we observe that:
— even at 14:00 o’clock, one of the hottest times of the day, the use of natural ventilation for
cooling purposes can be effective.
— for night cooling, even a breeze (air with very low velocity) inside the building can make the
comfort sensation of the humans move in the cold zone of comfort (Scenarios 1 and 6).
— the conditions of the space where the air is entering the building are important factors for
the indoor conditions that will be created when the windows/doors will open.
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6. Conclusions and Future work

6.1. Conclusions
In the presented study the impact of natural cross-ventilation of sustainable residential buildings on
thermal comfort levels is evaluated. A residence with bioclimatic parameters is designed in Chania,
Crete, and its energy consumption is assessed. Afterwards, the building is modelled for the study of
the indoor airflow pattern created by natural wind-driven cross-ventilation from the different
selection of the openings. Nine Scenarios of the previous study are chosen for the assessment of
indoor thermal comfort. In all the simulations the building is isolated modelled.

A two storey open space between the floors seems to be significant for the air movement and
cooling of all the possible areas of the building, even if there are no open windows on the upper
floor. The impact of the floors’ layout on the indoor airflow needs to be studied and taken into
account from the early stages of the architectural design. The geometry of the building, as well as
the position of the selected openings affect the conditions of the incoming air. The position and
orientation of the outlet opening regarding the inlet opening must be cautiously selected so the
architectural design and environmental conditions can be best exploited. The asymmetric position
of the selected openings is suggested for a better movement of the air inside the building.

Naturally wind-driven ventilation appears to be an effective way of cooling the building in many
cases during the day. In the majority of the cases the thermal comfort levels drop 1 thermal zone
and in many cases two thermal zones. Night ventilation is able to provide comfortable indoor
conditions, but in a few cases it can drop the thermal comfort levels in the cool zone of comfort and
thus creating uncomfortable conditions. The selected openings must be chosen regarding the
environmental conditions, indoor conditions and the spaces that need cooling.

From this research it is also concluded that for the study of natural indoor ventilation and thermal
comfort levels on a complex building geometry the followed methodology can be applied. Natural
ventilation has a significant impact on the quality of living standards and energy consumption and
needs to be acknowledged both from the architects and the occupants. CFD simulations can be
effectively used for the study of natural ventilation and the provided information can be used in the
early stage of architectural design. Software packages prove to be a useful tool for the architects
and other professionals and are frequently used for similar studies for the purpose of
understanding and designing of appropriate actions.

Page | 96



6.2. Future work
A further assessment of the PMV results can be made regarding the newly formed indoor air
temperature from the natural ventilation.

Further research can be made in a transient state where the impact of natural ventilation on
thermal comfort levels will be assessed regarding the time factor.

In this work the PMV index is used for the evaluation of thermal comfort levels. This index is the
most common method and the selected program is using it for the thermal comfort evaluation.
Some studies have reported that it might not be appropriate for thermal comfort assessment in
naturally ventilated buildings. Another method or program could be used for the study of thermal
comfort levels from natural ventilation in the designed building and a comparison of the results can
be made.

During the process of architectural designing, the need for shading systems was perceived. A
further study for their implementation and impact assessment on indoor airflow and thermal
comfort levels can be made.

The described building is used for the development of a control system for the openings of the
Scenarios that were tested. The maquette of the building was built and the system was
implemented and tested on the openings (Figure 6.1). Further work is needed for the improvement
of the model and the conduction of the experimental measurements.

e’ AU

»

Figure 6.1 The physical model of the residence with the implementation of the control system
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