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Ph.D Thesis Abstract

ABSTRACT

Through the last decades, building designers shaedd with reliable design strategies
to take advantage of natural resources in ordeintoease energy efficiency in

buildings, as well as to promote sustainable dgraknt and add value to the society.

This thesis proposes a reliable building desigatstyy to improve buildings energy
efficiency by means of natural ventilation (NV) u3de strategy consists in evaluating
the most suitable architectural solution in a gafér case study taking into account
environmental conditions and building surroundimgsrder to maximize NV use since
the early building design stage. Computationaldfldynamics (CFD) techniques are
used to conduct the research. This is a powerfsigdetool that permits buildings NV

behaviour simulation prior to building construction

Therefore, the aim of the thesis is to providea case study building in which the NV
design strategy is applied to show a reliable exangmd support building design
decisions since the design stage. This generattdgecould be subdivided into some

more specific objectives, which are detailed a®val

» Show CFD techniques potential to improve energygieficy in buildings.

* Create and validate a computational fluid dynani€6D) model to simulate
and evaluate buildings NV behaviour.

« Evaluate different facade opening configurationsirtgprove NV effect in
buildings.

* Analyse and quantify the energy saving potentialaifirally ventilated facades.

« Evaluate different building sites in order to selélee location that could
maximize NV use in buildings.

* Analyse NV effect on indoor comfort conditions dwgithe warm season.



* Validate the design strategy by conducting it tigtoa real building design and

construction (case study).

From the proposed objectives, a building desigatetyy is designed and conducted
through a case study from the initial design stage@ the final building construction

and operation.

The design strategy is based on the use of a coormhaumerical code that solves the
fluid mechanic equations. The CFD software simgldbe features that influence NV
and predicts its behaviour in the different buifglinonfigurations prior to building

construction. This numerical technique allows, lo& dne hand, the visualization of air
flow paths in buildings. On the other hand, manggifiable parameters are calculated
by the software. Through the analysis and comparsothose parameters, the best

architectural solutions are chosen.

With regards to all possible architectural decisidhe research is focused on the facade
configuration selection and the building locatidiirst of all, the NV design strategy
feasibility is analysed in a particular region: tMediterranean Valencian Coastal area
(Spain). The region is characterized by the unif@onditions of the prevailing wind
during the warm season. Then, a validated CFD sinom is used to analyse
qualitatively and quantitatively the building swraing influence on wind paths
through and around buildings. The objective is ¢mpare different facade opening
positions and select the alternative that takesemoofit of the NV resources available.
Additionally, a general quantification of the véated facade contribution to buildings
energy efficiency is presented under the framehef facade configuration selection.
Secondly, two simulations are conducted to anatyse different building locations.
The assessment of surrounding buildings influentédulding NV behaviour is done
through validated CFD models. Some parameters muglizations are proposed to be
used in the quantitative and qualitative assesswieeach solution respectively. Then,

the best location alternative with regards to NYfgenance is selected.
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Finally, the research is concluded with the casdysbuilding full-scale construction.
The indoor CFD simulation used from the beginnmthien successfully validated. The
NV building behaviour is also successfully verifieddditionally, contrasted
performance indexes are used to evaluate indoofatbononditions: draught risk (DR),
predicted mean vote (PMV) and predicted percenthgissatisfied people (PPD). The
results show that comfort conditions can be reacherk energy efficiently by means

of NV use.

Afterwards, it is verified how the comfortable iratoenvironment conditions are
ensured and optimized by the NV use. Although thseigh strategy is applied to a
particular building design, the design strategyepbal is that it could be applied to all

buildings. Consequently, major potential energyirsgascould be achieved.

The present thesis includes six publications, foluthose six are published in peer

reviewed journals indexed in the “Journal CitatiReports” as detailed below:
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February 2016.

International institutional publisher.

* Mora-Pérez, M.; Guillen-Guillamon, I.; Lopez-Patji®.; Loépez-Jiménez, P.A.
Natural Ventilation Building Design Approach in Mexranean Regions—A
Case Study at the Valencian Coastal Regional S&dain). Sustainability8,
855, 2016.

JCR impact factor 1,789 (Q2).

* Mora-Pérez, M.; LoOpez-Patifio, G.; Bengochea-EsoobaM.A.; Lopez-
Jiménez, P.A. Cuantificacion de la eficiencia déalehada ceramica ventilada.
Boletin de la Sociedad Espafiola de Ceramica y ¥idfol.50 n°2. 2011.

JCR impact factor 0,432 (Q4).
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Driven Effect.Researches and Applications in Mechanical EngimggiVol. 3
Iss. 1, March 2014.

International publisher peer-reviewed.

e Mora-Pérez, M.; Guillen-Guillamoén, 1.; Lépez-JimeneP.A. Computational
analysis of wind interactions for comparing differdéuildings sites in terms of
natural ventilationAdvances in Engineering Softwa8, 73-82, 2015.

JCR impact factor 1,673 (Q2).

* Mora-Pérez, M.; Guillen-Guillamén, I.; Lopez-Jimen&.A. A CFD study for
evaluating the effects of natural ventilation odaonr comfort conditionsAIMS
Environmental Scien¢d(2): 289-309, March 2017.
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Ph.D Thesis Resum

RESUM

Durant les ultimes décades els agents involucrateledisseny d'edificis utilitzen
estrategies fiables de disseny que els permetefitaprels recursos naturals de I'entorn
amb l'objectiu d'augmentar I'eficiencia energetieds edificis aixi com promoure el

desenvolupament sostenible i generar valor afegitgpsocietat.

Aquesta tesi proposa una estrategia fiable de rdisgedificis per a millorar la seva
eficiencia energetica mitjancant I'is de la veotdaatural (NV per les sigles en angles
"natural ventilatiori). L'estrategia consisteix a avaluar la soluciquéectonica més
adequada tenint en compte les condicions ambientééntorn dels edificis amb
l'objectiu de maximitzar I'Us de la ventilacié6 maludes de la fase inicial del seu
disseny. En aquesta tesi s'aplica |'estrategiasserly a un cas d'estudi real i particular.
L'estratégia de disseny esta basada en la utilitzbec tecniques de dinamica de fluids
computacionals (CFD per les sigles en angkEsmputational fluid dynamits Les
tecniques CFD so6n una potent eina de disseny quenepela simulacié del

comportament de la ventilacié natural en els edifdbans de la seua construccio.

D'aquesta manera, l'objectiu de la tesi és propoaciun cas d'estudi real en el qual
I'estratégia de disseny de ventilacioé natural isagler a proporcionar un exemple fiable
i ajudar en la presa de decisions des de l'etapalirde disseny. Aquest objectiu

general es subdivideix en una série d'objectius@Bps que es detallen a continuacio:

* Mostrar el potencial de les técniques CFD per dorail I'eficiencia energética
en els edificis.

e Crear i validar un model de dinamica de fluids catapional (CFD) per a
simular i avaluar el comportament de la ventilaaural dels edificis.

* Avaluar el comportament de diferents configuracidimbertures (finestres) de

les facanes per a millorar I'efecte de la ventilaw@tural dels edificis.
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* Analitzar i quantificar el potencial d’estalvi egetic de les facanes ventilades
degut a la ventilacié natural.

* Avaluar diferents ubicacions per seleccionar aquati qué es pugui maximitzar
I'is de la ventilacio natural en els edificis.

* Analitzar l'efecte de la ventilacio natural sobes Icondicions interiors de
confort durant la temporada calida.

» Validar 'estratégia de disseny duent-la a ternmragés d'un cas d'estudi real de

disseny i construccié d'un edifici.

A partir dels objectius anteriors, es dissenya difice seguint l'estratégia de disseny
d'edificis proposta a través d'un cas d'estudi cprapren des de la fase inicial de

disseny fins a la construccié i operacio de I'edifi

L'estratégia de disseny es basa en I'Gs d'un codiieric comercial que resol les
equacions de la mecanica de fluids. El programBi Gimula les caracteristiques que
influeixen en la ventilacié natural i prediu el seamportament en els edificis abans de
la seva construccié. Aquesta tecnica numerica pelangsualitzacié del flux d'aire en

els edificis. A més, el programari permet calcyt@rametres que sén analitzats i
comparats posteriorment per triar la solucié asgptitnica que supose un millor

comportament de la ventilacié natural.

Pel que fa a totes les decisions arquitectoniqassilples, la investigacio es centra en la
seleccio de la ubicacio de I'edifici i de la confiacio de les obertures de la fagana. En
primer lloc, s'analitza la viabilitat de |'estratge disseny en una regidé determinada: la
zona costanera Mediterrania de la Comunitat VadereciLa regié es caracteritza per les
condicions uniformes del vent predominant duraestdicié calida. A continuacio,
s'utilitza una simulacié de CFD validada per amatigualitativament i quantitativament
la influencia dels edificis circumdants en els Baxdel vent a través i al voltant dels
edificis circumdants. L'objectiu és comparar difgseposicions dels buits de la facana

per seleccionar l'alternativa que millor aprofitts eecursos de ventilacid natural
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disponibles. A més, en el marc de la seleccio defdiguracié de la facana es presenta
una quantificacié general de la contribucio de #gaha ventilada a I'eficiencia
energetica dels edificis. En segon lloc, es reaiitdues simulacions per analitzar dues
ubicacions diferents de l'edifici cas d'estudi.vhlaacié de la influéncia dels edificis
circumdants en el comportament de la ventilaciunahtde I'edifici cas d'estudi es
realitza mitjancant la utilitzaci6 de models CFDlidais. Es proposen diferents
parametres i visualitzacions per a l'avaluacio ttaiva i qualitativa de cada solucio.
A continuacié es selecciona la millor ubicacié pgle fa al comportament de la

ventilacié natural a I'edifici cas d'estudi.

Finalment, la investigacio conclou amb la constiuc escala real de l'edifici cas
d'estudi. Es valida amb éxit la simulacio CFD dedrtior de I'edifici utilitzada des de
I'etapa de disseny. També es verifica amb exibelpprtament de la ventilacié natural
de l'edifici. A més, s'analitzen les condicionscdafort interiors mitjan¢ant l'avaluacio
dels seguents indexs: risc de corrents d'aire (&¥Reg sigles en angledraught risk),
mitjana de vots previstos (PMV per les sigles eglémn ‘predicted mean votgi el
percentatge previst de persones insatisfetes (R®PDep sigles en angléepredicted
percentage of dissatisfied pedpleEls resultats mostren que I'ls de la ventilacio
natural permet assolir, de manera més energéeti¢aefarient, les condicions de

confort.

A continuacié es verifica com es garanteixen i mfiien les condicions de confort

interiors mitjancant I'ls de la ventilacio naturBhcara que l'estrategia de disseny
s'aplica al disseny d'un edifici en particular,petencial de I'estratégia de disseny és
molt més gran ja que aquest podria aplicar-se sadist edificis. En conseqiencia els

estalvis potencials d'energia son més grans.

La present tesi inclou sis publicacions, on qudteguestes es publiquen en revistes
revisades per parells i indexades en el "Journ&tiGh Reports” com es presenta a

continuacio:
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RESUMEN

Durante las ultimas décadas los agentes involusradal disefio de edificios deben de
utilizar estrategias fiables de disefio que les pamaprovechar los recursos naturales
del entorno con el objetivo de aumentar la efideerenergética de los edificios asi

como promover el desarrollo sostenible y generkraiadido para la sociedad.

Esta tesis propone una estrategia de disefo filbézlificios para mejorar su eficiencia
energética mediante el uso de la ventilacion nbt{N& por sus siglas en inglés
“natural ventilation”). La estrategia consiste emlaar la solucion arquitectonica mas
adecuada teniendo en cuenta las condiciones araleent el entorno de los edificios
con el objetivo de maximizar el uso de la ventdacnatural desde la fase inicial de su
disefio. En esta tesis se aplica la estrategia sEi@ia un caso de estudio real y
particular. La estrategia de disefio esta basada @tilizacion de técnicas de dinamica
de fluidos computacionales (CFD por sus siglas mglés “computational fluid
dynamics”). Las técnicas CFD son una potente héerstan de disefio que permite la
simulacion del comportamiento de la ventilacionuralt en los edificios antes de su

construccion.

De este modo, el objetivo de la tesis es propoation caso de estudio real en el que la
estrategia de disefio de ventilacion natural seaplara proporcionar un ejemplo fiable
y ayudar en la toma de decisiones desde la etapal ide disefio. Este objetivo general

se subdivide en una serie de objetivos especifjaese detallan a continuacion:

» Mostrar el potencial de las técnicas CFD para raejareficiencia energética en
los edificios.
e Crear y validar un modelo de dinamica de fluidompaotacional (CFD) para

simular y evaluar el comportamiento de la ventdaaiatural de los edificios.
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e Evaluar el comportamiento de diferentes configunaes de huecos (ventanas)
de las fachadas para mejorar el efecto de la weiti natural de los edificios.

* Analizar y cuantificar el potencial ahorro energétde las fachadas ventiladas
de manera natural.

« Evaluar diferentes ubicaciones para seleccionaelEgen la que se pueda
maximizar el uso de la ventilacion natural en ldgigos.

* Analizar el efecto de la ventilacion natural sola® condiciones interiores de
confort durante la temporada calida.

» Validar la estrategia de disefio llevandola a caba\a&s de un caso de estudio

real de disefio y construccion de un edificio.

A partir de estos objetivos, se disefia un edifgiguiendo la estrategia de disefio
propuesta a través de un caso de estudio que codepdesde la fase inicial de disefio

hasta la construccion y operacion del edificio.

La estrategia de disefio se basa en el uso de igoadumérico comercial que resuelve
las ecuaciones de la mecénica de fluidos. El soét@@&D simula las caracteristicas que
influyen en la ventilacion natural y predice su pamamiento en los edificios antes de
su construccion. Esta técnica numérica permitadaalizacion del flujo de aire en los

edificios. Ademas, el software permite calcularapagtros que son analizados y
comparados posteriormente para elegir la soludiguitectonica que suponga un mejor

comportamiento de la ventilacion natural.

Con respecto a todas las decisiones arquitectopimsibles, la investigacion se centra
en la seleccion de la ubicacion del edificio y deconfiguracion de los huecos de su
fachada. En primer lugar, se analiza la viabilidiedla estrategia de disefio en una
region determinada: la zona costera Mediterranedadéomunidad Valenciana. La

region se caracteriza por las condiciones unifordets/iento predominante durante la
estacion calida. A continuacion, se utiliza unawdauion de CFD validada para analizar

cualitativamente y cuantitativamente la influend& los edificios circundantes en los
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flujos del viento a través y alrededor de los ewti# circundantes. El objetivo es
comparar distintas posiciones de los huecos daclaatla para seleccionar la alternativa
gue mejor aproveche los recursos de ventilacidmralatdisponibles. Ademas, se
presenta en el marco de la seleccibn de la comfigpm de la fachada una
cuantificacion general de la contribucion de lahtta ventilada a la eficiencia
energética de los edificios. En segundo lugareakzan dos simulaciones para analizar
dos ubicaciones diferentes del edificio caso dedést La evaluacion de la influencia de
los edificios circundantes en el comportamientdadgentilacion natural del edificio
caso de estudio se realiza mediante la utilizacdénmodelos CFD validados. Se
proponen distintos parametros y visualizacionesa dar evaluacion cuantitativa y
cualitativa de cada solucion. A continuacion see@g@bna la mejor ubicacion con

respecto al comportamiento de la ventilacion natnael edificio caso de estudio.

Finalmente, la investigacién concluye con la cartstion a escala real del edificio caso
de estudio. Se valida con éxito la simulacion CFdD idterior del edificio utilizada

desde la etapa de disefio. También se verifica &in él comportamiento de la

ventilacion natural del edificio. Ademas, se aralizlas condiciones de confort
interiores mediante la evaluacion de los siguieimdges: riesgo de corrientes de aire
(DR por sus siglas en ingléslraught risk), voto promedio previsto (PMV por sus
siglas en inglés predicted mean vote y el porcentaje previsto de personas
insatisfechas (PPD por sus siglas en inglpeedicted percentage of dissatisfied
peoplé). Los resultados muestran que el uso de la \amdih natural permite alcanzar,

de manera mas energéticamente eficiente, las ¢ondg&cde confort.

A continuacion se verifica cOmo se garantizan ynogan las condiciones de confort
interiores mediante el uso de la ventilacion natukanque la estrategia de disefio se
aplica a un disefio de un edificio en particulapakncial de la estrategia de disefio es
mucho mayor ya que ésta podria aplicarse a todogddicios. En consecuencia los

ahorros potenciales de energia son mayores.
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Ph.D Thesis Chapter 1 Introduction

CHAPTER 1: INTRODUCTION

In the recent years our society is getting conakmmigh the greenhouse effect problem
and the importance of fulfilling the present needghout compromising future

generations to meet their own needs [1]. Sustandblelopment has been accepted
and used to show implicitly the non-sustainableettggment of the current society,

especially in the energy field. In this sense,rtbed for sustainability is clear as soon as
there is a risk in the energy shortage. Consequdnth carbon technologies are being
developed for reducing the greenhouse effect ammhganergy and natural resources

with the ultimate aim to allow future generationdtlfil their necessities.

There are many fields from which the increase eeghouse effect could be slowed
down. The EU is working to reduce greenhouse gasgssions by 20% (from 1990
levels) by 2020. One of the pillars leading thedp@an Union to reduce the greenhouse
effect is sustainability in the building environnbewhich means near 35% of the total
European C@emissions [2]. Therefore, the increase in eneffigiency in the building

sector could represent an important percentagediace CQ@ emissions.

Building energy efficiency is becoming more populacause of the increasingly higher
prices of the energy regardless of their origin @ne increased awareness of the
environmental impact of energy use. Consequentlgxxhaustible energy sources and
passive methods are starting to play a significeole for sustainable building

development. In this respect, natural ventilatiNi) use is presented as one of the best
passive mechanisms to improve buildings energycieffcy as well as to provide

acceptable indoor environmental quality and acd#gtaomfort conditions. A strong

focus on NV behaviour since the design stage ceal@® many energy resources in the
buildings operation with almost negligible initiebst increase. This feature combined
with the complete building agent chain awareness,designers, owners, final users,
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Ph.D Thesis Chapter 1 Introduction

etc. will lead into quick recovery of the possibigial overinvestment and will generate

earnings besides many other social benefits.

Natural ventilation had been used for centuried tii¢ air conditioning became more
widespread in the last decades. The technique wasrally abandoned due to the
difficulties to manage its behaviour in a contrdllenanner. However, the energy
efficiency benefits, the new computational fluidhdynic techniques and the integrated

building management systems have streamlined thedé\again.

Natural ventilation relies on buoyancy and/or wprdssure-driven forces that move air
through buildings [3]. Thus, the fluid mechanicays an important role in the study of
air movement energetic implications. NV behaviauibuildings depends critically on
the building location and the fagcade configuratiemstly, the analysis of the prevailing
wind flow of the region as well as surrounding @amiment influence on local wind
direction changes are particularly important. Moo wind could be modelled by
CFD techniques in order to predict its behaviowcdhdly, facade configuration will be
responsible for driving the wind into the buildinGonsequently, the most suitable
architectural solution should be selected dependimdrow it works according to the

influence of the environmental surrounding conaisio

There are many techniques for predicting NV behaviof buildings [4-5]. CFD
technigues have been widely used during the lasassy[6-8], although they have not
been almost handled during the initial design phd3ee present research uses a
commercial numerical software, STAR-CCM+, that sglthe fluid mechanic equations
in a three dimensional domain. The software allawsd and air flow visualization and
the calculation of many parameters (i.e. velocpyessure, temperature, numerical
comfort indexes, etc.) that are analysed in ordecampare the different alternatives.
Then, CFD techniques enable analysing all desighitactural solutions by simulation
techniques and not by real trial-and-error methtitst require higher economic
resources and time. Thereby, the initial cost iaseels almost negligible in comparison

with the future potential energy savings as wellhesbenefits provided to society.
4
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The present design approach is conducted throughsa study building. With the
exception of the research conducted to assessajlgnigae particular ventilated facade
architectural solution, the case study building bBhaviour is simulated by means of a

CFD model. The details of the case study buildirggpaesented below.

1.1. Case study building

The design strategy is conducted through a casly swilding design and construction
within the frame E3 echo efficient building desigmesearch project at “Universitat
Politécnica de Valéncia” in Valencia (Spain). Th®ject consists of designing and
constructing an energy-efficient building with tlaém to encourage designers and
society in general towards sustainable developm&hereby, every architectural

component has been designed to accomplish a baitimequirement.

The present thesis is focused on the optimizatibthe building NV performance
attending to the location and the facade configomattaking into account the local
environmental conditions. The analysis done compriifferent stages from the early
beginning design stage until the building constarcand operation. Figure 1 shows an
outdoor front view of the case study building. Aduhal outdoor and indoor views are

included in the corresponding annexes.

Figure 1. Case study constructed building

The initial building design is based on a typic&l @ modular regional familiar

dwelling. The building is 4 m height and 5 m widhe indoor distribution is made

5
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with two rooms connected by a short passagewayentherbathroom is located. One
the room has a door to the outside (2.5 m x 3.amd)the other has a window (1.5 r
3.7 m), boh in the main fagade. Additionally, both rooms &dwo narrow window
(0.5 mx 2 mand 0.5 m x 1 m) located in the upper of the back building fac
Figure 2 shows a plant view drawing of the casdystwildinc simulated and figure
the 3D view ofthe case study buildi. Moreover, some passive elements have |

installed in order to avoid solar gains throughrieen building opening

Second Main
room room

| Main entrance

Figure 2. Plant view of the simulated case studiding

Figure 3.Case study building 3D view (front (left) and b#édght) view'

Finally, the building is located an urbarplain terrain 1 km from the Mediterrane
Sea coast (39°28'41.8"N 0°20'10.8"VThe environmental conditions of this locat
are presented int@pter Z Besides, the Chapter 3 presents the thesis discuasid
results. Chapter 2 presents the thesis objectimestiae conclusions are depicted
Chapter 4. Chapter 5 describes the thesis refeseaoe finally a manuscripts

published within théhesis scope are included in the six ann
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CHAPTER 2: OBJECTIVES

This thesis proposes a building design strategynfwove buildings energy efficiency
by means of NV use. Furthermore, the strategymslgoted in a real case building. The
strategy consists in evaluating the most suitabtshiectural solution taking into
account environmental conditions and building sumdings in order to maximize NV

use since the early building design stage.

The different architectural alternatives evaluatisndone through the analysis of
computational fluid dynamics (CFD) simulations. THeid mechanics analysis to
improve kinetic and thermal energy extraction froatural flows is of special interest
for the energy efficiency scope nowadays. The mtebesis also aims to contribute to

the achievement of this general purpose.

The previous general objectives could be subdivideid some more specific

objectives, which are detailed as follow:

* Show CFD techniques potential to improve energygieficy in buildings.

 Create and validate CFD models to simulate andyseabuildings NV
behaviour.

* Evaluate different fagcade opening configurationsirtgprove NV effect in
buildings.

* Analyse and quantify the energy saving potentialaifirally ventilated facades.

« Evaluate different building sites in order to selélee location that could
maximize NV use in buildings.

* Analyse NV effect on indoor comfort conditions dwgithe warm season.

* Validate the design strategy by conducting it tigitoa real building design and

construction (case study).
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These specific objectives contribute to the additto the construction sector of a
reliable NV design approach that assists buildiagighers on the sustainable building
design since the initial design stage. The noweltthe design approach lies in the fact
that NV use is reinforced by the use of CFD techegysince the initial design stage in a
real case study building that will be constructdtbravards to validate the design
approach and close the design loop. Then, buildlegigners know that the NV
measures that had been taken at the initial detagre had the expected NV effect in
the building finally. The thesis is an attemptpi@vide structure to the application of
advanced design tools such as CFD to an area (INW)< traditionally approached with
empirical or integral rules [4-7]. The analysis armnparison of this approach together
with the process to create and validate the difte@FD simulations is summarized in

Chapter 3.

Chapter 3 has the references to the annexes iohwhe particular features of the
design approach are depicted in detail. The suftdesgplication of the design

approach to the case study is the proof that shemddurage building designers to use
it. Additionally, some features regarding NV penfance in ventilated facades are

analysed by means of CFD techniques.
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CHAPTER 3: RESULTS AND DISCUSSION

The discussion and results of the present reseaelbased on six manuscripts that
have been published within the scope of the thésgure 4 summarizes the chapter

sections and the manuscripts on which are based on:

Introduction(Section 3.1, 3.2 and 3.3)

Manuscript 1(Section 3.1. Introduction to sustainable design) i
Increasing the Value of Buildings through Enviromta Design. !
|
|

! Manuscript ASection 3.2. Introduction to the Valencian Comryuregion)
NV Building Design Approach in Mediterranean RegienA Case Study at thp
' Valencian Coastal Regional Scale (Spain) |

I Part of manuscript 2, 3, 4, 5(8ection 3.3. The CFD model) :
' CFD model general summary |

Building design stagesection 3.4, 3.5 and 3.6.)

Architectural alternatives selection Architectural elements analysis

_______________________________________________________

i Manuscript 2Section 3.4) : Manuscript JSection 3.5) i
! NV Building Design Approach |r| . Quantification of the Ceramic
| Mediterranean Regions - A Case| . Ventilated Facade Efficiency. !

Study at the Valencian Coastpl L .

Manuscript 4(Section 3.5)
Quantification of Ventilated Facade

Regional Scale (Spain) .
L 1
iEffect Due to Convection in

Manuscript 5Section 3.8)

Computational Analysis of Wlndl Buildings. Buoyancy and Wlnd

1

| Interactions for Comparing

. Different Buildings Sites in Termfs __D_“_V_e_nEf_f?C_t ________________ :
: of NV. |

PP /

| Manuscript &Section 3.7. Indoor comfort conditions analysisvgans of CFD) |
' A CFD study for evaluating the effects of NV onaad comfort conditions. :
1

Figure 4. Research structure
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The publications cover all the objectives of thesik. The particular objectives and
results of each paper are summarized in the predepter. General CFD model
features are also outlined in this chapter. The pteta contents of each paper are

detailed in the annexes.

The here applied strategy aims to evaluate the msable architectural solutions
taking into account the environmental conditionsl dhe surroundings, in order to
maximize NV use since the early building designgstaTherefore, the first stage
consists in analysing the environmental conditiohthe region in which the case study

will be built.

Secondly, some architectural solutions are asse€sethe one hand, a fagcade opening
position is selected considering the most releteatures that influence NV behaviour
through buildings. On the other hand, a ventilatagade architectural solution

influence on the energy savings in the buildingnalysed.

Many times the location can be selected by thegdess. In these cases, it is important
to assess the NV potential of each area. Theredt, stage faces the selection of the

most suitable location in order to improve the thmigy NV behaviour.

Finally, the case study building is constructed andalidation of the model is done in
the real building. Besides, the NV effect on indeomfort conditions is assessed as

well as the NV performance to improve the enerdyalveor of the building.

3.1. Introduction to sustainable design

This section is based on the manuscript:

Lépez-Jiménez, P.A., Mora-Pérez, M., La Ferla,Raset-Calzada, J. Increasing

the value of buildings through environmental desi@®ST Action TU1104 —

10
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Smart Energy Regions — Cost and Value. ISBN: 98898B95-22-9. February
2016

The chapter of the book has been published by €asdiversity in the framework of
the Cost Action TU1104 Smart Energy Regions profatanced by the U.E.

Paper Summary

The awareness for sustainable development [9] & khilt environment has been
increased during the last decades. The aim of ingildesigners is to achieve comfort
conditions in buildings with the least possible oses taking into account local
climatic conditions. These possible resources ohelsince the initial design stage, the
construction and the building operation. Through tbsources use analysis, the aim is
to discuss how the cost and final building valupasitively affected by environmental
design. Actually, most of the already constructeddings are made with poor quality
materials and components what lead into high ojerat energy costs. Sustainable
design might have higher initial material and desigsts although energy use during
the building life-time should be lower. Consequgnthe payback might be shorter,
what means that in the end sustainable designadill value to the complete life-cycle

of buildings.

Unfortunately it is still thought that sustainaldesign requires higher initial costs
mainly in the design and construction stage thay marease too much the payback
period respect a non-sustainable design. Neveghetbere are other economic and
social benefits that will increase the value of thélding such as the increase in
comfort that may lead into high workers productivibnger building lifetime, reduced

complaints, social recognition, etc. that will makestainable design profitable.
Moreover, sustainable buildings initial costs sklonibt be greater than traditional ones
if the whole building agent chain (i.e. designerenstructors, consultants, owners,
users,...) is involved since the beginning. Thens ttdam should work to do not

increase the initial value of buildings as wellt@agnsure that final building users make

11
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profit of initial innovative solutions during theperational lifetime of the building.
These solutions entail since initial design cosuation until midterm energy savings,

maintenance cost reduction, water savings andaadsocial benefits, among others.

In conclusion, if the complete building agent cha&nfully aware of the sustainable
building approach, the probable initial overinvestihdue to sustainable approach will
be profitable because it may generate not onlyggneavings but also many other social

benefits.

Consequently, sustainable development should bmagiex, especially in regions with
high sustainable resources use potential suchea¥dhencian Community region in

Spain, among others.

3.2. Introduction to the Valencian Community region

This section is based on the manuscript:

Mora-Pérez, M.; Guillen-Guillamén, |.; Lopez-PatifiG.; Lopez-Jiménez, P.A.
Natural Ventilation Building Design Approach in M&granean Regions—A
Case Study at the Valencian Coastal Regional S(&bain). Sustainability 8,
855, 2016.

The journal JCR impact factor is 1,789 in 2016 he £nvironmental sciences scope.
The journal has the position 119 within 229 indejymanals. It belongs to the second
quarter (Q2).

Paper Summary

First strategy stage consists in analysing therenmental characteristics of the region
in which the case study is located. In this paléicecase, the Valencian Community

Mediterranean coast climate conditions are analy§bkd objective is to determine the

12
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season in which NV use could be of major interest the wind conditions that should

be analysed first in order to cover the most prédbabnditions.

The Valencian Community is placed in the east cdis@nd it is spread along the
Mediterranean Sea coast. The coastal area has ila @batour. Moreover, the
Mediterranean Sea effect favors averaged envirotaheamperature conditions during
the whole year. Particularly, temperature conddi@me near 20°C during spring and
autumn. Then, temperatures are little bit highantB5°C during the warm season and
slightly lower than 15°C during the cold season].[Ilthese conditions makes the
Valencian Community coastal region particularlytabie to apply sustainable building

design approaches. More details are provided iexgn

The analysis of the sun-heating conditions is atgmortant. In this case, the Valencian
Community is an exceptionally sun-heated regiorel@age of 8.3 h/day), especially
during the warm season that lasts more than 7 ratyethr [10]. Consequently, heating
sun gains in the building decrease buildings enefgiency performance during the

warm season. Thereby, the research is focus owdha season.

The wind conditions are of special interest for N&haviour analysis. In this particular
case, there is clearly a prevailing wind conditiovhich is conditioned by the sea
position (SW-NE direction) [10]. In any case, adbwind rose should be used to know
the prevailing wind direction and frequency. Insticase, the prevailing wind direction
Is east-south-east (ESE) in Valencia during spsagamer and autumn. Then, this wind
condition should be analysed first in order to cotlee most probable conditions.

Further research should take into account all efather wind conditions.

In conclusion, the warm season conditions shouldirby analysed in the particular
case of the Valencian Community Mediterranean coagion to improve buildings

energy efficiency by increasing NV use.

13
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3.3. The CFD model

It has been introduced that innovative solutiond tathniques should be used during
the sustainable building design. In this case, GEEhniques are presented as a

powerful tool to assist designers in the sustamabilding design.

A general objective of the thesis is the CFD mattelation, validation and analysis
applied to NV in buildings. Particularly, 3 dimeasimodels are used to simulate the
wind behaviour in the area of interest. The ardasterest are further described in each

annex of the present thesis.

Generally, the finite volume method (FVM) is used solve the mass (1) and
momentum (2) fluid dynamic equations in steadyestagime [11].

0p _

—+0ww =S 1

o =S, (1)
wherep stands for the fluid density, t is the tinte,is the velocity and Srepresents the
mass contained in the control volume. The Reyn@ldsrage Navier-Stokes (RANS)
equations are solved in a 3D domain [8]. Naviek8 momentum equation is
considered as (2). The simulations use the seg@gabdel. Besides, turbulence is
represented by the standard kaodel [12]. The particular features of the turincke
model selection are described in the corresponaiimgxes.

%mp(vv):—mmwwg# ()

where p stands for the static pressurethe stress tensor defined by eq (3) @&and

F represent the gravitational and outer forces ramg. | is the eddy viscosity and |

is the unit tensor.
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- ( _ 7 2 -
T = ux Dv+DV)—§XDV] (3)

It is required the buoyancy effect inclusion in thementum equations what is done
through the gravity model selection. In order tmidvcomputational errors, an only
mesh is defined for the complete volume represerifdéreby, outdoor and indoor
volumes are computed together [13]. The numericdkcsolves the equations until the
residuals are lower than #0and then the solution is considered converged thad

results can be analysed.

The FVM requires domain discretisation that it iada by a grid. The numerical results
depend on grid quality so it should be checkednilmaerical results independence with
reference to grid size. The grid size should beuwate enough for catching the
important physical features in the area of conc@unsequently, the grid is tighter in
those areas, especially in the indoor volumes. @yrast, the exterior volume does not
require that accuracy [13]. The method consistereating three models with three
different mesh sizes. The models are solved bynthmeerical code and the results are
compared to evaluate the solution grid independeugantitative and qualitative
analyses are done to select the mesh that bestvashia balance between results
accuracy and computational time. The particulanltesof each model and each mesh

are detailed in the annexes.

Boundary conditions should be defined in each modéle annexes present the
boundary conditions definition in detail. Withinetim, the most relevant is the definition
of the air velocity inlet condition. The wind veloc boundary is defined using the
Justus and Mikhail equation that defines the vaktrelocity profile [14]. It is important

to mention that wind fluctuating approach is nohgidered in the present research.

Nevertheless further research should be done titdi account this feature.

Numerical results reliability should be ensurediiy CFD model validation. In the first

stages is not possible to validate the indoor nsoldetause the building is still not built.

15
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Nevertheless the outdoor model can be validated.QFD strategy aims to validate the
outdoor computational model with full-scale wind asearements when the building is
still not built. The validation is done by compayithe CFD results respect wind
measurements [15]. The measurement points shoufeleeted attending to the wind
distribution that should be without the building,tae measurements are taken when the
building is still not built. Once the building i®estructed, the indoor CFD model can be

validated as well as the NV behaviour and its mrfice in comfort conditions.

In general, different CFD simulations with diffete@FD models and meshes are
performed in this research process. The detailgawih CFD models, meshes and

simulations are indicated in each publication ideld in the annexes.

3.4. Facade opening position analysis by means of CFD

This section is based on the manuscript:

Mora-Pérez, M.; Guillen-Guillamon, I.; Lopez-PatifiG.; Lopez-Jiménez, P.A.
Natural Ventilation Building Design Approach in Megiranean Regions—A
Case Study at the Valencian Coastal Regional S&pain). Sustainability 8,
855, 2016.

The journal JCR impact factor is 1,343 in 2015he £nvironmental sciences scope.
The journal has the position 146 within 224 indeyadgrnals. It belongs to the third
guarter (Q3).

Paper Summary

The objective at this stage of the research ishtiwsthe design strategy followed to
determine the most suitable fagade opening cordtgur in a fixed building location in

order to improve the NV behaviour in a buildinggprto its construction. It consists in
analysing the relative building position regarditigg surrounding buildings and the
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prevailing wind conditions. It is assessed how phevailing wind direction could be

modified when it would reach the future building.

The building outdoor opening position and oriemtatvith regards to the prevailing
wind direction strongly affects the NV performanoé the building [16]. In this

particular case, there is a building that may blaékds coming from the prevailing
direction. Consequently the wind flow might be #ldi bit disturbed. Therefore the
opening size and position should be evaluated wurena well-distributed airflow

throughout the building.

Design resources may be limited so it should be pustsible to set many design
alternatives. Therefore, an initial architecturiermatives selection should be done
based on experience. In this particular case,stiggested to include an opening in the
ESE building face because it may allow the distdrpesvailing wind to flow through
the building improving its NV behaviour. Moreovex,narrow vertical opening may
allow wind to enter in the building improving theflow distribution through the whole
building. Then, three design alternatives will bempared; the option without the
opening and two options with the opening locatethenright or left side of the fagade.
Other features such as the building indoor distrioy location, shape and orientation

are not considered because there are already define

The design strategy aims to test each time onlgsigd alternative as in this case the
additional opening position. Then, the effect aflealternative should be compared in

order to select the solution that better behaves.

Afterwards, a CFD model is created to simulate gheounding buildings that might
create turbulence trails that may influence locadaflow distribution. In this case, it is
important to maintain the surrounding definitiontire CFD and only modify the tested

building to include each opening position alterveti

The discussion compares three alternatives by mefaasquantitative and qualitative

analysis of the wind flows through the building ahd energy saving potential analysis
17
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of each solution. Firstly, velocity streamlines arsualized in order to check which
alternative improves the indoor air distributiorugdjtative analysis). The areas with
fully mixed air should be identified as well as demnes, which should be avoided. It
is shown that the option without the additional mipg has many dead zones in the
building. In contrast, the air is better mixed lve tsimulations that include the additional
opening. Then, a quantitative analysis is doneutating the inlet and outlet air flow
rates. The objective is to determine the indoorgacement time in each case. The
less time the better NV performance. Additionadlyparametric analysis of the results is
done. The probability distribution of wind makesessary the research to be done in a
probabilistic approach in order to consider all dviralues instead of only analysing the
average value. Therefore, the wind measuremendiatdrdeviation is selected in order
to take into account the whole feasible wind rafideen all feasible wind conditions are
simulated in the architectural alternatives that@mpared once again. The conclusion
is that the new opening should be included andaukl be positioned at the south-west

side of the ESE facade.

Afterwards, the energy saving potential is assessatg the general ventilation heat
transfer equation by comparing two proposed bujdiesigns. Insofar the calculation
error is minimized because the comparison of therratives, it is concluded that the
addition of the proposed opening could reduce ufi.18 kWh/ni/year the building
energy consumption approximately{iare the facade square meters in a facade with
5% openings). This means approximately a reduaifot84 grams of C®per kwWh/nf
respect the initial building design. This reductisrue to the NV generated only by the
prevailing wind conditions during the consideredmis (May-August) by the added
0.5 x 2 m lateral window in the 4 m height and %vidth fagade. Thus the energy value
is based on the particular case study building waitlelatively low relation of openings
per square meter of facade (5%); it could be ptessitat this value could be increased
with other building typologies, higher percentageopenings in the facade, indoor
distributions, environmental conditions, etc. There, it should be taken as a first

relative reference and not as a fixed value. Futaergy calculation should be extended
18
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to other wind directions to calculate the compllité impact on reducing the GO

emissions.

Finally, the characteristics of the Valencian resiial sector are analysed to estimate
the NV design technique impact on new building ¢atsions. It is concluded that the
technique implementation could suppose a reduatpno 56.5 tons of COper year
(this value is based on the 2015 new detached b@rgkthe previous case study results
references). Consequently the gfotential reduction is very rough and should lketa
as a possible reference value. Besides, the dssigtegy could be extended to other
wind directions and other kind of residential bulgs. Thus, the COsaving potential

could be even higher.

3.5. Ventilated facade performance assessment by meansG-D
This section is based on two manuscripts:
1)

Mora-Pérez, M.; Lopez-Patifio, G.; Bengochea-Esnoobavl.A.; Lopez-Jiménez,
P.A. Quantification of the efficiency of the ceranvientilated facadeQriginal title
in spanish: Cuantificacion de la eficiencia de lacliada cerdmica ventilajla

Boletin de la Sociedad Espafiola de Ceramica y ¥idfol.50 n°2. 2011.

The journal JCR impact factor is 0,432 in 2015. Jjohwenal has the position 15 within
25 indexed journals. It belongs to the third quaf@s3).

2)

Mora-Pérez, M.; LoOpez-Patifio, G.; LoOpez-JiménezA.PQuantification of

Ventilated Facade Effect Due to Convection in Buaidg. Buoyancy and Wind
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Driven Effect. Researches and Applications in Meotel Engineering, Vol. 3 Iss.
1, March 2014.

It is an international peer-reviewed journal (net yndexed in JCR).
Paper 1 summary

At this stage the objective is to take a buildingh#tectural element such as the
ventilated facade and apply the CFD technique tesssits operation under certain
environmental conditions. The ventilated facadeakected from between all possible
alternatives because it is a passive element tiagst advantage of the air flow
conditions to improve the energy performance oftthiéding, especially in regions like
the Valencian Community (Spain) in which summerrdweating becomes the major
energy consuming source in buildings [10, 17]. Teetilated facade is made of an
external ceramic layer that is separated from thigling surface by a metallic structure
that allows an air flow to circulate upwards thrbug Annex 3 and 4 describe in detall
the ventilated facade characteristics. The ventildacade geometry is selected to make
feasible a research by means of CFD i.e. a balbetweeen the fagade dimensions and

the computational time is done.

The building energy improvement is done by thenavement in the facade layer due
to wind and buoyancy forces. Consequently the wffe element temperatures should
be taken into account in the simulation. Thereleyaghergy equation is included in the

CFD numerical code equations.

The aim is to estimate and quantify the ventilafadade energy potential saving
regarding its capacity for cooling the building endertain environmental conditions.
The methodology compares the temperature in therreadt building surface with and
without a ventilated fagcade I Figure 5 shows a section of the case a) without
ventilated facade and case b) with ventilated facétds assumed that the environment
air temperature is gk = 25°C and the temperature of all ceramic pargelfi= T, =

31°C based on field measurements. Moreover ther@maental radiation and the
20
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thermal inertia of the different materials are moinsidered in the simulation. The
research compares the ventilated effect by comgadbimth cases; consequently the

different building wall layers effect is omitted.

] i L] Ind
Outdoor 0 Indoor Qutdoor T_C‘.HI_I % aor
]
Tair | o T Tais 4 I Tin
] gt
Air
Case a) Case b)

Figure 5. Temperature nomenclature

The CFD results show whether air velocity in thatilated chamber is increased while
the temperature of the panel ]Tis increased. Additionally, the temperature oé th
external surface of the building in contact withe thentilated chamber {T,) is
decreased more than 4.48K whenig kept at 31°C due to the air temperature and its
movement in the chamber. If the ventilated facadel Imot been installed, this
temperature would have been J = 31°C. The temperature decrease on the external
face of the wall in contact with the ventilated cteer means a cooling energy
reduction in the indoor building respect the bunigiwithout the ventilated chamber
(T2 p) < T2 a). Generally, it means that the ventilated chaniizer a cooling capacity
due to the air movement and temperature throughlatreover, the higher the panel
temperature is (i), the higher the temperature difference betweand the external
surface of the building in contact with the vergthchamber (T— T, ). Thereby, the
passive cooling effect generated by the ventildégade is more effective. Moreover
the cooling effect of the air in the ventilated efi@er has a linear behaviour respect the

panel temperature increase for the temperatureittamgl simulated.

Finally, an energy balance comparison is done betwbe building with and without
the ventilated facade, concluding that the vemtilafiacade could reduce up to 58.7%

the heat transferred into the building through fhgade for the tested environmental
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conditions. Thus, the CFD techniques are shown g®weerful tool to assess the

behaviour of architectural elements in contact wliifds.

Paper 2 summary

The contribution analyses deeply the fluid mechaniehaviour in ventilated fagades.
The air flow is moved by either wind driven or baogy forces in the ventilated
chamber [18]. The aim of the present contributisnto quantify the influence of
buoyancy-driven ventilation on air velocity increagm ventilated chambers. This

phenomenon is mathematically analysed using CFBEntgaes.

A CFD model is created to simulate air velocityanventilated facade taking into
account wind velocity and other hydrodynamic feagusuch as open joints, buoyancy
and wind driven ventilation, etc. Thermal inertfatloe different materials and radiation

effect are not considered. The CFD model descnpgtaletailed in annex 4.

The research strategy consists on carrying ousadet of simulations that are taken as
reference. In these reference simulations therenarbuoyancy-driven effects (BDE)
because all temperatures are uniform. The air mewénm the ventilated chamber is
only due to wind dynamic pressure. Then, differ@ntvelocities and temperatures are
considered in order to analyse the relative weafhtvind dynamic pressure over the
buoyancy effect. On the one hand, wind speed isngddy keeping the same
temperature difference between the internal facthefpanel and wind. On the other
hand, the temperature gradient between the pamelamd is changed for low wind

speed in which BDE is significant.

The results show that as wind velocity is increasesr 0.5 m/s, no air velocity changes
in the ventilated gap due to BDE are observed. Vdiecity increase due to BDE is
negligible with respect to the effect of wind-dnivéorces. In the particular case of 1.5
m/s wind velocity and 8K temperature gradient betweind and the indoor panel face,
the air velocity increase due to BDE is negligillmnsequently, the behaviour of the

air velocity in the ventilated fagade mostly depeod outdoor weather conditions. On
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the other hand, as wind velocity is decreased u@dem/s, the air velocity is increased
due to the BDE having a higher specific weight e ttotal air velocity change.
Furthermore, air velocity is proportionally increds as the temperature gradient

determining the BDE is increased at low wind vdiesi (\ing= 0.2 m/s).

The final effect is that the external facade faeenferature is decreased due to
ventilation at low wind velocities~(< 0.2 m/s). In the particular case studied, the
natural convection buoyancy-driven effect achiexe€35% of the temperature decrease
and the other 65% is due to the wind-driven eff@@ppositely, the temperature
reduction due to convective effect is negligiblehagh wind velocities£ > 1.5 m/s).

Then, ventilated facades design should be donelyrfaicusing on wind conditions.

Finally, it is concluded that BDE is negligible witespect to the wind-driven effect in
summer at high wind velocities: >1.5 m/s). Consequently BDE does not influence
ventilated facade cooling effect. Moreover, at lawnd velocities € <0.5 m/s), the
buoyancy-driven effect has a higher specific weighthe total air velocity change in
the fagade. In conclusion, the higher air veloagityhe ventilated fagade is accelerated,

the higher cooling effect is achieved.

Finally, the independence of the presented numearsalts from the geometry should
be tested in the future, although the same tendsrior other geometries are expected.
In any case, the current conclusions show whichmhbe drivers of NV effect in the
ventilated facades are. Further research will thelbow the geometry of the ventilated

facade affects the particular numerical results.
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3.6. Building location analysis by means of CFD

This section is based on the paper:

Mora-Pérez, M.; Guillen-Guillamoén, |.; Lopez-Jimeéne?.A. Computational
analysis of wind interactions for comparing diffetréuildings sites in terms of

natural ventilationAdvances in Engineering Softwa8, 73-82, 2015.

The journal JCR impact factor is 1,673 in 2015 he tngineering multidisciplinary
scope. The journal has the position 24 within 8%eked journals. It belongs to the

second quarter (Q2).
Paper Summary

The awareness and understanding of building loeathdV potential should be highly
recommendable in order to maximize NV use in boddi [19]. The neighbouring
buildings and its relative position towards thevaitng wind direction affects the new
building energy behaviour. Consequently designérsulsl select the most energy
efficient building location, position and orientati if possible. The objective at this
stage of the research is to show a design strdteggsess and select the most suitable
building location depending on the NV behaviouridesthe building. It consists in
evaluating two possible locations with differentreundings using CFD models. Indoor
and outdoor wind behaviour information is providgdthe CFD simulations, which are
used to compare qualitatively and quantitativelg thuilding NV behaviour in each

location.

Two computational models are created, one for gadsible location. The details of
either each CFD model or location are describethénannex 5. Velocity streamlines
are used to know the prevailing wind flow developinéhat is influenced by the
neighbouring buildings. It is observed that thevaréng wind direction is changed as
well as the wind incidence angle within the builglim the first location analysed. A

gualitative analysis is done to detect dead zomebk evaluate the air swept effect
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through the building. The simulations show that wied reaches the building by the
face in which the machine room is placed and themters in the building. It could be
possible that the wind flow temperature raisestie Ibit before entering in the building,
what it is not desirable during the warm seasorabge additional cooling loads would
be request to cool down the air in order to mamtasidoor comfort conditions.
Additionally, this extra load may decrease thediog energy efficiency. Oppositely, it
can be observed that the surrounding buildings@fsecond location do not disturb the
prevailing wind direction. Moreover the air flowosses the building from the south to
the north creating an air swept effect through ¢benplete building in the second
location. Then, a quantitative analysis is done dmalysing the time needed to
completely replace the indoor air by outdoor aleTess time it is needed to passively
renovate the indoor air, the more efficient natweaitilation is. The present case study

shows that the building in location 1 needs 13.18tentime than location 2.

The present research stage provides the NV effeatysis according the initial

observation of the neighbouring buildings effectvand flows development around the
case study building prior to construction. Par@ely, this research stage is combined
with the strategy presented in section 3.4 (faggubning position selection) in order to
select the best facade opening configuration insiheond location since the second

location is finally selected.

It is concluded that wind flow development deperds neighbouring elements and
could be slightly different than expected. Consedlyesustainable building design
decisions should be taken according to local witudies or simulations and its
guantitative and qualitative assessment. The relsesrows the huge CFD technique
potential to assist sustainable designs consideratgonly indoor and fagade building

distribution, but also external elements.
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3.7. Indoor comfort conditions analysis by means of CFD

This section is based on the paper:

Mora-Pérez, M.; Guillen-Guillamoén, |.; Lépez-Jimend.A. A CFD study for
evaluating the effects of natural ventilation odaor comfort conditions. AIMS

Environmental Science, 4(2): 289-309, March 2017.

It is an international journal peer-reviewed ind#xe the Emerging Sources Citation

Index (ESCI - Web of Science).
Paper Summary

The implementation of NV techniques presents aertdiallenges, especially in the
systems in which the wind driven effect ought tonhbaximized [20]. Accordingly, the

main challenge of these designs is to minimizedifaeight risk and ensure acceptable
comfort conditions while reducing the energy castthe building, as it is in the present
case. Furthermore, the objective at this stagd®frésearch is to analyse the real NV
effect on indoor comfort conditions. Comfort comalis are assessed through the
indexes draught risk (DR), predicted mean vote (PM¥d predicted percentage of
dissatisfied people (PPD) [21]; the particular dgopres of each index are described in

annex 6. In addition, the potential energy savingrovement is evaluated.

The most relevant fact at this stage of the degrguoess is that the full-scale building is
already constructed. Therefore the CFD indoor nmdehich are used in the building
design stage, can be successfully validated. Hagufe is important because it proves
that the procedure followed to define and validateinitial CFD models is feasible and
reliable. The validation is done through the congumar of the measured and calculated
results that are available in annex 6. Then, tteuali and numerical CFD model
capabilities are used to evaluate the balance leetv/ performance and comfort

conditions in the occupied spaces. The numeriaahditas of the comfort indexes are
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programmed in the commercial CFD software usedtlaen calculated in the volume of

interest. It is depicted in the annex 6.

The strategy consists in checking whether simitamfort indexes that are reached with
lower air temperatures could be achieved by thg effect of NV. Therefore, it should
be assessed whether equivalent comfort conditmiwater air temperatures are reached
with higher air temperatures and higher air velesitdue to NV. Consequently the
indoor target temperature would be increased maintathe comfort conditions and
improving the energy performance of the buildingréle different wind temperatures
and three different wind velocities are used to pare DR, PMV and PPD comfort

indexes.

An indoor air temperature increase assessment ne @o order to check whether
comfort indexes belonging to lower indoor tempetegucan be reached by increasing
the air temperature and velocity. Neverthelesgargl should not be increased as much
as possible because of draught risk. DR is the wwsimon reason for local discomfort
that causes an undesired effect in the human bodytalhigh velocities. Nevertheless,
the air velocity increase may lead to a temperaincgease maintaining similar
comfortable feeling. It means that indoor temperaitan be kept slightly higher than
desired to increase energy efficiency in summeditimms. In this particular case, it is
concluded that the occupied area has acceptablanmaxmean air velocities and only
higher velocities than expected (0.25 m/s) areeadu in the corridor. Nevertheless,
special draught agreements are done in transitszsuneh as the corridor. It is concluded
that DR has no critical values (DR<15%) with anegtable distribution in the occupied

Zone.

Regarding PMV and PPD indexes; PMV is ranged betv@®2 and 1 (it means between
an almost neutral and a slightly warm indoor cdodjtfor all tested conditions, what is
acceptable. In this conditions and during the waeason, an air velocity increase will
be beneficial because it will decrease the warmodigort for people feeling warm in

their body. Consequently, the PMV index is not aecinmodified when increasing the
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indoor temperature if the air velocity is increassztordingly. However, higher air
velocities may increase the predicted dissatisfiedple, which will be more spread
along the occupied volume. The simulation resuitsasthat PPD index belonging to a
lower indoor air temperature 4$60% maintained with higher indoor temperatures and

air velocities.

The conclusion is that the NV strategy could man&mencrease the indoor air

temperature by 1°C, while maintaining no draugsit end 60% of the initial percentage
of people likely to feel uncomfortable. Thus, enesgavings are achieved due to the
indoor air temperature increase. Otherwise additionechanical system should be
necessary to maintain the comfort conditions ifitieoor air temperature is increased.
The energy needs of the building are then redutkedreby, a proper NV focus during

the initial design stage could improve buildings emrgy efficiency without

compromising indoor comfort conditions.
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CHAPTER 4: CONCLUSIONS AND CONTRIBUTIONS

The present thesis describes a sustainable buildesign strategy based on CFD
techniques in order to improve NV use in buildingbe design strategy consists in
simulating different architectural solutions in erdto select the most suitable

alternative prior to building construction.

CFD is presented as a powerful technique to asasshinable building designers, not
only to increase the building energy efficiencyfpanance but also to ensure indoor
comfort conditions and add value to society. CFEhieques are applied in different
scenarios in order to take advantage of environahewind flow hydrodynamic
conditions to improve buildings energy performatgereducing its cooling demand
during the warm season. Passive design featureglantnts are further analysed and
selected. The research provides qualitative anditgtise criteria to select the most
suitable building design alternative. Furthermdre strategies are conducted through an

original case study building in order to ensuredhsign strategy reliability.

Additionally, NV use potential is assessed in atipalar region: the Valencian
Community coastal region. The conclusion is tha fotential CQ@ reductions are
considerable. Therefore, the design approach caappéed in regions with similar
environmental conditions around the World. In tfiiame, new design strategies
developments as well as the addition to the litweabf successfully developed new

buildings create added value for society.

The particular results are detailed in the corredpw annexes. The main general
conclusions of the complete research that are swlgnt of the case study are

summarized as follow:

29



Ph.D Thesis Chapter 4 Conclusions and contributions

The building adaptation to the environmental candg of each region in order

to maximize the use of the available sustainabkrgnresources can reduce

substantially C@ emissions since the residential sector is onehef major

potential sectors in which energy efficiency canrbproved.

The here described design strategy is based onarathe calculation between

CFD results. Comparative results are mostly reconutee because they reduce

the remaining uncertainties, especially between Ci¥idodels. Moreover,

comparative calculation between CFD results andsfidle measurements are

used to validate the CFD models. The comparatil@ilzdions are based on:

= Qualitative analysis. NV is analysed by velocityctaes, streamlines and its
visualization. Dead zones should be avoided. Thiglihg should be swept
and the air should be completely mixed in orderntaximize NV use.
Moreover air paths should be avoided to pass tirdweat sources such as
machinery rooms before entering in the buildingrythe warm season.

= Quantitative analysis. NV is measured by the tiha indoor air needs to be
exchanged by outdoor air. The design alternativad tkquires less time
should be the best option to improve NV use. Funtoee maximum air
velocities should be considered in order to enswteor comfort conditions.

= Parametric analysis. It is proposed to take intocoant not only the most
probable wind modulus, but also the other wind nhaslpossibilities since
wind is defined in probabilistic terms.

Building neighbouring elements should be analyseorder to increase building

energy behaviour by NV techniques. Furthermore, GkBulations should be

used because many times wind results can be qiffexedt than expected.

Thereby, CFD simulations become a virtual labosator order to assist

designers to take decisions.

The CFD techniques use allows selecting the moStiesft architectural

alternatives in the building design stage. Moreptiee technique permits the
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optimization of the surrounding resources use tiuce the building energy

demand along the whole buildings life time.

» CFD techniques should be used to select diffenartitectural solutions as well
as to know the behaviour of particular elementsrder to quantify and optimise
the use of natural resources available in eachomegihe techniques are
especially suitable during the initial design staden there is no access to full-
scale measurements because the building is still buit. The proposed
architectural solutions analysed are focused on:

- Building location. The indoor wind flow evolutiomrough the building is
used to assess NV in two different locations. Toeation in which NV
behaves better is then selected.

- Facade openings position. The proper design ofcoutdpening shape and
position could originate well naturally ventilatedildings in which energy
demand should be reduced. The facade openingsigmosit which NV
behaves better is then selected.

- Ventilated facades are a suitable architecturainetd to reduce building
energy demand during the warm season. Additionalind driven forces
have major impact than buoyancy-driven forces ghwind velocities
>1.5 m/s). Moreover, at low wind velocities €0.5 m/s), the buoyancy-
driven effect has a higher specific weight in téal air velocity change
although the driven effect is still higher. Themefoventilated fagades should
be designed based on wind driven forces.

* Indoor comfort conditions are assessed through @ebniques by means of
simulations and validation of comfort indexes (DRMV and PPD). The
conclusion is that the NV design strategy appliedhie building could manage
to increase the indoor air temperature maintainimglraught risk and almost the
percentage of people likely to feel uncomfortathhethe particular case study,
the air temperature can be increased by 1°C almasttaining initial comfort

conditions. Otherwise, additional mechanical syst#mould be necessary to
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maintain the comfort conditions if the indoor aentperature is increased.
Thereby, a proper NV focus during the initial desgjage could improve the

building energy efficiency without compromising owt comfort conditions.

Additionally, the following general guideline isqguided in order to assist building

designers in the use of the presented design agproa

1. .Analysis of the particular environmental condigoof the region in which the
building will be constructed. It is highly recomnusd the wind rose analysis in
order to prioritize the wind directions considered.

2. Creation of the CFD model including the particultgatures of the
neighbouring volume near the future building. Aftards, validation of the
outdoor CFD model.

3. Use the CFD models to analyse which could be tls¢ &ehitectural solution
according to the feature that must be analysecterchine its influence on the
NV behaviour of the building: building location inénce, fagcade opening
configuration (as it is done in the present red®ammomfort conditions, indoor
volumes configuration, distribution, etc. The as&yshould include the indoor
comfort conditions analysis in order to ensure thatfuture indoor conditions
will accomplish the comfort conditions Standards.

4. Take the most suitable building construction decisiepending on the results
provided by the CFD simulations.

5. Proceed with the building construction.

6. Validation of the indoor CFD model after the builgiconstruction in order to

close the design loop.

In any case, the specific design approach featusesl in the presented case study

should be followed in detail according to the areseaf the present thesis.
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Recommendations for future research
There are many features that can be done to earghdontinue the current research.

Firstly, the present research is focused on thet mrabable environmental conditions
in the Valencian Community Region: the warm season the prevailing wind
direction. Future research should include the amalgf building NV behaviour during
the whole year. Environmental conditions during tbeld season and all wind
conditions should be simulated as well. Moreovieshpuld be included the analysis of
air fluctuation and thermal behaviour (buoyanceetif thermal inertia, radiation, etc.)

effect on complete building energy performance iaddor comfort conditions.

Secondly, it is highly recommendable to extend ¢benfort conditions analysis by

means of the adaptative comfort model.

Thirdly, the analysis of NV potential in differeBuropean regions and the limitations
for different building typologies and shapes arsoalecommended to be done in the

future.

To conclude, the ultimate aim of the research isatbieve more environmentally
friendly buildings and add a reliable NV behaviamalysis by CFD techniques to the

literature.
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Annex |

Increasing the Value of Buildings through Environmental Design

Abstract: The environmental design of the built environmean be defined as a design
strategy focused on reducing the depletion of nessusuch as energy, water, and raw
materials. Sustainability in new constructions arefurbishment has achieved
paramount importance in the last decades for al dlgents involved in building
management such as urban planners, policymakerslogers and designers as well as

citizens, due to social, economic and environmantplications.

The application of environmental design to new arting buildings becomes a tool
to increase the value in two ways: on one handysieeof materials and techniques with
smaller environmental impact can make the buildimgre attractive for particularly

conscious consumers. On the other hand, the usastdinable strategies for heating,
cooling and ventilation can make the building lesgrgy consuming. The purpose of
this paper is to analyse how environmental deseym positively affect the cost and

final value of a building.

Introduction

Comfort achievement in building is the final objeetfor many designers. Maintaining
comfort conditions uses resources and energy, éfffosts must be done during the
design phase to decrease the operational costadmrtaining the performance of the
building. Environmental design is focused on redgcthe use of resources while
providing final products of high quality. This iskdeved by optimizing the potential for

‘passive’ strategies which make use of the enviremia conditions [1].

39



Ph.D Thesis Annex |

The environmental conditions in which human beiags in a state of comfort are
limited within a small range of temperature, hurtyidind air speed. These conditions
are mostly imposed by our physical constitutiont bte also affected by cultural

standards.

As comfort conditions do not always exist in najuneen have developed clever
strategies to generate barriers that protect thhem faidverse weather and make them
feel comfortable. These strategies include the Idpweent of buildings appropriate for
the local climatic conditions [2]. Some years agothe work of Garg [3] it was
concluded that two thirds of the cases of discomdould be solved by using simple

passive techniques based on thermo-physical andejeo properties of buildings.

Responding to local climatic conditions, environtaérdesigners will try to achieve
indoor comfort conditions with the least possibbpenditure of energy [4]. These
principles have guided the design of traditionaldings, which take advantage of local
conditions through the layout and shape of theding, and in recent times have

inspired the concept of ‘passive’ architecture [5].

Nowadays, comfort conditions in buildings are getigrachieved with large amounts
of energy, as little attention is paid to the ressuneeded. As buildings are responsible
for 33% of the total energy consumption in the wofb], buildings are major
contributors to problem of climate change and, nyeeerally, environmental pollution.

This situation clearly needs to change.

As indicated by El Dean EI-Alfy [7], sustainableveé®pment meets the needs of the
present generation without compromising the abihifyfuture generations meet their
own. ‘Green’ buildings refers to buildings whicheagnvironmentally responsible and
resource-efficient throughout their life-cycle, fmositing to design, construction,
operation, maintenance, renovation, and demol[BdnThus these buildings attempt to
meet the needs of society whilst reducing their dotpin social, economical and

environmental terms.
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From an economical perspective, there are bengfithe improvement of energy
efficiency buildings and resource use in buildinbise implementation of sustainability
can be a powerful tool to save on energy billsreiduce energy dependence and to

increase competitiveness.

Environmetal design has many benefits; among othersan reduce annual utility
expenses and maintenance costs [9]. In order ferdisign approch to be effective,
significant decisions regarding technology are ma#taring the design phase and have

an effect on the final performance of the building.

Nowadays, several assessment methodologies exievaluate the sustainability of

buildings. These can be categorized into threepg¢10]:

* Those based on the evaluation of actions and adéseddmpacts, such as LEED V3
[11] and BREEAM [12].

* Those based on the concept of efficiency sucheaddpanese CASBEE [13].

* Those based on a tree structure with differentgoates and criteria, in order to be

adapted to each country particularities. In thsecae can find the SB tool [14].

Increasing building value through environmental degn

‘Value engineering’ should be considered as a phjphy to optimize the value of an
item fulfilling the objectives of its purpose. luiocase, this involves many aspects of
the design of buildings without compromising theival quality. During the design
phase, engineers and architects must select aalizémmaterials, and components of
the building. Environmental design includes the tangability assessment of
construction products, which is becoming easiecdonduct through Environmental

Product Declarations (EPD).
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When considering the sustainability of the builvieonment, the focus quickly moves
to energy retrofit projects, since existing buiginhave high environmental impact.
Economical considerations are also involved, astig buildings often present high

operational energy costs as well as a large paldoti energy savings.

Economic benefits of environmetal design

The economic benefits of environmetal design ineludwer energy and water
consumption, smaller construction waste, lower ap@ns and maintenance costs,
lower environmental impact, and increased comfdrealth and productivity.

Unfortunately environmental design can require érgimvestments during design and
construction phases. However, this situation is\ghrag, and operational savings do not

have to come at the expense of higher initial costs

Some environmental design features have highealimosts, but payback periods are
often short and the life-cycle cost typically lowdran the cost of conventional
buildings. Apart from those direct savings relatedenergy consumption, there are
other potential economic benefits that can increasthe value of the building if the

correct indicators are shown:

e Increase in health and comfort of the building gants. This can reduce levels of
absenteeism and increase the productivity of werkEor instance, it has been
estimated that improving occupants’ productivity mommercial buildings,
considering Indoor Environmental Quality (IEQ) asfge in the US could bring
economic gains between $20-$160 billion in 1994.[15

« Longer building lifetime and less investment irroétting and maintenance.

« Higher community acceptance and support.

* Reduced costs from air pollution at the regionalesc
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Figure 1. Agents involved in sustainable design

Initial cost of environmental design

A project should include environmental design sndbnceptual phase in order to realize
the full benefits. The design team should be comg@ds all the agents involved in the
final product, in order to increase the synergythed solution. Environmental design
requires close cooperation of all these agentau(Eid) who form an integrated design
group. The team should assess the sustainabilpyoofucts and components used in the

building in order to meet the specific sustainaklguirements of the project.

Furthermore, the goal of the design team is to ldgvennovative solutions without

increasing the budget of the building. Most of tinees, environment-friendly products
are more expensive than conventional ones. Nevesthéhese additional costs imply
higher energy savings during the life of the buitgiand therefore if the economical

savings overtake the initial expenses, the investmseprofitable.
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Significant decisions must be taken in order of taoincrease the initial and final cost

of the building:

» Eliminate unnecessary elements in the building.id»ess have to consider whether
some elements can be avoided, like internal damrgmental features, etc. This
will decrease the use of materials, make the mgldighter and decrease the initial
cost.

» Use recycled materials and modular solutions.

» Choose a correct location for the building in orteeidecrease the initial need for
site infrastructure. Some particular locations éase very much the initial cost
because the waste disposal or de conditioningefite costs are very high. This
must be avoided by choosing a better location.

* Have a bioclimatic approach to study how to achibigh comfort levels for the
occupants, adaptation geometry, orientation andstoaction techniques to the
climate of the site [16].

Environmental design aims to create buildings whaie more comfortable and
healthier than conventional buildings without imply an increase in costs by

supporting comfort conditions with minimum energgntnd.

Cost savings across the life of green buildings

The benefits of green buildings should be consdi¢heoughout their life-cycle and not
just in comparison to the upfront costs, becausenga resulting from investment in

environmental design usually exceed the additiapé&lont costs.

Just as much as there are design decisions thaedaoe the initial cost of a building,

there are equally complementary design solutioasdan reduce the operational cost of
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a building. The aim of these efforts is to decrethgeenergy cost across all the life-

cycle of the building. For example:

* Optimize site and orientation. An appropriate ckaf€ site will decrease the energy
cost across the life-cycle. Solar radiation, ndtwentilation and shading can
decrease the use of energy used to achieve thedarhthe occupants.

* Choose the best room distribution considering titeré use the building.

* Install adequate thermal insulation. A well-insathenvelope limits heat losses and

therefore less energy will be needed to reachhiertal comfort conditions.

[ Benefits of sustainable construction ]

-

Decreasing the energy cost ]

Decreasing the water cost ]

Decreasing the maintenance cost ]

Decreasing the social cost ]

Figure 2. Benefits of environmental design.

The benefits of environmental design include sofements that are relatively easy to
guantify (Figure 2), such as energy and water gmvias well as those that are less
easily quantified, such as the decreases in mantenand material costs, as well as

other indirect social and environmental benefits.
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Medium term energy savings: decreasing the energyst

Nowadays, many commercially available technologes help designers to effectively
minimize a building's energy costs. However, thtesnologies should be integrated in

the fist stages of the design process.

A complete strategy should be adopted in orderewrehse the medium term energy
costs. The aspects to be considered are referrédhdle 1. First, a high percentage of
the total building energy demand is due to headsshrough the building envelope.
Appropriate envelope insulation will limit heat f®s. Nowadays many different

materials are being developed to meet the nee@rergy efficiency, environmental

design and cheaper costs. Additionally, adequatelepe design can maximize the use
of natural ventilation techniques which help redgcthe heat gains, such as ventilated

facades, atria and effective distribution of window

Table 1.Energy implications of sustainable building in thedium term.

Item Measure Action
Building Window distribution Optimize solar radiation and natural ventilation
envelope
Wall insulation Sustainable materials. Ventilated facades
Efficient Windows Automatic performance avoiding thermal bridges
Thermal bridge Improve continuity between insulation layers to avoid heat loses

Mechanical | Main system controller | Energy management. Choose the best way to produce/consume
Systems energy. Smart-consume or energy-saving

Heating, Ventilation | High efficient air conditioning systems: ventilation, underfloor heating-
and Air Condition cooling with heat pumps.
systems (HVAC)

Domestic Hot Water Produce it by renewable energies such solar thermal collectors and
heat pumps. Recapture energy from waste hot water.

Water heater Efficient condenser in the roofs.

Layout distribution for decreasing energy losses
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ltem Measure Action

Low pressure ducts Enlarging the duct sizes for saving energy
Lighting Increase day lighting. | Add Skylights

Reduce lighting Appropriate Lighting power

intensity

Perimeter automatic Daylight sensors

daylighting controls

A ventilated facade generally consists in a comtirsulayer placed over the building
wall leaving a naturally ventilated cavity. Depemglion outdoor conditions, a cooling
effect can be produced by the ascending flow qfvalich is induced by the chimney

effect, reducing the heat gains [17].

An atrium is a building central space mainly desijrto expose indoor spaces to
daylight and to maximize direct solar gains. Anrajpiate atrium design can also help

reduce heat gains by increasing natural ventildti&h

HVAC systems are used to create comfortable indmorditions in buildings. An
efficient HVAC system can also reduce the amounewnérgy needed to meet the

demand for heating and cooling the building.

Currently, air- and ground-source heat pumps are oh the most advanced
technologies available for heating/cooling and dstmehot water (DHW). Ground-
source heat pumps collect energy stored in thé @ad use it to heat water. The energy
stored in the groung as is an extremely reliablé @nstant energy source. The heat
pump uses some amount of electrical energy to gglisimthe work of transferring heat
from the original source to a medium (usually wateith very high efficiency, as for
each kW of electric energy used by the system;ghdrmi quantity of heat is extracted
form the source. Heat pumps emit no harmful sulossand use very small amount of
electricity. This technology can be used in comtiamawith solar thermal heating and
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condensing gas boilers, though it needs to be nemhé&y an intelligent control to
guarantee the lowest use of energy and the hid¢gnesdtof comfort. The system must be
able to choose the best energy source to decreasgperational cost in each moment:

smart energy supply.

Regarding lighting, building openings can be desigto increase the penetration of
natural light and therefore reduce the artificighting demand where possible. Energy-
saving light bulbs can be installed and steps hauee taken to ensure that lights are

turned off in unused areas.

To provide a general quantification of energy castdifficult, but literature indicates
that energy saving induced from eco-feedback sys@mrange from 5% to 55%, [19-
24].

Water heating represents also an important amoltiieoenergy demand across the
building life-cycle. The use of roof condensers andational layout of the hot water
distribution system (minimizing the distance betwéeater and consumption points)

can decrease significantly the energy lost in yistesn.

Medium term water savings: decreasing the water cos

Nowadays, several techniques can be used to rébdeosater consumed in buildings.

These technical devices decrease the medium tezrofudsesh water and not necessary
increase the cost of the design project: ultra flow- showerheads, faucet aerators, or
dual-flush toilets. In certain application, theuse of non potable or regenerated water

can be proposed.

Environmental design will also be focused on theessity to improve the efficiency of

water uses. This can be done implementing new watee systems and better controls
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on water losses [25]. Green building water cong@mastrategies can be considered

into four categories [26]:

» Efficiency of potable water use through better ge&echnology.

» Capture of grey water — non-faecal waste water foatmroom sinks, bathtubs,
showers, washing machines, etc. — and use foairoig.

* On-site storm water capture for use or groundwatehnarge.

» Recycled/reclaimed water use.

Facilities repair: decreasing the maintenance costs

Environmental design is intended to increase diiraland easier maintenance. The
accessibility to services areas or the use of denafaterials will decrease maintenance
and repair costs. Seasonal maintenance strategigsremote proper use of facilities

getting an efficient use of resources.

Furthermore, environmental design potentially inwei® efficiency and convenient
collection of recyclable materials, such as glpaper, plastic or others. This affects the

environmental value of the building by reducing @airdisposal costs for the occupants.

Indirect benefits of environmental design: social @ast savings

Environmental design has additional benefits rel&esocial and life quality aspects. It
is difficult to quantify their economical effecta ia single indicator, but there is no
doubt that these aspects increase the value diirthebuilding [27]. For instance, a

lower absenteeism and improved productivity istegldo these types of buildings.
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The social response to some of the features oihgoeddings can be an increase in
people’s satisfaction, reduction in mistakes, reduabsenteeism and increased

productivity, thus reducing labour costs [28].

However, economical benefits are not the main natittg factor everyone. The cost-
effectiveness of green buildings makes environnel@sign a pragmatic way to ensure
the protection of the planet’s resources. Furtheembuildings that are constructed or
retrofitted according to environmental design ulgugdrovide high-quality indoor

environment, thereby decreasing the risk of illeess the occupants due to indoor

pollution.

The retrofit of buildings occupied by householdsamditions of fuel poverty can result
in substantial energy savings. A retrofit baseceomironmental design can tackle fuel
poverty problem with high cost-effectiveness andagate additional benefits [29]. For
example in Spain domestic building retrofits geteraear 17 full-time workplaces per
million Euro invested, or 47 full-time workplaceerpl,000 square meters retrofitted

domestic area [30].

Other social, economical and environmental benafigslinked with the refurbishments
of existing buildings, such as the reuse of materie@decreasing the overall
environmental impact), possible reductions in tpamscosts, reduced landfill disposal,
local economic development, retention of commumfgastructure and neighbourhood

renewal and management [31].

There are several certification programmes suctBraen Globes and the U.S. Green
Building Council’s LEED: Leadership in Energy anshwvitonmental Design Green
Building Rating System. These certifications aincéstify the ‘performance’ of green
buildings, or how much ‘sustainably designed’ is thuilding, in order for society to

take it into account.
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Conclusions

This chapter provided an overview of the value adt® green buildings through

environmental design. The main points arising frthins reflection can be summarised

as follows:

There is a common perception that green buildingsnaore expensive than
conventional buildings. This might have been th&eda the past but the present
situation is much more favourable.

Green buildings increase the energy savings actbes life-cycle. The
overinvestment due to environmental design, if kjyicecovered, can generate
earnings.

Environmental design encourage scientist to ingatti and create new

materials, building solutions and HVAC systems memeironment-friendly.

« There are several social benefits associated wigraved health and enhanced

building occupants performance.
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Annex I

Natural Ventilation Building Design Approach in Mediterranean Regions—A Case

Study at the Valencian Coastal Regional Scale (Spai

Abstract: Environmental awareness has led to an increaseceno about low carbon
technologies implementation. Among these technekgihe following research is
focused on the natural ventilation effect evaluaiio buildings prior to its construction.
The aim is to select the most suitable architettolution to ensure comfortable indoor
environment in the most efficient way in the eablyilding design stage. The design
approach takes into account the wind conditionsthia region and the building
surroundings to evaluate the facade opening digtob impact on natural ventilation
performance. The design approach is based on catignal fluid dynamics (CFED). In
this article, a case study located in the Valen@ammunity (Spain) is depicted. The
Valencian Community coastal climatic conditions anealuated to assess the low
carbon technology energy saving potential. Moreotiee main drivers and barriers
involved in the design approach implementation he tegion are discussed. The
conclusions show that the natural ventilation desigproach can improve up to 9.7%
the building energy performance respect an iniailding design, in which natural
ventilation has not been considered. The resultdriboite to an assessment of the

complete low carbon technology effect in the region

1. Introduction

Over the last 15 years, low carbon technologieactieve sustainable buildings have
become more popular, mainly because of the airedaae the greenhouse effect and to
save energy and resources. The EU is working teeaelthe reduction of greenhouse

gas emission by 20% compared with the emissionldese1990 by 2020. The built
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environment contributes with almost 35% of the Iltdaropean C@ emissions [1].
Residential buildings represent 77% of the totailt benvironment energy use [1].
Consequently the residential sector representsngoriant percentage in which €O
emissions could be reduced. Therefore, the autb®ishould push the implementation
of low carbon technologies in the residential baivironment to meet the targets for
sustainable development. Unfortunately, there @ltebarriers in the national laws that

make it difficult.

The present sustainable building design approatiased on natural ventilation (NV).
NV is a passive ventilation method based on windf@mbuoyancy pressure differences
to refresh air from indoor spaces with outdoor [&}. The lower energy cost in
comparison with mechanical ventilation and the iowed indoor environment air
quality are the main benefits of NV [3]. Furthermpomany parameters should be
analysed carefully to achieve these benefits. Nyuires an appropriate understanding
of building pressurization, facade design [4], wpatterns and local climate conditions.
Accurately predicting and evaluating the NV perfarmoe, before and after building

construction, is essential to reduce building epeige since the early design stage.

The energy reduction as a result of NV should besiciered from the early building
design stage in which building location, orientatend envelope have primary impact
on building energy performance [5]. Last but naaske wind flow also influences
building ventilation, infiltration rates and thesasiated heat losses or gains. Therefore,
building envelope bears much importance in thedngis energy behaviour. The facade
performance should be improved according to theosading environment conditions
and the neighbouring constructions that may mottiéylocal flow causing unexpected
flow effects. However, the fact remains that buifgldesigners often do not consider it
due to the lack of tools and expertise for evahgatind implementing it. Thus, this lack
of knowledge in the field may result in poorly dgsed, constructed and operated

naturally ventilated buildings.
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Many methods are used to predict ventilation [6fnghg them, computational fluid

dynamics (CFD) has been the most popular methogredicting NV nowadays [7—

10], especially in studies that cannot be doneaboiatories. Thus, CFD empowers
building designers to optimize the building solagdoy simulation instead of trial-and-
error techniques that require much effort, time aedources. Moreover, several
standards and guidelines [11-15] have been dewtltipassist designers in the CFD
model definition. The current research is therefoased on CFD to assist building

designers to optimize NV building behaviour.

The present design approach is suitable to be insedegional scale, thereby becoming
it in a smart energy region. In any case the “smeadrgy region” definition is not

simple. The definition involves many issues, i.energy, technology, social, economic
and environmental aspects of territory, etc. irgional scale [16]. Furthermore, some
strategies can be common in a regional scale anddlobal analysis permits designers

to have tools for taking decisions when regionaditoons are similar.

In this context, the NV design approach is presktiteough a residential house—case
study in the Mediterranean region. Although theiglesapproach is applied in a
residential house, it can be used in the whold kaVironment. The case study analyses
the repercussion of distinct facade opening configons on the indoor airflow
distribution to achieve an air sweeping effectrtgpiove the NV building behaviour.
The particular Mediterranean coast environmentatlitmns are analysed. Finally, the
energy saving potential of the low carbon desigpraegch used in the future new

buildings is evaluated over the complete region.
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2. Case Study Descriptio
2.1. Region Description

The research is focused on the Valencian Commividgfiterranean coast (Sn). The
Valencian Community is located along the Mediteeam Sea coast in the east of
Iberian Peninsula. The most important cities areeMaa, Alicante and Castellon. T
Valencian Community has a large mountain range arnhdin coastal strip aloi the
whole region. The Iberian mountain range is plaodtie inland part of the region. Tt
part is craggy with mountain ranges higher than0180 high and mountain pea
higher than 1300 mPgnyagolos 1813 m,Aitana 1558 m,Montcabre 1390 m). The

temperatures in the inland part are lower than condonditions in winter and higher

summer. Oppositely, the rather thin coastal stapai very plain terrain and t

n

temperatures are more averaged during the whole diga to the Mediterranean

effed. Accordingly most of the population lives alomg tthin coastal stri

Climatic conditions in Valencian Community coastnes are also common

Q)

particularly interesting to implement constructistnategies based on NV. On the «
hand, temperaturee averaged during spring and autumn (temperaurear 20 °C)
The mean temperatures are little bit higher tharf@%luring July and August and
little bit lower than 15 °C during winter (see Figul) [17]
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Figure 1. Mean temperature in the three more important citidéalencian coastal region (IVi
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On the other hand, the sea location has a paranilunce in wind directions. The
wind main direction determination is important tbe efficient NV implementation as a
low carbon technology. In this case, the predontinménds are in the main direction
SW-NE in all the coastal regional zones [18]. Caouosmtly, facades opening
orientation and distribution analysis will be stgbn recommended in the building

design stage to ensure and increase NV effect.

The Valencian Community has a population of ne@0®,000 people distributed as
shown in Figure 2 [17]. Moreover, the coastal sigpa national and international
touristic area, so the population is hugely incegladuring vacation. The 20% of the
residential houses are considered as secondaryiryge]17]. Thus, the potential GO

savings in the residential sector acquires a rekewaight during holiday periods (from
March to October). Therefore, the design of thédmgs placed within the coastal strip
has a special interest during spring, summer amgh@autime, when the occupancy is

high and the indoor temperature might rise aboeectimfort limit.
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Figure 2. Valencian Community location and population disition (IVE).
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It should be remarked that the complete regionvsrg high sun-heated area (average
of 8.3 h/day) so the building heat gains due to soimplicate the energy efficiency

during the cooling period. Figure 3 shows the sours along the year [19].
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Figure 3. Valencian Community climatic data (AEMET).

Although the sun-heated period is long, the outdeorperatures are most of the time
within the comfort range [19] as shown in FigureTBese conditions are particularly
suitable to maximize the NV use to improve buildirenergy efficiency in the region.
Thus, a good building design should ensure achgewidoor comfort conditions while

having low CQ emissions related to the building energy consumnpti

The dwellings are growing continuously in the Valam region. Figure 4 [17] shows
the new residential building construction evolutauring the last five years. Although
there has been a decrease in the number of buldiuging some years due to
extraordinary economic conditions, the new buildifigave been increased until near

1700 constructed buildings during 2015.
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Figure 4. Residential building construction evolution in talencian region (IVE).

Multi dwelling, single family houses, detached a®ini-detached houses are included
in the data shown in Figure 4. Likewise, buildingan be classified into three
categories: blocks, semidetached and detached sioBseenty percent of new houses
built during 2015 are detached houses (see Figuid7A, the most important new
buildings when compared to blocks, row and semdetd houses. Consequently, the

case study building selected is a detached housever the most probable building

typology.

. Blocks (15%)
Row &

semidetached
houses (13%)

Detached
houses (70%)

Figure 5. Residential building distribution in the Valencieegion (IVE).
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2.2. Drivers and Barriers to Natural Ventilation Iiplementation

The building laws are not too permissive regardingin Spain, as the installation of
mechanical ventilation is mandatory in most of #ugjs. The ventilation applicability
in buildings is regulated through the rules laidvdoin the “Codigo Técnico de la
Edificacion (CTE)” (building technical rules) [2@hd the “Reglamento de Instalaciones

Térmicas en los Edificios (RITE)” (thermal buildingstallations regulations) [21].

The residential dwellings, among others, need taptp with the regulation “DB HS3
Calidad de aire interior” (indoor air quality regtibn) included in the CTE. A
minimum air flow change is required, depending ouilding dimensions and
occupancy. Therefore only mechanical and hybridtilaion are currently accepted.
Oppositely, the RITE allows NV use in some critisaénarios as fire smoke evacuation
and/or due to too high GCroncentration. In this case, NV systems could wayk
opening or closing the NV duct gates. In any c#ése,normal conditions ventilation
through building openings or windows is not actpallowed in the Spanish regulation.
Conversely, countries such as Denmark use the Ehhtques although having a colder

climate than Spain [22].

The only NV use is not allowed in order to guarantee minimum ventilation rate
always, even under thermal inversion conditionse Thinimum ventilation rate is
calculated depending on the outdoor and the tangebr air quality requirement [21].
The problem arises when the bad indoor air qualltgwed requires the air to be
filtered by a high efficient filter. Consequentlyet NV use becomes more difficult due

to the additional filter pressure loss.

In the end, although the applicable regulationotstao permissive, NV use is allowed if
the minimum ventilation rate, the thermal comfortdathe indoor air quality are
ensured. Hence there should be no problem to ugeNdhif the building designs are

properly done to ensure it. In this sense, the Sparegulation suggests CFD use to
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assist building designers to ensure it. Accordintilg building energy efficiency

behaviour is increased and the building operati®a €nissions are reduced.
2.3. Case Study Building Description

The proposed design approach is conducted throucgsa study building. The case
study building is carefully selected, considerihg most common residential houses in
the Valencian Community region (see Figure 5). Tase study building represents a
typical 70 n¥ modular familiar dwelling. The dwelling is a orledr house (14 m x 5
m), 4 m high located in the Polytechnic Universitfy Valencia, east of Spain. The
house is at 39°28B0” N 0°2043" W, close to the Mediterranean Sea. The internal
building layout is divided into three rooms conmetcby a short corridor. The building
has some passive components to avoid solar gdmlsalipergola at the entry and

shadows in the windows. Figure 6 shows a rend#reoprototype building design.

Figure 6. Building prototype render.

The urban place where the house is going to be isuiat with height difference lower
than 5 m. 15 m high constructions are build in #ugacent environment. Figure 7a
provides a plan view of the location where the ding will be placed, and Figure 7b

shows a view from the third floor level with a remdof the building in the design
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location (west-east view). In Figure 7, an arrowd anpoint indicate the position from

which the view is shown.

@) (b)

Figure 7. View of the building location.d) aerial plan view;lf) west-east perspective view.

Considering the surroundings where the buildinggaéng to be placed, 14 m tall

buildings may block winds coming from the southsteaorth and west directions (see
Figures 7 and 8). According to the relative buigdposition respect to the surroundings
and the prevailing wind direction in Valencia, esstith-east (ESE) wind should reach

the building already relatively disturbed by thegence of surrounding buildings.

Figure 8. West-east view of the future building location.
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The main wind direction strongly affects windoweariation for NV design. Therefore
the position and size of the openings has to béyseth to provide strong and well-
distributed airflow throughout the building. Othaspects are assumed to be constant

and already defined (building shape, location,rdaBon and internal distribution).

The building has six initial outdoor ventilation epngs. Four of these openings are
windows placed in the upper part of the north facé@5 m x 2 m). The south facade
has a window (1.5 m x 3.7 m) and a door (2.5 mm)6To improve NV performance,

the ESE prevailing wind suggests including an opgrnn the east building face. This
opening allows the prevailing wind flow to go thgtuthe east building face, improving
the total air change rate (ACR) of the building.rtharmore, a vertical and narrow

window may provide a well-distributed airflow thighout the whole building.

The optimal position of a vertical window in theseéateral face is analysed. Figure 9
graphs the window position alternatives. Three nwdee compared: Case A has no
lateral window, as shown in Figure 6, and Case & @ase C have a vertical lateral

window, 0.5 x 1.5 m, in opposite sides of the éashde, as shown in Figure 9.

(@ (b)

Figure 9. Study casesaj case B, right window;h) case C, left window.
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Although three building opening alternatives aralgsed in the current research, the

design approach could be extended to other opgrsigion alternatives.

3. Case Study Computational Fluid Dynamics Model

3.1. Geometry Description

The geometry represents the computational domailh dmea. The geometry should
include all things that influence the building N\éHaviour. In this case, wind-driven
flows allow buildings to improve their NV behaviouknowledge of the dominant
winds and the effect of nearby buildings on the ltiag are extremely important. The
presence of other buildings can produce turbulérdls that may influence the velocity
profiles near the building. Consequently, simulgtthe macro-scale model including

surrounding buildings is necessary (see Figurasd/Ba

The computational model includes both, the casdystiwelling and the macro-scale in
which the house is going to be placed. Therefotettad effects are considered
minimizing the computational error [23]. The enteemputational domain is designed
following the recommendations given in COST Actit82 [23]. There is a main region
in which the wind effect should be studied cargfullhis region is modelled in detail
according to the design drawings. The neighboubnddings are modeled explicitly
only by its main contour. Because the main objecis/ the NV behaviour, only the
buildings internal and external shapes are consideFigure 10 shows the four

simulated indoor spaces and their layout.
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1. Living room
2. Bathroom
s %, 3. Bedroom
X & 4. Corridor

Figure 10. Design building indoor layout.

3.2. Boundary Conditions

Boundary conditions are the surfaces that defigectmputational domain. Boundary
conditions depict the impact of the surroundings @re not included in the model. In
this case, wind data is the main boundary condisenin the model. To define the
velocity inlet boundary condition, the first stageo evaluate the wind-driven flows in
the most probable condition. A wind rose provides prevailing wind direction for

each particular location [24].

The wind measurements and statistics data are meehsy the AEMET Valencia
Meteorology Station [25]. The prevailing wind in acia in spring, autumn and
especially summer is ESE, therefore this situai®rused for design, as the most
probable one. The frequency of different winds fowen in the wind rose as
probabilistic data (see Figure 11). Therefore wvtired boundary condition will be based
on this prevailing wind in summer. The logged wirgdocities are between 0.0 and 15.8
m/s. These wind velocities are approximately nolyndistributed, the wind mean
velocity is 3.05 m/s and the standard deviatiofh.4& m/s at a height of 10 m during

summer period, as analysed from similar studigsgmonal scale [19,25].
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Figure 11.Wind rose at Valencia Meteorology Statioa) ind distribution during all yearpj wind
distribution where the case study building is ledatc) wind distribution at Valencia in summer

(windfinder).

Wind data is adapted to be simulated for heigh{.[2®e wind resource should be

extrapolated from the available height to a sheadeh[27]. Justus and Mikhail [28] is
used to define the vertical velocity profile usiagpression (1).

(2 =c, (iJ
Za

in which c(2) represents the speed at heighitneasured in m) and, is the average

speed ar, height (measured in m/s). The’‘exponent is defined by Expression (2).

(1)

. 0:37-0.08% Ing,

4

~ 1-0.088 Ing,/ 10)

(2)
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The exponential velocity profile is set in the E8Eection as inlet velocity in the
simulation. The outlet boundary conditions is setzaro relative static pressure based
on previous researches [29-31]. The top and latecalel walls are set as symmetry
faces to enforce parallel flow. The model laterallgrand ceiling are defined as smooth
surfaces. The commercial code Star CCM+ is used emsmputational fluid dynamic
software to perform the simulations. The conseovatif mass and momentum fluid
dynamic laws are solved by the numerical code. Régnolds Averaged Navier-Stokes
(RANS) equations are calculated in the target megansidering the turbulent approach
[32]. The reviewed literature shows the standardnkedel as the most suitable model

for this application [33].

3.3. Validation with Full-Scale Measurements

CFD models must be validated to ensure their riddiadsults. The CFD validation can
be done using several methods [15,34]. This pdatiotase does not allow full-scale
indoor measurements to be done, as the buildingeqsts in drawings, and it can still

be modified. However, outdoor wind measurements loanperformed as well to

validate the CFD model. The measurement strategys ao measure the outdoor
conditions by means of installing sensors in sotretegyic points, as described in the
referred literature [10,15,34-36]. Future workslfokcus on a more detailed validation
process, with inside measurements comparisons, wthen building is finally

constructed.

The outdoor wind velocities are measured using fwork of air-speed sensors
(HD403TS). The hotwire sensors measure air vegciip to 5 m/s, with an accuracy of
+0.03 m/s. The sensors are located in three haatdayers (1 m, 2 m, and 3 m) to
observe the wind velocity profile in the area dfenest. The measurement is done in

front of the future east building face where tr@nflshould be similar before and after
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building construction. Figure 12 shows the coradeen as a reference and the position

of the sensor with respect to the future building.

—— EASTFACE
SOUTHFACE ——

Figure 12.Position of the air-speed transmitters with respethe surrounding building.

To gather data to validate the numerical model, rieasurements are taken on a
common ESE windy day. The field wind measuremestilte mean average over 10
min to 30 min time intervals for a whole day. Long#ervals are not feasible because
the outdoor conditions are considered steady fes kan 30 min [37]. Then, the

steadiest 30 min wind measurements (2.82 m/s +1®/23 are selected to validate the

numerical results. Table 1 shows the comparis@aach position.

Table 1.Full-scale and numerical results comparison.

Position (mm) Velocity Sensor (m/s) Numerical Modelm/s)
(6,596.7-10,842.3; 1) 1.59+0.12 1.585654
(6,596.7;10,842.3; 2) 1.39+0.19 1.340761
(6,596.7:-10,842.3; 3) 1.99 +0.15 1.986461

70



Ph.D Thesis Annex |

The outdoor measurements are in the same range &FD predictions. In conclusion,

the CFD model is regarded as a reliable modelherdesign stage building analysis.

4. Results and Discussion

The prevailing wind influence, the facade openiogation and the neighbouring
buildings influence on the building NV behavioue assessed. The simulations (see
Figure 9) are conducted at three wind speeds terdbe complete wind range. Cases A
(no window in the east face), B (right window iretbast face) and C (left window in
the east face) are compared to determine the actiiill solution that best improves

the NV behaviour in the building.

The discussion is focused on three issues: thetitatare analysis of the wind flows
through the building, the NV behaviour, and therggesaving potential. The velocity

inlet boundary condition influence on the CFD résig also discussed.

4.1. Quantitative Analysis of Results

Velocity streamlines are studied to determine toe tistribution through the building.
The surrounding buildings change the wind flow decice angle and turbulences, so the
computed streamlines could be quite different tgpected. The turbulent nature of the
flow is important for NV as a more turbulent flomseires better replacement. In this
case study, the main wind flow direction is modifiy the surrounding buildings
reaching the building with a south-southeast (S8Hjorth-northwest (NNW) direction
instead of the typical ESE direction. Focusing loa ithain room, case A has some dead
zones in the north corners of the rooms. In cohteses B and C obtain fully mixed
air. Figure 13 shows the velocity streamlines pagshrough the building. The east-

facing window originates a low pressure at thisnipg that helps to mix and drive the
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air through the dwelling. Consequently, the easé fapening improves the indoor

distribution.

@) (b) (©

Figure 13.Main room velocity streannes visualization.a) Initial case; ) case B, right window;c)

case C, left window.

Natural ventilation will be more effective with Bime needed for the indoor air to
refreshed. The inlet and outlet air flow rates ased to calculate the ectiveness of
wind-driven flows for NV. The objective is to determihew much time it takes for tr

total indoor air to be replaced using w-driven flows.

A relative coordinate system is set in each bugdpening. Air that enters the buildi
(positive velocity value) is taken as an inlet flow and #nat leaves the buildir
(negative value) is taken as an outlet flow. Theetineededt) to replace all of th
internal building air is calculated by dividing ttetal control volume and the density
the whole mass flow rate, as shown in Expressiy

\%
t=""~ ©

wherep is the fluid density (kg/?), f is the mass flow rate (kg/s) aV is the total

volume of the building ().

Table 2 shows the time needed to replace the indioaromparison of the three ca:

(the wind speed considered is the wind mean vgl&@5 m/s). Case B (east face ri
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opening) and case C (east face left opening) &4 and 9.77% better than case A (no
east face opening) respectively. Case C performsosil 2% better than case B
regarding natural ventilation. Therefore, the éase¢ left opening achieves better results

than the east face right opening for the prevanugd condition.

Table 2. Time needed to replace the indoor air improvement.

CaseBvs.A CaseCvs.A CaseBvs.C

+7.60% +9.77% -1.97%

4.2. Parametric Analysis of Results

The CFD results accuracy depends on the influefdbeoinput boundary conditions.
Therefore, a parametric analysis must be perforreggkcially when the most important
input boundary condition is a probabilistic datatthhas a standard deviation of
approximately 50% of its mean value (see Secti@). Because wind is defined in
terms of probabilistic data, NV should also be &ddinder a probabilistically approach
and not only examining the mean values of wind si&fomodulus and direction but
also all of the other probable wind values. Consetly, the complete feasible wind
range is selected taking into account the standewhtion of the prevailing nominal

wind measurement.

Compared to the nominal wind velocity £ 3 m/s), when the mean inlet velocity is
increased to 4.5 m/s, case B and C still achiewteibperformance than cases A
(+5.07% and +7.63% respectively). However, thetirgdaimprovement respect the
nominal wind velocity is lower (+5.07% vs. +7.60%da +7.63% vs. +9.77%

respectively). When the average wind velocity i€rdased to 1.6 m/s, the relative
improvement is lower than the nominal wind velogi#2.38% vs. +7.60% and +2.04%
vs. +9.77%). Case B and C behave very similarhhwainly a 0.33% difference. In

conclusion, case C has a relative better performaaccase B and A. Consequently the
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design recommendation is to include the proposetiow in the left side of the east
face of the house. Table 3 shows the NV behaviourparison of the different cases

when the wind modulus is modified.

Table 3. Natural ventilation performance comparison.

Average Wind Velocity CaseBvs.A CaseCvs.A Ga8vs.C
4.5 m/s +5.07% +7.63% —2.38%
3.0m/s +7.60% +9.77% -1.97%
1.6 m/s +2.38% +2.04% +0.33%

4.3. Energy Saving Potential

The energy saving potential is calculated accordmgtandard 13790, calculation of
energy use for space heating and cooling for resalebuildings [38]. The Spanish

regulations CTE [20] and RITE [21] take the stadd&aB790 [38] as reference. The
monthly quasi-steady-state calculation method exluExpression (4) shows the general

ventilation heat transfer equation used in the &tesh 13790, Section 9 [38].
Qve = Hve adj>< (eint, set C z_e )Xt (4)

where Hye aqj iS the ventilation global heat transfer coeffitjefinset,c is the indoor

temperaturefe is the outdoor temperature anmdis the time period used for the
calculation. The method provided by the standaghisicularly suitable for comparison
between proposed building designs, especially wthenobjective is to calculate the
various design options influence on the energy usofar as the design options are
compared, the calculation error is minimized. Thethnod accuracy depends on the
quality of the input data. Particular attention wlobe paid in the air change rate

determination. The present NV approach is focusethe air change rate estimation by
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CFD. Accordingly, the method set in the standard9D3is strongly recommended to be
used in the NV design approach.

The supply temperature is the value of the extesmalironment temperature. The
cooling demand is calculated during the months ihictv the average outside
temperature is below the maximum comfortable indalbowed temperature in the
warm season and above the minimum required temyerat the cold season according
to the UNE-CR 1752 [39] (see Figure 3). Additiogathe wind direction data is taken
into account so that is considered only the timelnich the prevailing direction (ESE)
is flowing. Case A and case C are compared to lzdk&uhe relative improvement
achieved. The results show that the proposed ogedition (case C) could reduce up
to 1.13 kWh/m the energy consumption of the building per annitnis equivalent

approximately to a reduction of 434 grams of,@Quivalent per kWh/fmof electricity

[40] respect the initial building design per annufthe energy behaviour of the
complete building has been approximately improved4il2%. The here described
research is only focused on the prevailing winddtiwons. In any case the calculation
could be extended to the other wind directionsaioudate the complete NV impact on

reducing the C@emissions.

The characteristics of the Valencian residentiataehave been analysed to calculate
approximately the NV design approach impact onrté@ building construction. The
CO, emissions potential reduction could be up to %61t of CQ per year, taking into
consideration the 2015 new detached houses dataS@etion 2). However, the GO
potential reduction is very rough since the caltafais only based on the case study
presented in this research. The NV design apprpaténtial CQ savings is higher
because it can be extended to the complete wirdtcns. Moreover, although the case
study is focused on a one-floor modular detachedlldw, the design approach can be
extrapolated to other kind of residential buildingkis research is challenging in terms

of modelling time and resources. Consequently, rdsults are just illustrative to
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quantify the possible NV design approach,G&duction potential applied onto a large-

scale scenario.

5. Conclusions and Future Work

The paper shows a design approach for selectindibgiarchitectural alternatives to
improve NV behaviour using CFD. It has been dematet that it is feasible to make
comparative results of different facade openingraltives in an initial design stage to
make better NV design decisions to improve thedimigj energy efficiency and reduce

the CQ emissions.

The residential sector is being shown as one ofhthpr potential sectors to improve
energy efficiency and reduce g@@missions. Therefore, the building should be asthpt
to the region’s particular conditions to make ascimprofit as possible of sustainable
energy resources. In this case, the research isddcon the Valencian Community
region that is located in the Mediterranean coassmain. The local climate and the
wind conditions are particular due to the Meditee@n Sea regulatory thermal effect

and the topography, respectively.

With the NV design approach since the first buiddohesign stage there is a potential
saving of 56.5 tons of C{per annum taking into account the new buildingstarttion

in the Valencian Community. Unfortunately, the mbanrriers for implementing natural
ventilation in external comfortable days come framgional legislation, as only

mechanical and hybrid ventilation are generallyepted.

Nevertheless, NV should be considered as a reakonabl for decreasing CO
emissions in Mediterranean regional scale. The anpé&the predominant winds and
the facades opening position on the buildings in p&fformance should be analysed
using CFD techniques. The design approach allolestsgg the most efficient building

alternatives using simulation instead of trial-artbr experimental techniques in the
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building design stage. Well-designed outdoor opgsishape and location can provide
naturally ventilated and healthy indoor conditiongile significantly reducing the
energy consumed by buildings. The study approvesdntiusion of a new opening in
the east side of the building. This new openingroups the building NV behaviour up

t0 9.7% (see Table 3).

In future works, the design approach should bensldd to the complete wind rose
conditions range for the case study building durithg whole year. The NV

performance assumptions will be validated in thestwicted case study building in the
future. Moreover, the modular case study resultsishbe adapted to the other building

typologies in order to improve the design approsadpe.
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Annex IlI

Quantification of ventilated facade efficiency by ging computational fluid

mechanics techniques

Abstract. In many countries, summer over-heating becomes riajor energy

consuming source in buildings. Ventilated facadasld become a tool for sustainable
design, especially in bioclimatic building desigh.ventilated facade is a multi-layer
structural solution based on the combination ofweec panels with air chambers in
order to improve energy savings under some clin@iaditions, especially during the
warm season. The objective of this paper is to tijfiyatne ventilated facade thermal
behaviour contribution to the energy efficiencybofildings. The energy improvement
Is done by the air movement due to convection enfigade air layer. The convective
air movement is linked to the heat exchange throtigh facade panels. The
quantification is mathematically modelled by Congtistnal Fluid Dynamics (CFD)

using a commercial code: STAR CCM+. The proposedhaumlogy allows an

estimation of the energy potential saving of thetNated facade regarding its capacity

for cooling the building under certain conditions.

Keywords: Ceramic ventilated facade, computational fluidayics.

1. Introduction

The current energy scenario is increasingly focusedsustainable design strategies.
Engineers and architects are being encouragem@nbpose constructive strategies that
take advantage of available resources and redusmgeronsumption in buildings to

improve its energy performance. In this sense, \batilated ceramic facade is
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becoming one of the most promising strategies. Tdgade typology has a prominent
role in the techniques of maximizing the buildingvelope usage taking into account
the convective ventilation principles. Moreover,has a great potential in the future

sustainability strategies applied in edification.

Ambient z [
Metallic structure <

Panels

Panel external surface .
External building surface .

Figure 1. Ventilated facade lateral view

The ventilated facade is a complex multilayer gtrree system that allows an external
ceramic panel installation. The panel is instaflEadenough from the building’'s external
wall in order to allow air to move between the dared the wall. The main objective is
to avoid heat entering the building and to remoeathrom the indoor volume (see

Figure 1). The ventilated facade is a useful toottfie bioclimatic architecture.

However, although the usefulness of the ceramicelpaantilated facade is known
empirically, the quantification of its effect onettbuilding is still in the development
phase. The present research proposes a paranterizirategy of the facade
efficiency by analysing the temperature variatibattoccurs in the space where the air
is moving between the ceramic panel and the bigldiine temperature variation can be
guantified and then, the cooling power reductiorth&f indoor environment in contact

with the fagade can be estimated.

Initially, ventilated ceramic facades were desigrtedprotect buildings against a

combined action of rain and wind. Moreover, the asnto take advantage of the
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aesthetic and cooling convection benefits of tlwsvflithin the ventilated facade air

layer. The different material layers of a ventithfacade are:

Externally placed ceramic panels: this layer defitiee esthetical appearance of the
building. It has a fundamental role from the stowat and esthetical point of view. It
also affects the air convection in the interiomcs its thermal transmissivity will

influence the temperature and heat transferred.

» Air layer: the thickness of this layer should bdeatst 3 cm (according to sanitary
regulations in Spain), with a maximum of 10 cm. sThayer aim is to allow the
circulation of an airflow in order to remove moistland evacuate heat.

» Metal structure: it is traditionally made of alumum and it is designed to hold and
give mechanical resistance and stability to tharmér material separated from the
wall at the proper distance.

« Besides the esthetical possibilities, the propéoaagion of these materials should
improve thermal building conditions mainly in summas well as in winter. [1].

The air movement dynamics as a consequence ofotineective effect in the chamber
has to be analysed, especially when consideringabéng effect of the building face
in contact with the air chamber. This air movemdyrtamics will improve the cooling
effect, avoiding some heating energy to be transfiemto the building. The chamber
air movement analysis requires the deep knowledge¢h® fluid flow mechanics
equations. This is achieved by the use of commnati fluid dynamic (CFD)
techniques. The technique allows the movement ar&lgg conservation equations
solution for the fluid behaviour in the chamber. d{tbnally, it is used for the
visualization and quantification of the fluid bel@aw in the region of interest. The CFD
techniques have been widely used to solve the fhodement equations in some media
using numerical methods with great success, asragiatl in [2-4] during the last

decades.
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2. Mathematical model of the air movement in the vailated facade chamber

2.1. Modelling geometry

The air movement in the air chamber of the vermdatacade and the evolution of its
temperatures should be known through the matheatatodel development. The
particular case simulates a 6 m wide and 7 m highling with a 40 mm air chamber
thickness. The aim is to know the effect of theeaitering the chamber from the front of

the building by means of the flow equations solutio

] BN

Figure 2. Facade model for simulating the air in the vetgidachamber

Figure 3 shows the 40mm width ventilated chambatr ihsimulated in this case.

- Building

Panel . 71

S00

Figure 3. Facade geometric detail for the CFD model
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2.2. Ventilated facade mathematical model.

CFD has been widely used since 1970 for the air em@nt simulation through
buildings. However, this technique has not beer dise modelling ventilated facades.
The present paper aims to present the CFD as arfubweol to quantify the capacity
that the convective flow created in the ventilatdhmber has to improve the energy

savings regarding air conditioning in buildings.

A commercial software (STARCCMH+) is used for moutglthe fluid movement and
for representing the temperature variation of tinghat is moved within the ventilated
facade. The numerical code solves the fluid medsaaguations in a defined domain.
The domain represents the fluid volume that shdaddsimulated. Then, boundary
conditions define the domain that is divided intoadl cells creating a mesh. The
objective is to converge the solution and to catbnd allow the visualization of the

temperature, pressure and velocity flow profilethie studied region.

The finite volume method (FVM) is used to solve thed mechanics equations by the
numerical code. The FVM allows the differential aons to be discretised and
numerically solved in a given domain. Control voksrare built around each point of
the domain mesh so that each control volume doesverlap with the neighbouring
points. Therefore the final volume is equal to then of all control volumes. The
differential equation to be solved is integratedeach control volume, which results in

a discretised version of this equation. The equasdhen solved numerically.

The modelling method assumes that the total float #nters or leaves a cell in the
mesh through its contours is maintained. This featneans that the net flow through
the entrances and exits is unique, although floweas and sinks can also be modelled.
Moreover, the numerical code can show the compiféerdntial equation solution that
represents the flow in each cell. However, an ayekalue of the calculated property is
associated to each point, then the differentiabéqno that represents it is integrated by

the code. Thus, this procedure creates a setedirliaquations. The equation system is
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solved to obtain the properties distribution in tilé nodes. In this case, velocities,

pressures and temperatures are assessed.

The advantage of using these models lies in the tfeat they will reproduce real
problems of fluid mechanics difficult to be knowtherwise. Actually, the visualization
of hydrodynamic aspects difficult to be measuredepresented in real cases such as
stream lines is allowed. Moreover, these features aften important for the

understanding of the phenomenon being studied.

The FVM is used to solve the dynamic fluid equadiom the mesh generated by the
commercial code. The turbulent model used is theseotional ke. The model shows

good convergence with 600 iterations.
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Figura 4. Residuals convergention of the model used by diae c

The Boussinesq approximation for buoyancy-drivenw$ is considered. The flow is
considered incompressible i.e. the fluid densitycamstant. Nevertheless the only
density variation considered is due to the grawiteatl force, which is included in the

equation of momentum conservation.
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The model is considered steady, turbulent and Neamo with steady physical
properties. The averaged variables and steady-stpigtion for the mass conservation

(continuity) (1), momentum (2) and energy (3) carelpressed as follows [5]:

—u; =0 1
ox; (1)
0 p 0 [ou Ou| o ——
— YU S —p —+—L - p(U,u )+ F 2
Pax MU= o Tax /{ x| o pU;u ) +F (2)
0 0 oT 0
Zou = -k |+ L T 3
ACo ax; ' oox [ axjj 0X; Aol ) (3)

where y T and p are averaged values and and T are velocity fluctuant components

and instantaneous temperatures respectively. Téage and fluctuating velocities are

defined as shown in (4), wheterepresents an instant value.
U= Iuidt ui=u -u 4)

The following expressions within bracketsu;) and pcp(ﬁ) represents both

fluctuant average quantities. It represents thenBlelg stress and the additional flow
due to turbulent phenomena; B the vertical strength component due to density
differences between flows at different temperatukésreover Reynold stress is related

to average values by means of the Boussinesq hggisth

- _2 ou,  0u;
p(Uin)=§ﬂ<e5|,j‘ﬂt(E+a—x:] (5)

wherek, represents the kinetic turbulent energy defined as
1 — 6
Ke _E(ui u’y) (6)
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The heat flow due to equation (3) turbulence i alspresented by the turbulent

viscosity in equation (7)
pcp(ﬁ)z K, [g_j(—:j (7)

where 4 y k are flow properties connected by the Prandtl numibbe reviewed

references proposes a Prandtl number of 0.9 [6].

In this case, all conditions and properties arenéef using the commercial software
STAR-CCM+. The corresponding equations are solwedhle commercial numerical
code. Moreover, the results are presented takingirddge of the post-processing
techniques of the commercial software. The segeelgatsolution model is used. It
solves the flow equations (one for each componérhe velocity and pressure) in a
decoupled method. The connection between contiraity momentum conservation
equations is done by a predictor-corrector appration in the finite volumes defined
for the equation numerical solution. This model idtlobe used in non-compressive
fluids as in the present case. Opposite to theegated method is the coupled resolution
method in which the conservation equations areesbkimultaneously, without using
approximations. Therefore this method requires $ldution of large systems of

simultaneously coupled equations.

The gravity model is mandatory in this case asihpts the inclusion of the flotation
phenomena in the vertical fluid movement. The Bmess) approximation is used in

this case.

Turbulence should be properly selected with a blétanclosure approach. Thereby the
most suitable enclosure is theek-This is a two equation model in which two
parameters responsible for closing the equatioasldibe defined: the turbulent kinetic
energy and the dissipation of the turbulent kinetiergy. The reviewed literature and

the convergence degree reached by the turbulesmuads in the simulation justify the
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use of this turbulence model respect other modelssidered. The physics of the

problem allows also its use.

Several models can be taken into account whenmdpaidith the closure problem [7-10]:

o One equation models. In this case a single diftexkequation is solve fdk i.e. the
Spalart-Allmaras method.

o Two equation models. In addition to the above dbsedr model for k, a further
equation must be solved to provide the turbulentettc energy dissipation rate
and the specific dissipation rate= ¢ / k, which is the variable that determines the
turbulence scale [9]. k-models and their variances are suitable to reptebes
case. In particular, one of the advantages of tae rkodel versus k-is a best
behaviour of the simulations in the boundary lay@ren under adverse pressure
gradients. However, the kimodel presents an acceptable convergence capabilit
especially with not too high pressure variations.

0 Reynolds stress models (RSM). There are models kradgo as DSM (differential,
second-moment turbulence models). These models aakigher accuracy level
regarding their closure solution. In this papeg #veraged turbulent equations are
not considered as done with the previous ones evithor two equations with new
unknowns. The model is more complex since it isnded to establish a differential
equation for each of the Reynolds stress: prodncti@nsportation, diffusion and
rotation features are modelled. Thus, these marteitd initially be more suitable
for processes in which rotary features, strong atume of flow lines or secondary
and anisotropic flows are done. The computationat ¢s the main disadvantage in
comparison with the traditional model. Seven equstishould be solved in three-

dimensional models while five equations should bed simultaneously in two-
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dimensional [11-13]. In this case, the flow is difenal so this closure solution is
discarded.

Consequently, the &kimodel considers a turbulent viscosity distributairtained as:

el @)

whereC, =009 [14].

The kinetic turbulen energy and its dissipations are known when their classic

equations are solved [14].

0 0 i ok ——— 0u; L 0T

— ouk =—FLt e 4| — (U U [ B s S £ 9
axjpJe 0x; O} 0X; (p(, ' ox 'Bg'Prtaxi pJ (9)
0 0 o ——0u; ¢ &2

X j‘g:_&__cslp(uiu >~ Cep— (10)
X; 0x; 0, 0X; 0x; kg Ke

The values used for the constant parameters amnggeproposed in the literature:

C,=144; C,=192; 0,=10; 0,=13

2.3 Applied methodology for the mathematical modetation

The objective of the present research is to quatitié ventilated facade effect on the

cooling energy saving potential of the indoor rooext to the ventilated facade.

Thus, a heat analysis is done in the volumes eafacade. The aim is to compare the
temperature differences of the indoor wall in tvases, with and without a ventilated
facade installed in the other side of the wall.ufegg4 shows the geometry without
ventilated facade that is used in the simulatiome Tnsulation material effect has not

been considered since the research is based ompadson and the effect of the
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insulation material should be the same in both £g®éth and without ventilated
facade). Moreover it will be assessed whether tld@ar insulation material could be

removed thanks to the contribution of the ventddzade to energy efficiency.

2.3.1. Simplifications

The objective of this contribution is to show thd-0OC capability for modelling

ventilated facade features in order to provideah to understand the role played by the
ceramic ventilated facade in the possible energyavements and cooling savings in
the indoor. Some simplifications are made when anmg the ventilated and non-

ventilated facade:

a) The temperature of the environment air and thereatesurface of the ventilated
facade panel are considered the same. This tempenatay depend on the surface
material and features such as convection, radiatin colour of the surface, the
geographical position and the orientation respeetsun, the wind, the humidity or
the possibility to be wet by the rain, etc. Thespeats are simplified and assumed
constant in the simulation.

b) The thermal inertia of the different material layy@as not been considered. Thermal
inertia is the physical property that indicates $peed at which the material absorbs
and keeps energy from the environment. It dependdhe mass, the specific heat,
the thermal conductivity coefficient, etc. The paeters of the indoor wall are not
modified neither in the model with and without vi&ated facade because the wall
remains the same. Although it is known that thermaitia is important in different
external enclosures, the present research does)alsmnsider the ceramic fagade
thermal inertia.

c) The simulation is a steady state simulation anddhgerature boundary conditions

are selected according to measurement in the a@dilfacade during the warm
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season. The year seasons and the changes motiyatiee day/night have not been
considered. Moreover the steady state conditiors sha¢ allow the thermal inertia
consideration. Actually this simplification is imgpant since it will strongly affect
the savings of the ventilated facade.

d) It is considered that the solar effect is able @ntain constant the temperature of
the outdoor ceramic panel surface for the comgietght.

WALL

nn
0
(0]

OUTDOOR
0]

L]
(1]

INDOOER

C100] CI0I0]

Figure 4. Wall considered in the modellation

Figure 5 represents the temperature nomenclaturgdzred in each surface. Case a) is
the reference case without ventilated facade asd lbpincludes the external panels that
makes the ventilated facade. Firstly, the air tenampee (T;) is set at 298K (25 °C).
The ceramic panel internal surface temperatui® ifTmeasured in field test and set at
304 K (31°C). The indoor temperature (Tin) of thddor surface in direct contact with
the facade is set at 296 K (23°C). Then, the teatpes of the outdoor building surface

(T») is calculated by the CFD software.
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Tair 0 Tin
To ] 1]
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Figure 5. Temperatures considered in the model
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2.4. Simulation results: velocity and temperatuiieltls

The CFD software calculates the air velocity in Hestilated facade chamber taking
into account the wind speed near the building epelnd the convective effect due to
temperature differences. The wind direction is padicular to the facade and the air
velocities in the chamber are calculated by the emical code. Figure 6 shows the
velocity profile in a section centred on the thimumn of panels from the left when T

= 304K. It can be observed that the velocity vectend to be increased (get darken in

the figure) as velocity vectors goes towards tipeaiothe building.

Velocity (m/s)
1.50
B
0.90
0.60

0.30

0.00

Figure 6. Velocity profile shown in a transversal sectiongm

Wind can enter the ventilated facade through thes @xisting between the panels and
from the low part of the facade. The slots betwienpanels are 2 mm width. The wind
does not enter through the lateral openings bedheseind is defined perpendicular to

the facade panels.

Figure 7 shows in more detail the velocity profiea central area of the ventilated
facade, where the laterals have no influence. Eigua) shows the velocity in a region
near the facade in which the wind enters the chamhibeugh the slots. It also shows the

velocity profile in the chamber between the pamélthe ventilated facade. Figure 7 b)
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shows only the velocity field in the ventilated oftzer. The air direction is mainly

upwards.
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b) Air velocity only in the ventilated chamber

Figure 7. Detail of the velocity profile

These velocities depend on temperatureWhen T, is increased, the convective effect
also increases the air velocity in the ventilatbdrober. Figure 8 shows how the air
velocity modulus is increased while increasing(it is represented in a central line of

the ventilated facade chamber section).

-=T=298
+T=299
-=T=300
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Velocity (m/s)

Figure 8. Velocity modulus for different T
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T, is calculated by the numerical code considering et temperatures and the
simulated wind perpendicular to the facade. Tentpezal, directly depends on the
ventilated facade cooling capacity efficiency. Mworer, T, has direct influence on the

indoor temperature. This temperature is show rmoatél building view in figure 9.

Temperature (K)

299.96
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297.98

o
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Figure 9. T, temperature profile in the external building walbtected by the ceramic panels (not shown)

The results show that the temperature in the \aatl chamber is decreased while the
outdoor ceramic panel face temperature is kepttaotsT; = 304 K. The average,T
decrease is 4.482K (in the ventilated chamber)sidening that temperature increases

as soon as the air goes upwards within the fagedshown in Figure 10.
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Figure 10.T, vertical profile of the case study building
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The temperature decrease on the external faceeofdll in contact with the ventilated

chamber (3) means a cooling energy reduction in the indodding.

The research developed by Ciampi [15] concludeisthizaoutside air temperature is one
of the parameters that more influence the ventldegade efficiency. In summer
conditions, the energy savings will increase coersidly according to solar radiation
increase. Therefore, not only the convective aiveneent will be increased but also the
cooling capacity of the air through the ventiladthmber. This feature is simulated
with the CFD because it is considered importangufé@ 11 shows the temperature
variation in the ventilated chamber (differencensstn T and T) when T, is increased

as result of the external ceramic panel heatings Tixed in each simulation and it is set
at different temperature levels and i§ calculated for each supposed Figure 11

shows that when the outside panel temperaturecieased, the ventilated chamber
temperature difference {AT,) is higher. Thereby, the passive cooling effectegated

by the ventilated facade is more effective.

T=300
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~~T=302

==T=303

n
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T=307
T=139

Height {m)

0 1 2 3 4 5 b T ] 9
Temperature increase, (T1-T2)

Figure 11. Ventilated gap temperature variation simulatedheyCFD when Tis changed

It is observed that the cooling effect of the airthe ventilated facade chamber has a
linear behaviour respect the temperature incredgbeoventilated panels due to the

environmental conditions simulated. Figure 12 shtvesaverage temperature decrease
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in the ventilated chamber while the external paeeaiperature is increased similarly

than in the figure 11.

Temperature increase comparison
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Figure 12. Average temperature variation simulated by th® @fhen T, is modified

In the same way that T1 can be modified by enviremtal conditions such as radiation
and then the indoor temperature is affected, theedocity in the ventilated chamber
can be modified by the heating or cooling convecg¥fect and achieve a similar effect
on the indoor temperatures. This feature is showithe figures that represent the

velocity profiles previously described.
2.5. Energetic analysis

The ceramic panel installation in order to createtilated fagade should have, from
the energy efficiency point of view, the main objee to reduce the cooling energy
required to climate the indoor environment, as psgg in the present contribution.

This issue has been recently studied and reflentde literature [16, 17].

The energy analysis proposed requires thus knowleafgthe mechanism of heat
transmission through walls. The U-value knowledgeequired for modelling the heat
transfer. The information regarding the transmisstmefficient of every layer that

composes the facade is required. However, whethialinformation is not available; a
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comparative analysis could be done. This comparaivalysis is proposed in order to

estimate and demonstrate how the CFD techniquel ¢@lp designers.

The heat transmitted through the building wall tlgin contact with the ventilated
facade could be known using the computational maddl considering that the indoor
temperature should be kept at 296K (23°C). Theemed literature proposes values
between 0.55 and 1.42 for the U-value [18]. Tablshbws the thermal material
conductivity coefficients “k” considered and thedaor and outdoor convection
coefficient h = 10 W/ifK. The complete heat transmittance U-value forehelosure is

calculated following expression (11). The literatwtefault values are used for the

coefficients of the different materials that coaltmpose the facade [19].

U= 1 (11)

Table 1.Considered values for the enclosure heat transdefficient calculation

Global heat transmission coefficient value Default facade building materials

e k elk

(m) | (W/m-K) | (m?* K/W)

h_indoor 10 Wi K Cement grouting 0.02 1,2 0.017
(e/k) 0.71 M- KIW Double hollow brick 0.12 0.42 0.29
h_outdoor 10 W/ K Non-ventilated air chambgr 0.04 0.19 0.21
Single hollow brick 0.05 0.42 0.12
U 1.10 W/nt-K Plaster cast 0.02 0.26 0.08

TOTAL 0.7084
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The global heat transmission coefficient is thenaddp 1.1%.
m

The wall in which the facade is not installed tenapere is 305K (32°C) based on the

measurements done. The heat transferred throughathes:
Case a) non-ventilated facade:

W

q=U,a '(AT) =11(T, _Thab)F (12)
Case b) ventilated facade:
W
q=U '(AT) =11, _Thab)F (13)

A simplified analysis of the previous simulatiorosls the difference of heat transferred
from outside to indoor between the case with anthout the ventilated facade

considering the same external conditions for theuation.

Heat transfer (W/m"2)

= Heat transfer through the non ventilated facade
Heat transfer through the ventilated facade

Height (m)

[l S BV S N s

(=]

0,00 W/mn"2 5,00 W/mn2 10,00 W/mn2 15,00 W/mn2 20,00 W/mn2
Heat transfer

Figure 13. Heat transfer through the fagade to maintainridedr temperature at 296K.

101



Ph.D Thesis Annex |

Figure 13 represents the energy required to mairitee indoor temperature at 296K.
The analysis of this figure shows that 9.9 W/are transferred to keep the indoor
conditions in the case without the ventilated fa;adowever, the heat transfer when
the ventilated facade is installed is lower, 4.09m/for the conditions considered.
Consequently there is a cooling effect on the wedt achieve a reduction of 58.7% on
the energy required to keep the indoor temperataleg when installing the ventilated

facade in comparison with the simple facade.

This energy saving obviously depends on the extehsamal conditions. As shown

here, the energy-saving effect of the ventilategde will be lower as soon as the panel
temperature will be decreased in comparison withdase without ventilated facade.
The ventilated facade will not be necessary whenditdoor and the required indoor
temperature will be the same. The analysis docoasiders the walls and materials
thermal inertia as it is a steady state analysevektheless the thermal inertia effect will

be important in the analysis of average daily aabkenal savings.

The depicted results are aligned with the latesamoge ventilation facade researches.
The Ciampi research [15] presents a comparisondestihe effect of the air movement
in the ventilated facade and the additional tradai insulation layer that should be
added to the non-ventilated facade to achieve dheeseffect in an analytical way. The
present research proposes the use of the commahtiluid dynamics technic to

estimate the energy saving of the ceramic ventilédeade in order to complement the

Ciampi research [15].

3. Conclusions

The quantification of the ceramic ventilated facadfect in a building is complex. The
literature does not provide direct parameters tantjty the efficiency of the natural

ventilated facade. The present contribution propasestrategy to quantify this effect
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considering some boundary condition and using tbeputational fluid dynamics

simulation (CFD).

The fluid mechanic equations that describe tharavement in the ventilated facade
chamber are solved through computational softwaecase study is depicted
considering suitable Mediterranean conditions amid fmeasurements in summer
conditions. The air velocity and temperature in\vbatilated chamber and the resulting
temperature in the external building wall are cltad by the software. Consequently,
the cooling effect that could produce the ventdai@cade installation in the building is
assessed. The temperature profile obtained by ithelagion is used to quantify the
cooling energy savings. The case with and withbatuentilated facade are compared
and the results is that the ventilated facade liastan could save up to 58.7% of the
energy initially required to maintain the initialdoor temperature. This percentage is

reached under certain external temperature conditssumption in steady state.

The computational fluid dynamics technique is pnése as a powerful tool to represent
the behaviour of the building envelope when a cerarentilated facade is installed
besides the current methodology proposal to knawaih temperature of the ventilated
chamber. The air velocity and temperature profilven a fundamental role in the
behaviour of the ventilated facade and it is vamglienging and almost impossible its

calculation without the computational assistance.

Therefore, a more complex mathematical modellingepuired to represent the heat
transfer through the building wall and the cerapamels. There are many parameters
that influence the ventilated facade energy efficiesuch as the panel separation, the
velocity and temperature of the entering air, scdaiation and the temperatures of the
solid panels, the heat transmission coefficientthefsolid elements, etc. However, the
presented computational modelling will allow therigdon of these parameters to

determine the optimal working solutions, especidllihe radiation effect on the solid

elements, the thermal inertia and a non-steady satiditbe integrated in the simulation.
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In this regard, the present contribution shows aataponal fluid dynamics techniques
as an adequate and complete technique to evahmteenhtilated facade performance.
This will allow knowing the best conditions for thventilated facades selection and
installation in order to optimize its behaviourrfran energy point of view even before
its installation, in the future. Moreover the pneiseesearch should be complemented by
the determination of real results in order to vaidthe numerical simulations in the

future.

Acknowledgements

The research has been conducted within the framengatational fluid dynamics
techniques applied to environmental flows analysis'the Polytechnic University of

Valencia.

References

[1] Balocco, C. A simple model to study ventilated fé&sm energy performance.
Energy and Buildings 2002, Vol 34, N 4. Pp 469-475.

[2] Linden, P.F. The fluid mechanics of natural vetitia Ann. Rev. Fluid Mech.
1999, 31, 201-238.

[3] El Sadi, H.; Haghighat; and Ali Fallahi. CFD Anal/sof Turbulent Natural
Ventilation in Double-Skin Facade: Thermal Mass &mergy Efficiency. Journal
of Energy Engineering 2010, 136, 68-75.

[4] Todorovic M, Ecim O, Marjanovic A and Randjelovic Natural and Mixed
Ventilation Design via CFD and Architectural Modied, International Journal of
Ventilation 2007, 5, (4), 447-458.

[5] Tennekes H, Lumley JL. A first course in turbulenCambridge. MA: The MIT
Press 1972.

[6] White FM. Viscous fluid flow. New York: McGraw-Hillinc., 1991.
104



Ph.D Thesis Annex |

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Gualtieri, C., Lopez Jiménez, P.A., and Mora Ragkiy J.J., A comparison
among turbulence modelling approaches in the sitonlaof a square dead zone.
XXX IAHR Congress, Vancouver, Canada, 2009.

Gualtieri, C., Lépez Jiménez, P.A., and Mora RagkeinJ.J. Modelling turbulence
and solute transport in a square cavity. First peam IAHR Congress.
Edimburgo, 2010.

Wilcox, D.C., Turbulence modeling for CFD, DCW Irsduies, 2002.
Hanjali¢, K., Closure models for incompressible turbuléowf, Lecture Notes at
Von Karman Institute, pp.75, 2004.

Sarkar, S., and Balakrishnan, L. “Application ofR&ynolds-stress turbulence
model to the compressible shear layer”, ICASE Re@0+18, NASA CR 182002.
1990.

Speziale, C.G., Sarkar, S., and Gatski, T.B. “Miate the pressure-strain
correlation of turbulence: an invariant dynamicgstems approach”, J. Fluid
Mech.1991, 227, pp. 245-272.

STAR-CCM+ 3.04.009, User’s Guide, CD-Adapco, USA1Q.

Launder BE, Spalding DB. Lectures in mathematicatleis of turbulence. New
York: Academic, 1972.

Ciampi, M.; Leccese, F.; Tuoni, G. Ventilated fagacenergy performance in
summer cooling of buildings. Solar Energy 200378l. Pp 491-502.

Gang, G. A parametric study of Tromble walls fosgae cooling of buildings,
Energy and Buildings 1998, Vol 27, N 1. Pp 37-43.

Balocco, C. A non dimensional analysis of a vetdgdadouble facade energy
performance. Energy and Buildings 2003, Vol 36,.F%a 35-40.

Yilmaz, Z. Evaluation of energy efficient desigmaségies for different climatic
zones: Comparison of thermal performance of bugslim temperate-humid and

hot-dry climate. Energy and Buildings 2007, Vol BB3. Pp 306-316.

CTE. Codigo Técnico de la Edificacion. DocumentasiBa. Ahorro de energia.
2010.http://www.codigotecnico.org/cte/export/sitesault/web/galerias/archivos/
DB_HE_abril_2009.pdf

105



Ph.D Thesis Annex |

106



Ph.D Thesis Annex IV

Annex IV

Quantification of Ventilated Facade Effect due to ©nvection in Buildings.

Buoyancy and Wind Driven Effect.

Abstract: The external layer in a building has a paramooig under the building’s
energy behaviour point of view. The ventilated tigas a passive system installed on
buildings to improve the global energy behavioure Ventilated facade performance is
described. Ventilated facade is mainly based onvection and radiation. This
contribution focuses on the convective effect duddoyancy driven respect to wind
forces in the ventilated gap and their influencéhim building thermal behaviour. To do
so, several computational fluid dynamics models wardertaken with 1.5m/s, 0.5m/s
and 0.2m/s wind velocities and a wind temperat@r2o8K and 300K. In the modelled
conditions, the temperature of the external factheffacade was decreased due to the
ventilated facade effect at 0.2m/s. 35% of the temrafpuire reduction was due to natural
convection buoyancy-driven effect and the rest wuwind-driven effect. With higher
wind velocities (1.5 m/s) the temperature reductilue to the convective effect was
negligible. According to these simple trials it daconcluded that the buoyancy driven
forces have influence only below a certain threghadlwind velocity. The paper helps
to better understand the behaviour of the ventldégade installed in a building and
allow designers to quantify the influence of theafde on the global building energy

balance.

Keywords: Convection; Natural ventilation (NV); Ventilated cide (VF);
Computational fluid dynamics (CFD)
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1. Introduction

Government bodies, architects and engineers arenbeg increasingly aware of the
importance to reduce energy usage and, @@issions, resulting in an increasing
number of new solutions applied to improve the gyndrehaviour of the buildings.
Thermal behaviour is one of the most importantéabnsidered. The main responsible
of the heat exchange between the indoor and outelndgronment of a building is the
building facade. It is the responsible for the parfance of several physical, dynamic
and thermal parameters of the whole system [1]riibecomportment of the facade is
crucial to understand the energy behaviour andetiuge the energy waste of the
buildings. Up to now, many techniques have beem tgereduce this heat exchange
through the facade. Initially, the facade thermarf@rmance was improved by
increasing thickness of insulating materials: aghér was the indoor-outdoor
temperature difference; greater was the coatingmahthickness. Secondly, the quality
of the coating material was improved with bettelaion materials. Nowadays much
sophisticated techniques are being studied anddrased such as ventilated facades

(VF), which have many energy implications [2].

Particularly, a ventilated facade is a system useinprove the thermal behaviour of
the buildings. This system allows designers to owprthe energy behaviour in both,
new building design and rehabilitation in the exigtones. The ventilated facade
system is generally made up of an external cladidiper attached to the last continuous
insulating external layer of the building by mearisa mechanical structure (generally
made of aluminium profiles). The cladding layemade of glass, marble, ceramic, etc.
and it defines the external appearance of the iogildAn air cavity of at least 3 cm

wide is thus created between the insulation andcthdding layer. The mechanical
structure must allow an upward a continued air flothe facade. Thus, this air cavity
is naturally ventilated as a result of solar radiaton the slabs and the ensuing
convention within the cavity. There are two differeventilated facades depending on

the way that the different slabs are installed.t@none hand the continuous VF (close
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joints) in which the upward flow is completely comtous, homogeneous and
symmetrical along the wall [3]. On the other hahe tacades with open joints between
each cladding, commonly known as OJVF (Open Jointi&ed Facade), which turn

the flow discontinuous, inhomogeneous and much roonmeplex [4].

Numerical models of air movement have been develdgp VF and other building
structures, such as solar chimneys or atriums bgnsi@f CFD techniques [5]. As
instance, in the work of Seytier and Naraghy [B§ tadiative and convective effect in
the buoyancy along a solar chimney is studied, essfally validating the
computational fluid dynamics (CFD) uses for coniwttsimulation. The influence of
convection in buildings facades is a permanentctagi interest in research [7-10]
always concluding the importance of the facadénenreduction of energy needs in the
whole building, and the importance of an accuraogeh for the deep knowledge of the

facade performance.

Natural convection is one of the main principles V& [11]. Heat transfer is classified
into three main mechanisms: thermal conductioniatexh and convection. The fluid
flow can be forced by external mechanisms or byyhooy forces: natural convection.
Natural ventilation (NV) is explained by two phenema: wind driven ventilation and
buoyancy-driven ventilation. Wind driven ventilatiooccurs due to the pressure
difference in the facade surfaces produced by vionces. Buoyancy-driven ventilation
occurs as a result of the directional buoyancyderthat results from temperature
differences between the interior and exterior [I2jis paper is focused in the thermal

convection performance of an open join ventilateghtie.

This effect has been partialli investigated. Minigdéscribed the fluid mechanics of the
natural ventilation of a narrow-cavity double-skagade [13]. Increasing the height of
the facade, the buoyancy effect could be improeadihg to a faster flow. This faster
flow will improve the energy performance of the VIFhe research presented by Gratia

concluded than the ventilation of the facade iseaiprimarily by wind on the upper
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floors, where buoyancy heads are small, but by éooy on the lower floors, where

buoyancy heads are large [14].

Different modelling approaches are used in predictuilding ventilation including
analytical, empirical, experimental and CFD modédlS]. Recent studies have been
done to improve the experimental data availabléhm literature: Lomas K.J. et al.
studied a hybrid advanced naturally ventilatedesyisin a new building [16], Giancola
carried out an experimental assessment and magleifithe performance of an OJVF
[17], Sanjuan developed and experimental validattbra computational model for
OJVF [18] and Gonzalez adjusted and energy compuotdt model to analyze its
energy performance in a building [19]. In thoses fluid and thermal performance of
OJVF has been investigated using both experimartdl numerical methods. These
studies confirm CFD as a reliable tool to model filnéd behaviour in this particular
application. Furthermore, CFD simulation technigeleable designers to understand the
behaviour of the systems and to predict whetheiilitwork as expected or not. Thus
the designer can optimize their constructive sohgiin real scale models in an efficient
computational way and not by expensive trial-andremethodologies. The advantage
of using these models resides in the fact that daeyreproduce real problems of Fluid

Mechanics to any degree of complexity.

In this contribution, the objective is to quantitye influence of the buoyancy-driven
ventilation to increase the air velocity in the dire to the directional buoyancy force.
This phenomenon is mathematically modelled by CHRohniques applied in a

ventilated facade.

2. Methodology and general objective

This research aims to quantify the convective fedfect due to buoyancy-driven forces

in the air gap of an Open Join Ventilated Facadhe. Wind velocity and the temperature
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differences between the facade faces are the pteenthat need to be defined,

modified and then compared.

First stage on the CFD analysis method consistediefihing a simplified OJVF
geometry in which the fluid phenomenon was studidte model was composed of a
geometry, boundary conditions and mesh definitibhe geometry and the mesh

definition remained constant in all simulations.

Figure 1 shows the control volume where the reseasas focused. It is composed by
the indoor face of the cladding material, the Matéd gap and the external building’s
face. The volume was especially chosen to deterth@demperature effect of the air

flow through the cavity in the building external la

---------

Slabs \I ‘I

Virind

Twmd

Building

Open
joints

Ventilated cavity
Control Volume

o

Figure 1. Control volume and temperature definition

The CFD model simulated the air velocity in the daking into account the wind
velocity and all the hydrodynamic effects: the parapertures of the OJVF, the friction
forces, the wind driven flows, the buoyancy naturahtilation, etc. Wind velocity
(Vwind), temperature (Jing) and the temperature of the internal face of thdding layer

(T,) were set at different values specially choseguantify the buoyancy-driven effect

111



Ph.D Thesis Annex IV

(BDE) in the ventilated gap. The external facadeiddemperature ;Twas provided by

final CFD simulation.

A first set of six simulations has been used asfarence (Non-BDE simulations) to
analyze the thermal and fluid performance of theiraithe ventilated facade. The set
includes three pairs of simulations in which windlocity was decreased: 1.5m/s,
0.5m/s and 0.2m/s respectively. Wind and the inddadding face temperatures were
set at 298K and 300K in each pair of simulations;Tl,ing=298K and T=Ting=300K

respectively. Then, air velocity in the ventilateger and temperature in the external
facade () were calculated. These simulations were usecefsence because there

was no air movement due to the BDE because these’tnany temperature gradient.

A second set of three simulations has been doa@dtyze the BDE in the air through
the ventilated gap in comparison with the firstaesimulations. The wind velocity was
set at 1.5m/s, 0.5m/s and 0.2m/s in each simulaiénd temperature was set at 298K
and the indoor cladding face temperature was s@d@K in each simulation. Then, air
velocity in the ventilated layer and temperaturetle external fagade £l were

calculated.

A third set of simulations has been carried outntdice how the increase of the
temperature difference affects the BDE in the laiough the ventilated gap with high
and low wind velocities (1.5m/s and 0.2m/s respety). The wind temperature was set
at 298K and the indoor cladding face temperature sed at 302K, 304K and 306K for
low velocity (0.2m/s) and at 306K for high velocity.5m/s). Then, air velocity in the

ventilated layer was calculated. These data of ciigloand temperature of wind

correspond to measurements performed in Valen@aigy in June. The temperature

gradients have been carefully chosen accordingdmhPeérez et al. [20].

To simulate the wind velocity modulus it is necegda set and to adapt wind data for
height with the correct approach profile of meamdvspeed. In general, in a big

vertical scale, the potential law for velocity maehiis accepted as vertical velocity
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profile [21]. Nevertheless, in this particular caseorder to make a simplification and
considering that the present research describesyalaw structure compared with the
atmospheric boundary layers, constant values fodwelocity have been considered to

perform the numerical model.

The first sets of simulations (used as referenaeveompared with the second set to
analyze the influence of the wind in the naturaitilated flow in terms of convection.

In the first simulations the BDE didn't exist besauthere wasn't any temperature
gradient. Moreover, the second set of simulatioas wet at 2K temperature gradient
(T1-Twing)- This temperature gradient produced a BDE thas vgaantified by

comparison respect the case without it. Absolugilte in each simulation have no
sense in this research. Additionally, the air viéyoand the temperature of the air in the

ventilated gap and the building's facade tempesdfl3) were analysed.

Finally, the third set of simulations compared@tér and higher wind flows how the
temperature gradient affected the buoyancy-drieeces. The temperature gradient was
set at 4K, 6K and 8K at low velocity (0.2m/s) and 8t high velocity (1.5m/s). In

addition, the air velocity in the ventilated gapsvamalysed.

3. Modelling strategy

3.1. CFD solver applied to ventilation in the fagadap

The depicted methodology is an investigation wifDCand its application research in
building systems. The literature is profuse in doeuts based on research applications
of CFD, including experimental validations. Mariosgdnvestigated experimentally and
numerically the thermal comportment of a real OJWRvinter conditions [22]. Wang
modelled and validated the impacts of ventilatiorategies and facades on indoor
thermal environment for naturally ventilated resiti buildings [23]. Omar

recommended CFD as a reliable method to study regstihat have no access to
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laboratory or full-scale testing facilities [24]hiE reference found agreement between
experimental and numerical approach although tloel ggreement was restricted in the
majority of the cases to conditions of calm windeTagreement with experimental
results strongly supported the use of CFD for snglythe fluid behaviour in a

ventilated facade.

CFD allows designers to understand the fluid behavin different systems and to take
better design decisions. Compared to other refesetike Giancola [17] and Sanjuan
[18], who contrasted the results of the CFD simakatvith real experimental results;
this contribution assumes that CFD simulations aght to represent the fluid

behaviour. CFD is used as a design tool as Karal. ¢§25] used the methodology to
improve NV in a large factory building and Mora-B2kt al. to quantify the efficiency

of the ceramic ventilated fagcade [20].
3.2. Mathematical model

CFD is a detailed modelling technique based on emagtical models which discretises
the space in small cells where mass and momentusecgation equations are solved
by the code. These equations are solved in a geiealedlomain defined by boundary
conditions and taking into account turbulent pheapan The continuity or mass
conservation equation solved by the software useapression (1).

% 4 0pv=s, M

ot

Wherep is the fluid densityV is velocity and § represents the mass contained in the

control volume. The momentum equation is considerejuation (2).

—a(g‘l)+Dp(\7\7):—Dp+DT+pQ+lf @)
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Where p is the static pressufe the stress tensor defined in expression (3) grahd

F the gravitational and outer forces respectivelis the eddy viscosity and | is the unit

tensor.

r= y{(mv +OVT)-

vl } 3)

wIiN

A general purpose CFD software package has beeh 83&AR-CCM+. The equations
solved by STAR are discretized according to FiM#@ume method (FVM). In FVM
the solution domain is subdivided into a finite nemiof small cells called Control
Volumes (CVs). Usually CVs are defined by a suitajsld and computational node is
assigned to the CV center. All variations of FVMash them same discretization
principals. They are different in relations betwegmious locations within integration
volume. The integral form of Navier Stokes equatiare applied to each CV, as well as
the solution domain as a whole. Summing all theatiqus for all CVs is obtained the
global conservation equation since surface integraér inner CV faces cancel out. The
result is a set of linear algebraic equations whth total number of unknowns equal to
the number of cells in the grid. Appliying this distization to equation (2) the
following discrete equation for velocity is obtathf26], where y is velocity grid, "f"

refers to each face in the discretization method,"a" is the face area vector.

)+ Zhol-v)a] =3 (pi2)

dt f f f (4)
+ra+(p++F)a,

4. Simplifications
Several simplifications were asumed to reduce tmeputational time:

» The modelling is considered steady.
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= No radiation effect is considered in the modelthas study is focused on the
convective effect.

= The study is focused in the ventilated air gap ketwthe internal sheet of the
cladding layer and the external face of the buddmwhere the convective effect
takes place.

» The capacity of the cladding material to accumulla¢at is not taken into
account. The study is focused in the fluid region.

4.1. Modelled geometry

The geometry modelled is a simplification of a OJutalled in a building exposed to

wind. The geometry consists of two columns withslabs separated by horizontal and

vertical joints 2mm wide.

10000

Figure 2. Building and panel dimensions (mm)

Each column represents half piece of the claddimgerral which made the external
ventilated layer. Each slab is 0.5m. high, 0.03ioktiand 1m. wide. The ventilated gap
simulated is 40mm. thick and 1.002m. wide. The Neged facade is installed on a

building in a wind tunnel. The building is 6m. dedfhe wind tunnel is 10 m. high,
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1.002m. wide and 11.57m. deep. A detail of thegaip and the dimensions of the

building model are shown in Figure 2.
4.2. Boundary conditions and physical description

The simulation has been performed under steadyitmmsl in a 3D model, with
constant density fluid flow. Turbulence effects édeen included using the K-Epsilon
model and segregated flow. The gravity model wael s it permits the inclusion of

the buoyancy source terms in the momentum equatues using the segregated flow

Symmetry planes >
/
Fluid % N
Region

/
Pressure
[ ’:\ Outlet
—V .

N >
>

Velocity
Inlet |—|’
0
>

model.

A1 ¥

S

Figure 3. Boundary conditions for CFD model

The whole domain was defined as fluid region (@ith boundaries. The boundaries
settings were specially chosen to simulate the BB building with an OJVF in a
wind tunnel. The wind tunnel was defined by thrgmmetry planes (both laterals and
the top face), a wall (bottom face), a velocityeinih front facade and a pressure outlet
at the end of the wind tunnel. The cladding anifding’s faces were defined as walls

with a roughness of 2.5E-7m. (Table 1)
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Table 1.Boundary conditions specifications

T Surface = i
e roperties
A (Wind tunnel) .

Constant velocity. 1.5m/s,
Velocity Inlet The front face 0.5m/s and 0.2m/s perpendicular
to the building

Pressure outlet The back face Constant athmospbressure

All building and facade Constant Roughness height =

Wall
faces and the bottom face 2.5E-7 m.

Symmetry Plane | The upper and lateral faces

4.3.CFD mesh and convergence

The simulation was done with a numerical methodcWiig solved by the finite volume
technique. The fluid model was solved by calcutatine flow-equations on the nodes
within the cells. The accuracy of the result degead the definition of the nodes. A
structured mesh was created with a refined grid tiea joints. In addition, the mesh
near the wall was set fine enough to allow the soéd wall treatment to solve the near

wall region all the way to the sub laminar region.

A mesh analysis was done to find out the optimutween the smallest number of
nodes and the accuracy of the results. A grid-ieddpnce study, including the number
of nodes and the size of the enlarged domain wa®rpeed in order to assess the

validity of the numerical computational procedure.
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: I I
7 —— —%—Mesh 1: 849,914 items
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Figure 4. Velocity comparison between meshes

Two meshes were modelled with a computer Intel®e®bi5 CPU M520 @2.4GHz.
M1 with 849,914 items (M1: accuracy of 2 mm. andJJkne 716.5 s) and M2 with
2,888,772 items; 1 mm. accuracy and CPUTime 222.M&locity magnitude in a line
in the ventilated facade was compared. Figure 4vshihat the velocity difference
between models was less than 0.04%. Furthermor&ihenodel lasted 3 times more
than the M2 model. Therefore the first mesh wasctetl. Figure 5.1 shows a detail of

the mesh selected and Figure 5.2 shows the CFBuadsicalculation.

Figure 5.1.Detail of the selected mesh (M1)
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Figure 5.2.Residuals of the CFD calculus for M1 model

Wall treatment is necessary for model up properndawy conditions. A numerical
verification was made to check that the model whsight. In this case the high-y+
wall treatment used implies the wall-function-tygggoroach, in which it is assumed that
the near-wall cell lies within the logarithmic regiof the boundary layer. A good rule
is that the wall-cell centroid should be situatedhe logarithmic region of the boundary

layer (y+>30) [26]. In this case, this requiremeais accomplished for all walls.
4.4. CFD post-processing

The last step in the CFD modelling strategy coasim obtaining the calculated
parameters useful for the analysis. Post-procesdlogis designers to obtain XY plots
(velocity, pressure, temperature, etc.), 2D andv8btor representations, streamlines,
numerical data, etc. In this case, the parametsed were air velocity in the ventilated
air gap and the temperature of the external fadbeobuilding (). The velocity of the
air was determined in the centre of the ventilajefd in the middle of the panel. The
temperature of the face was determined in the raidfithe panel at the buildings face

side.
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5. Analysis of results

5.1. Analysis on air gap velocity

Several set of simulations were done to analyzartthgence on the ventilated gap of
both the buoyancy and the dynamic pressure efigetta wind. The dynamic pressure
acting on the facade is generated when is convénedinetic energy of the wind into

pressure energy due to the braking of the windherfiked surface of the building.

To analyze the relative weight of wind dynamic gree over the buoyancy effect,
different situations have been considered. On aohe svind speed has been changed,
keeping the same temperature difference betweemtémnal face of the cladding and
wind. On the other side, for a low wind speed, ihickh the buoyancy effect is
significant, it has been changed the temperatuaeligmt between the cladding and

wind.

Then, a first set of simulations have been perfarmvéghout considering the buoyancy
effect (Non-BDE simulations). The air into the gapuld not be heated. To get this the
wind (Twing) @nd the internal face of the cladding (T1) terapges were the same. The
air movement in the chamber was only due to wingladyic pressure (Figure 6 lines a-

b, d-e, g-h).

Table 2. Temperatures and velocities considered

Simulation
Case a b c d e f g h i
BDE No| No| Yes| No| No| Yes| No | No | Yes

Twind(°K) | 298| 300 | 298| 298 | 300 | 298 | 298| 300 | 298

T1(°K) 298| 300| 300 | 298| 300| 300 | 298| 300| 300

Vwind(M/s) | 1,5 1,5 15 0% 05 O5 02 02 0,2
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i) de)f) a)b)c) g h)i) die) )
7 . % - =) vwind=15m/s; Twind=T1=298 K 7 -
B ==h} vwind=1_5m/s: Twind=T1=300 K [
- s ——c)vwind=1_5m/'s; Twind=298K; TI=300K g B
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= ==d) vwind=0,5m/s: Twind=T1=298 K ]
a el ;8
- ==¢) vwind=05m's; Twind=T1=300 K -y

£y vwind=0,5m/s; Twind=298K; T1=300K
=-g) vwind=02m/s; Twind=T1=298 K

——h}) vwind=02m/'s; Twind=T1=300 K

@ I 2 2 4 . i) vwind=0.2m/s; Twind=298K; T1=300K
Velocity (m/s) Velocity (m/s)

Figure 6. Air velocity in the ventilated gap

Figure 6 shows the evolution of wind speed insige gap (¥ for the simulations

listed in Table 2.

It is noted that the higher the wind speegi\@), and thus the dynamic pressure on the
facade, the higher the velocity of air inside af tap (). Furthermore, at medium and
high wind speeds, the buoyancy effect is not apabée compared with the dynamic
pressure effect. By contrast, at low wind speedsulgtions g, h, i) there is a certain
influence of the buoyancy effect with respect te ttynamic pressure effect, due to the
small value of the latter. As the facade is opeimethe lower part, the wind driven
effect causes a higher effect in this range of wiatbcities due to the great dynamic

pressure generated by the wind in comparison \wihuoyancy effect.

The second and third set of simulations considetesl buoyancy effect (BDE
simulations). The internal face of the cladding penature was greater than that of the
wind, as there was a progressive transmissionatftogt. Air movement in the gap was

due to dynamic pressure and buoyancy effect.
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Table 3. Temperatures and velocities considered

Simulation

Case C f i k m | n p

BDE considered Yes | Yes| Yes| Yes| Yes| Yes| Yes

Tind (°K) 208 | 298 | 298 | 298 | 298 | 298 | 298
T1(°K) 300/ 300 | 300 | 302 | 304 | 306 | 306
Ving (M/S) 1,5/ 05 02 02 02 02 15

The temperature gradient between the wind and niernal face of the cladding
material (h-Twing) Was increased from 2K to 4K, 6K and 8K (third eétsimulation)

with a low wind velocity (0.2m/s).

Figure 7 shows the influence of the buoyancy efidoén the wind dynamic pressure is
reduced. The greater the temperature gradient betwee air and the cladding, the

greater the buoyancy effect and the air velocisyde the gap.

Air Velocity in Ventilated Gap
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Figure 7. Air velocity in the ventilated gap at 0.2m/s winelocity
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Finally, to verify the reduced influence of the lpaocy effect at high dynamic
pressure, a new simulation has been done (simalgjolt has been considered the
major buoyancy effect (high gradient of temperatiiyg,q = 298°K, T = 306°K) for the
dynamic pressure corresponding t@iny= 1.5 m/s. In figure 8 the evolution of velocity
in the gap together with the simulations a, b,T@b{e 1) are shown. There was no
difference observed in the evolution qf; velocities. Then, the air velocity increase due
to the BDE produced by increasing the temperatuaelignt at high velocities was
negligible.

Air Velocity in Ventilated Gap
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Figure 8. Air velocity in the ventilated gap at 1.5m/s winelocity

5.2. Analysis on facade temperaturejTheat flow to the building

An analysis has been done to the temperature ooutiee side of the fagade T which

was in contact with the gap, for the same castxllis Table 1.

The objective is to verify how it will be affectaéde temperature ;] and therefore the
thermal comfort inside the building, by varying tdgnamic pressure, due to the air

velocity, and the buoyancy effect.

Figure 9 shows results from the different simulasioFor those cases in which there

was no considered the BDE, the temperature ofabade was the same as the wind, the
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inner cladding and the air in the ventilation g&pr those cases in which BDE was
considered, the air temperature inside the gap) Was generally higher than the
temperature on the facade,TThere was a mismatch in this behavior, due tgeed

effect, on the top of the gap.

By heat transfer, the greater the flow velocitytted fluid through the gap, the lower the
temperature reached. This is the reason why theemiperature in the case c is lower

than for the case i (Figure 9).

a) Air in Ventilated Gap b) Building's Facade (T:)
ayd)g) [l i) be) b a)djg) ¢) 0 i) hje)h)
7 E —) viwind=1,Sm/s: Twind=T1=298 K 7 ] ( T
6 i il =—b)vwind=1,5m/s; Twind=T1=300 K 6 i 1
i s 4
~ s 3 e} vwind=1,5m/s; Twind=208K: TI=300K  _ 1]
5 (] 5 i
= i ) ==dj)vwind=0,5m/s; Twind=T1=298 K - o
E‘ 4 i ~|_ J& 4 4 i
= &1 —=¢)vwind=05m's; Twind=T1=300 K g +
3 {3 3 i
i 3] ) vwind=0,5m/s; Twind=298K; T1=300K L =
- 2
It o) = g) vwind=02m/s; Twind=T1=208 K i3]
1 i i ; \ i 3]
Ik 3 | =—hjvwind=0,2m/s; Twind=T1=300 K &
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o i) vwind=0.2m's: Twind=208K: T1=3 o -
038 T o 960E 55 2008 —¥-i) vwind=0.2m/s: Twind=298K: T1=300K i a6 P S 598 5 PRy
Temperature (K) Temperature (K)

Figure 9. Temperature performance

For a given wind velocity (fixed dynamic pressutte air temperature along the facade
increased due to the heat transmitted from thedodgd The temperature gradient along
the facade for the case where the buoyancy effast significant (case c) was of the
same order of magnitude as for the case in whidydmcy effect as hardly seen (case
i), although air temperature {) was higher. This behaviour confirmed that the

buoyancy effect was minor compared with the efté¢he dynamic pressure.

From the buildings energy behaviour point of vi¢he main objective of the ventilated
facade is to reduce the load gain of the buildmngécrease the cooling power required
to keep a comfortable indoor environment in sumriiide thermal performance of the

ventilated facade relies on buoyancy: first théslaf the exterior coating are heated up.

125



Ph.D Thesis Annex IV

Then, the heat load is transferred through thedahad material to its interior face.
Finally, it produces an ascending mass flow airthie ventilated cavity by natural
convection. The thermal behaviour of the facaddifferent depending whether it is
summer or winter as it was explained by Giancolamexperimental case [17]. In
summer, the ventilated facade reduces the heasférato the indoor environment.
Equation 4 shows that the total load gain q (#/m the building depends on the U-
coefficient (W/nf/K) and the temperature gradient of the inner d&edauter face of the
wall. Equation 5 shows how U-coefficient is caldath It is considered the wide of
each material layer which built the external wallne.), its heat-conductivity coefficient

ki (W/m/K) and the indoor and outdoor convective-ficefnt h & he respectively

(WIm?IK).
q= Uwall (AT) = Uwall ) (TZ _Tindoor) % (4)
U= !

B

The present report quantifies the energy reductioe to the natural convection
buoyancy-driven effect in the ventilated cavity.eTh-value remained constant for all
calculations and the unique change was the temperarop. 35% of the ventilated
facade energy savings were due to the buoyancwdrieffect. This result was
calculated with the temperature drop in the budtinfacade (Figure 9, “h” line, oJ
respect the temperature of the inner face of tidilaéed slab (Figure 9, “i” line, 1) for
the low wind velocity (ving=0.2m/s) case. In these particular conditions,bihe@yancy
driven effect supposed a reduction of 10 \/(out of a total of approximately 28 W#m
reduction in cooling power due to the presencenefdir in the ventilated facade of the

building).
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6. Conclusions

A ventilated facade is a powerful system used tprawe the thermal behaviour of the
buildings. Natural ventilation (NV) has an importarol in the ventilated facade
performance and can be explained by two phenomemal-driven ventilation and

buoyancy-driven ventilation. While wind is the mamechanism of wind-driven

ventilation, buoyancy-driven ventilation occursasesult of the directional buoyancy
force that results from temperature differencesvben interior and exterior walls. In
this contribution, the natural convection thermif#e of an OJVF and its capacity for

cooling in summer conditions has been quantified.

On the one hand, as wind velocity was increased @%em/s no air velocity changes in
the ventilated gap due to the buoyancy-driven eftBOE) could be observed. The
velocity increase due to BDE was negligible respbet effect of the wind-driven
forces. In the particular case of 1.5m/s wind viyoand 8K temperature gradient
between wind and the indoor cladding face, thevelocity increase due to BDE was
negligible. Consequently, the behaviour of the \alocity in the ventilated facade
mostly depends on outdoor weather conditions. Gnather, as wind velocity was
decreased under 0.5 m/s, the air velocity was beicrgased due to the BDE having a
higher specific weight in the total air velocityastge. Furthermore, in the operating
conditions, at low wind velocities (Mg=0.2m/s) as the temperature gradient
determining the BDE was increased, the velocity wks® proportionally increased.
Therefore the BDE became more important in the \Weha of the ventilated facade in

terms of air velocity.

In addition, the quantification of the temperatwep in the external face of the
building was the most important effect to determittee thermal and energy
performance of the building with a ventilated fagguhssive system. In the modelled
conditions (2K temperature drop between the air #mel internal cladding face
temperature andwg=0.2m/s), the temperature of the external faceneffacade was

decreased due to the ventilated facade effectvatwind velocities. The 35% of the
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temperature decrease was due to natural convegtiopancy-driven effect; and 65%

due to wind-driven effect.

In this study the worst case for air movement i@ ventilated gap was analysed: the
ventilated fagade was closed at his bottom. Furtesearch should be done with a

ventilated facade opened at its bottom part.

The main conclusions summarized as a points artoliogving ones:

= At high wind velocities (>1.5m/s) the buoyancy-dniveffect is negligible respect
the wind-driven effect in summer.

= At high wind velocities the buoyancy-driven effelctesn’t influences the ventilated
facade cooling effect in summer.

= At low wind velocities (<0.5m/s) the buoyancy-dniveffect has a higher specific
weight in the total air velocity change in the fdea

= The more the air velocity in the ventilated facddeaccelerated, the more the
cooling effect is reached.

= At low wind velocities (<0.5m/s); the higher tematrre gradient is, the more

cooling by the buoyancy-driven effect is achieved.

Table 4. Nomenclature

Magnitude | Unit Description

Vwind m/s Wind velocity

Twind K Wind temperature

Vair m/s Air velocity in the ventilated gap

Vg m/s Velocity grid

Tair K Air temperature in the ventilated gap
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Magnitude | Unit Description
T, K External facade layer temperature
T K Internal face of the cladding layer temperature
Tindoor K Indoor temperature
€ mm Width of the building
p Kg/m® Fluid density
v m/s Fluid velocity
Sm m’ Mass source in the control volume
t S. Time
p Pa Static pressure
r N/m? Stress tensor
g m/< Gravitational force
I Pa-s Eddy viscosity
F N Outher force
q W/n? Surface heat transfer
k W/m/K Conductivity coefficient
h W/nf/K | Convective coefficient
U W/m?K | Overall heat transfer coefficient
I Unit tensor
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Annex V

Computational analysis of wind interactions for conparing different buildings

sites in terms of natural ventilation

Abstract: Nowadays building designers have to face up to stestegies to achieve the
best sustainable building designs. Well plannednadventilation strategies in building
design may contribute to a significant reduction kanlding’'s energy consumption.
Natural ventilation strategies are conditionedht® particular location of each building.
To improve natural ventilation performance of alding, the analysis of the influence
of the location and the surrounding buildings omdvilow paths around the design
building is a must. New computational tools suchCasnputational Fluid Dynamics
(CFD) are particularly suited for modelling outdogind conditions and the influence
on indoor air conditions prior to building consttioo. Hence, reliable methodologies
are necessary to support building design decisiatasted to naturally ventilated

buildings prior to construction.

This paper presents a case study for the seleofidhe best future building location
attending to natural ventilation behaviour insile building, conditioned by different
evolving environment. A validated CFD model is usedepresent outdoor and indoor
spaces. The methodology explains how to qualithtimed quantitatively analyze wind
paths around and through a building to quantify nlaéural ventilation performance.

The best location, from two real possible solutjoashen selected.

Keywords: Natural Ventilation (NV); Computational Fluid Dgmics (CFD); Building

Design Stage, urban planning
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1. Introduction

For the last 10 years energy efficiency has become popular, mainly because of the
climate change and environmental degradation. Tieeran increasing necessity to
reduce the amount of energy required to providentae comfort conditions in

buildings. More sustainable buildings are then giesil thanks to the development and

advances of new design techniques [1].

Ventilation is a must to ensure a high indoor aialgy and comfort. Methods for
ventilating a building may be divided into mechafiorced and natural strategies.
Mechanical ventilation requires an external inpoivpr supplier to work while natural
ventilation (NV) relies on wind and thermal buoygnas driving forces [2]. The
potential benefits of NV include lower energy costsmpared with mechanical
ventilation, as well as an improved indoor enviremtal quality and occupant
satisfaction [3]. Therefore to achieve more susisi® buildings, designers are
promoting the utilisation of NV to improve and dease the building energy
consumption. While NV benefits may be achievablge,implementation and design

presents certain challenges since it requires waaehlysis of many variables.

Natural ventilation, also called passive ventilafioises natural outside air movement
and pressure differences to both passively coolvamdilate building as early stated.
The NV approach design requires an appropriate ratateding of principles of local
wind patterns, climate conditions, airflow arourte tbuilding, building orientation,
pressurization and facade design [4]. Design ofimadly ventilated buildings is also
influenced by the airflow through the building. 1arig pressures derived from wind
and thermal buoyancy are low compared to thoseusex by fans in mechanical
ventilation systems. Therefore the buildings shgporientation relative to prevailing
wind direction(s) and facade design should be camed in the initial design stages of

construction to exploit local wind natural forcesdrive the air through its interior.
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Natural ventilated buildings do not only suggesit thatural airflow influences building
design, but also that it might be a concept-malkawogor of the entire project. Building
designers should take into account all these vimsaleven when its quantification
before building construction would be not an eassué. In fact, increasingly new
technology methods allow nowadays designers touatal different architectural
solutions to improve natural ventilation in its dgsstage. What happens then is that
building designers often do not consider NV solsiaue to its lack of expertise on
using proper technologies to evaluate and implemtemhus, designer’'s awareness and
understanding of the location potential is mandafor proper design of a naturally
ventilated building which reaches its maximum egexdvantages. The relative position
of the building with respect to surrounding builgénand prevailing winds may affect
the whole performance of the building. Thereforeewldesigners have the option for
choosing the building’s position and orientatiohe tmost energy efficient solution
should be selected. Often, it is not possible mwoske the building position or there is no
space to rotate the building. Even in these cadesigners should choose the best
facade opening distribution to optimize the natweaitilation resources of the location.
Anyway, evaluation should be done for each pamicalse that might contribute to

make buildings more site specific.

The evaluation of NV performance pretends to previdformation concerning
indoor/outdoor airflow parameters in a building.efé are many recent applications for
predicting the ventilation performance of buildinggentilation can be typically
predicted or evaluated using a wide range of methadalytical models, empirical
models, small and full-scale experimental modelsltirmone models, zonal models and
CFD models. An overview of the methods is summarizg Chen Q. [5], Yuguo L. and
Heiselberg P. [6]. Among all of them, computatiofiaid dynamics (CFD) simulations
have been the most popular in recent years [7-C6D has been widely used for
simulation of wind and air movement in existing Idings. Literature is profuse in
documents based on CFD direct application and éxrpetal validation in order to

design wind behaviour of NV in buildings [11-19]eMertheless, CFD has not been
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almost used in building early design stage, in WHid-D can help building designer to
achieve better and more detailed understanding sefies involving ventilation.

Additionally, in this stage, there is no accessulbhscale testing facilities although

several studies have been done in CFD and reduedelis1odels [21-21]. CFD enables
building designers to choose the best construaolations by simulation techniques
and not by trial-and-error experimental techniquediich need much time and
economic resources to be performed. Neverthele§$) Gimulations have to be

validated to assure that results are reliable.

To simulate correctly the specific conditions ofledocation, a complex analysis of the
building and of the background is necessary. Dguetpreliable CFD models requires
a high level of expertise, which in many cases matybe available [22]. A wide CFD
knowledge is essential to well define an indoor patational model and handle
complex boundary conditions [23-24]. This is a hHeap to be solved in the future.
Nevertheless, in recent years, several standadigw@delines have been created to help
designers to produce credible and verifiable CFBults [25-27]. In addition, CFD
developers are increasingly creating more usendiie software to allow non-
specialized companies to work with CFD. In factmp@anies are paying increasing
attention to create more and more specialized ChRidlation divisions. Even when
high computer power is necessary, parallel simahatihelp to reduce computational
times. Although this methodology involves certammputational capabilities, every
day designers are more prepared to integrate esrgmgeanalysis with architectural

design.

Natural ventilation offers the opportunity of rethw mechanical requirements of
Heating, Ventilating and Air Conditioning (HVAC) siems by using the natural
driving forces of external wind and the buoyancieef from internal heat dissipation.
Wind patterns around buildings affects ventilatioriltration rates and associated heat

losses through it i.e. energy consumption of thiding. With regards to the location of
136



Ph.D Thesis Annex V

the building, the analysis of surrounding wind effen the prevailing wind direction
will be crucial when designing the building in suelay that wind pressures, that will
drive air flow through its apertures, will be cre@tto passively ventilate the building.
Wind analysis should be locally done, since winglsgure varies considerably due to its
interaction with urban context, like buildings, anthtural environment. These

interactions create complex air flows and turbuéef0].

The present study shows a coupled CFD analysisefetfects of different building
locations on the indoor airflow distribution of atarally ventilated building in an urban
environment. Selection of the future location tgirove wind usage for NV purposes is
carried out from the building design stage. Airogtly, indoor air change rates and air
velocity streamlines are analysed to better undedshatural ventilation effect in the
building. Impact of surrounding environment, indhgl the main buildings, on the air
flow behaviour through the building are modeled GfD. Other aspects, like
temperatures and sun heating, are assumed to b@angrwhile some others are already

defined: building shape, fagade openings and intyaut.

The objectives of the study are outlined in secBoifhe geometry of the building and
surroundings are described in section 3. Sectigestribes the computational model
and the followed validation procedure. Section éspnts the simulation results and its
discussion. The paper conclusions are summarizedation 7. Finally, section 8 and 9
conclude the paper with the recommendations forthéur analysis and

acknowledgements respectively.

2. Objectives

Designers have to face up the ability of dealinghvwdomplex designs that take into

account many requirements to improve building epepgrformance i.e. local
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environmental conditions and building surroundinBesigners should choose, when
possible, between more or less energetically lonaélternatives using an objective
criterion. One of the most architectural implicasoon an advanced naturally ventilated
building is the consideration of the influence affreunding environment regarding

wind patterns [28].

The present paper follows a design methodologwte ip the site selection procedure
of a building. Relationship between building loocati surrounding environment and
natural ventilation is examined. Two available siter the building are analysed and
compared under a NV point of view. The objectiveoisiemonstrate that comparative
results of different architectural alternatives @wdobe done to get objective criteria to
select building location at the design stage. Thethodology summarizes a
gualitatively and quantitatively analysis to chood® best building site using a
computational fluid dynamics technique through secstudy. The computational model
is created with a systematic procedure and validatieh full-scale measurements to

assure credible results.

The primary goal of this study is to offer a bettederstanding of the building location
presuppositions associated with the utilizatiomatural wind driving forces to improve

natural ventilation and therefore building ener§icency.

3. Description of building and surroundings

The present case study analyzes the design antruditen of a modular sustainable
and energy-efficient building. The aim of the emtgroject is to promote awareness of
designers, students and society towards energgiesfly design of buildings and
promote specialization of the professionals invdluethis field. The building has been
globally designed so that every construction eldm@as a functional use and a

bioclimatic purpose.
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The project is structured in three phases. Firatlfheoretical design that fulfills the
requirements of the main building standards is ddree paper is focused on the
analysis of the best location for using passivatsgies such NV to reduce building
energy consumption at the design stage. Secordyhuilding is constructed attending
to initial design requirements. Finally, the vatida of the hypothesis and theoretical

models developed at the design stage are done.

The analysed building is a rectangular-shaped lmoe building (13.77 m. x 5 m.) 4 m.

height. The indoor layout is organised and shapeprovide low resistance air paths
with two main rooms connected through a small dorriwhere the bathroom is placed.
The main room has an outside door (2.5 m. x 3.5and the secondary room has a
window (1.5 m x 3.7 m), both in the South face.Baioms have two narrow windows
placed in the upper North face (0.5 x 2 m. and».5 m. respectively). There is a
vertical window (2 x 0.5 m.) in the building Easicé. The bathroom, which is placed
between the main and the secondary room, has atdaie secondary room and a
window in the upper North face (0.5 x 2m.). A gligidoor close the corridor between

the main room and the bedroom

A natural ventilation concept is therefore integtatn the building body. The building
is provided with several passive elements to pt@gainst solar gains such as a pergola
at the entrance, louvers elements in the South & Wandows and a modular ventilated
facade made of modular porcelain stoneware tileesys. The structure of the building
is made of steel profiles and a concrete platforbnf. height. There is a machinery
room in the building West face, where appliances lieating, air conditioning,

ventilation and others are placed.

The building will be placed in Valencia in two ptde sites within the campus of the
Universitat Politécnica de Valencia (East of Spaiiije campus is located in the East of
Valencia and very close to the Mediterranean Séa. dity and its surroundings are

located on very flat terrain; height differences lmited to less than 3 m. Nevertheless
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the surroundings buildings heights are from 1448 height, which might influence

wind patterns and NV effect on the building.

4. Computational model

4.1 Solver settings

A commercial code for CFD is implemented in thespré research: Star CCM+. A 3D
computational model is created to obtain a mathieadatnalytical solution of the
problem. The Reynolds-averaged Navier—Stokes empgatfor RANS equations) are
solved in a geometrical domain taking into accoti@ turbulent phenomena. The
review literature shows that RANS techniques areenomnvenient for NV simulation
and designing purposes [29]. The standarde kmodel is used for representing
turbulence as used in [30]. Segregated flow motezldy-state regime is used for the
simulation. The gravity model is selected to inelutie buoyancy source terms in the
momentum equations. The model is defined in a wiggion with a single mesh so
that indoor and outdoor volumes are together coatputherefore the effect of the
nearest buildings on the indoor air distribution @btained minimizing the
computational error that would result from a “de@m®sed domain” in which indoor

and outdoor environments are computed in diffeneatthematical models.

4.2. Computational geometry

The computational domain cuts off the surroundingrenment at which wind effect is
of main interest. The computational geometry isadpced in detail using the design
drawings and full-scale measurements. The neadibgs are only modelled by their
main external shape. Other small elements placed thee building are taken into
account by imposing a roughness height on thefiases. The study case building is

modelled by its internal and external shape becandeor NV behaviour is of
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particular concern. However detail of the windowading devices and indoor furnitt

distribution are not simulate

Figure 1 shows the simulated building (front andikoaiew). The main room where tl
door is placed is 67.7 Inthe bathroom is 16,48° and the secondary room is 88.1°.

The total indoor volume considered is 112.7.

A

Figure 1. Design building indoor layout (front (left) and tkagight) view)

The entire computational domain designed attending to specific recommendat
[31]. The inlet boundary surface is placed max away from the first building place
before the case study building in the prevailingdvidirection, where . is the height
of the tallest building (34 m.The outflow boundary is placed 154 behind the last
building modelled in the prevailing wind directi¢ém allow flow development. In ord:
to prevent an artificial acceleration of the floweo the tallest building, the top of t
computational domainsi5- kyax away from the tallest building. The lateral walle

placed 1.5-W, where W is the width of the urbamaepresented (111.3 n
4.3. Boundary conditions

The specification of consistent boundary conditiomsst be done to achieve a C
model tha truly represents the real environment. In thisegaa wind tunnel (WT) i
simulated with a velocity inlet profile set in tiéT East face. Pressure outlet condit

is defined in the WT West face and symmetry plaaresset in the WT top, South a
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North faces. Finally all the other faces in the eloake set as walls. The wind tunnel

boundary selection is detailed in the followingtests.
4.3.1. Velocity inlet

At the inlet of the computational domain the vetpqrofile is defined based on the
reference velocity measured at the reference helgig available information from the
nearby meteorological station in Valencia [32] sed to determine the wind speed at
the reference height. The measured wind speedsddrggween 0.0 and 15.8 m/s. Wind
speeds are distributed normally with an averageievaf 3.05 m/s and a standard
deviation of 1.47 m/s at 10 m. height for summemnths. The wind data is adapted for

height using Justus and Mikhail expression [33] (1)

L‘EEZ) :(%j @

In which u(z) is the speed at z heighi{zs) represents the average speed measured at z

height and “n” can be calculated as defined by esgion (2). The velocity is measured

in m/s and the height in m.

_ 037-0.0881In(@,)
n= (2)
1-0.0881In(z, /10)

The definition of the wind direction at a given &ion is not a simple task as wind can
blow and fluctuate from any direction. However,tistical information about wind
direction can be used to determine the prevailingdwdirection. The compass rose
follows this idea, so that it is commonly used wlaaralysing the wind resource at a
given location. The compass rose represents wirgbdspand direction typically
distributed at a particular location. Knowing theeymiling wind and the effect of
nearby buildings at a particular location is ess¢fdr NV design. On the one hand, the
impact of wind on the building shape creates asé@®sitive and negative pressure that

should be taken into account to improve the NV fl@n the other hand, the presence
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of other buildings can modify the prevailing windrettion and it can genera

turbulence trails that affect the NV flc

The definition of the velocity inlet direction isode taking into account the wil
direction on the warmest seasons in Valenn which NV can play an important rc
on energy consumption reduction of the buildingtAMCFD help, the most suitak
location of the building isnalyse to assess the viability of the prevailing wind e
flows and the effect of surrounding builditon NV performance to reduce the build
energy consumption in summer. The prevailing windite warm seasons in Valen
(summer, autumn and spring) is approximately -SouthE£ast (ESE) direction. Figu
2 shows the wind direction and frequency on warmest months in Valenci
Therefore ESE direction is defined as the prewvgilinnd direction in the CFImodel

and set in the WT East fac

June

Figure 2. Wind Rose at Valencia Meteorology Station on themest months in ¢

The fluctuating approach wind is not taken into account for the present wtasl it is
very costful and actual resources limit the amoointases that can be consider
Nevertheless it is important to know this mechanismredict the ventilation efficienc

before design [20Further research will be done by the authors tdyaeahis issut

Finally, the prevailing wind direction is set inetflCFD model using the Justus ¢
Mikhail expression (1) in the WT East face. A cogtplwind analysis will analyze n

only the prevailig wind direction but also the complete wind int¢i@T in the
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building. Therefore statistical wind information ised to cover the most probable
cases. Nevertheless the approach can be repeatedtionind direction and modulus.
Different inlet boundary conditions will provide fi#irent ventilation results. For the

sake of conciseness, only the most probable inled wondition has been here depicted.

4.3.2. Pressure outlet and symmetry planes

The face of the computational region placed beltedbuildings is defined as the outlet
boundary condition (wind tunnel West face). All @ientering through the wind tunnel
East face leaves the wind tunnel through the winthél West face. Based on the
literature review [34] a relative static pressurezero is set at the outlet of the
computational domain. The top and the lateral wallshe computational domain are
prescribed as symmetry condition to enforce pdrdldev. To prevent a too strong

artificial acceleration of the flow, the blockag#io obeys the recommendation given in

[35], below 3%.

4.3.3. Walls

The computational faces not defined as inlet/oudleti symmetry plane boundary
conditions are defined as walls. On the one hanldiibhg walls are defined as smooth
surfaces and treated as non-slip walls. On ther dthied, the bottom surface is defined
with a roughness lengthy z0.5 m. to represent the numerous obstacles asdtance

bushes and parklands. The roughness height is basethe updated Davenport

roughness classification [36].

To reduce the number of grid points in the wallmal direction and therefore the
computational costs, a wall function is appliedasalternative approach to compute the
wall shear stress [31]. A wall treatment is usedhe CFD model to place the first
computational node outside the viscous sublayer tanthake suitable assumptions
about how the near-wall velocity profile behaveshtain the wall shear stress. Since
the near-wall sublayer is not resolved, estimatimg velocity gradient from a linear

variation will not give an accurate approximatidrtlee shear stress at the wall. Certain
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turbulence models need to solve such layers, soeleosl have to make sure that
enough data points (prism layers) are present ah tégion. There are clearly many
applications where it is necessary to solve theouis-affected region. However, if the
near-wall mesh resolution is not consistent with nmodelling assumptions, significant
errors can result. In this case, to consideratthé,y+ value is used, which is a non-
dimensional distance (based on local cell fluicbe#y) from the wall to the first mesh

node. The high-y+ wall treatment implies the walhétion-type approach in which it is

assumed that the near-wall cell lies within thealithmic region of the boundary layer
(y+>30) [37]. Correct values of y+ allows a promssessment of the current CFD

model mesh.

4.4. Grid generation and grid independence of thaion

The Finite Volume Method (FVM) is used with a 3D she Computational results
depend crucially on the grid that is used to disseethe computational domain in the
FVM. Therefore a grid size study is done, to asggebindependence of the solution.
The recommendations of Franke et al. are folloveedenerate the grid [31]. Therefore
this grid is created with at least 10 cells peddng side and 10 cells per cube root of
building. The mesh base size is settled as 2 amal. 4or the first and the second
building position, respectively, with a slow grogirrate. Building positions are
described in section 5. The computational domaith danaximum blockage ratio of

2,6%, which is below the recommended maximum of 26 31].

The grid quality should be high for not introducilagge errors and for capturing the
important physical phenomena in the main volummtfrest. A mesh size of 25 mm is
set in the near wall regions. The prism layer theds measures 2 mm. The exterior
volume does not require a mesh as fine as in tdeoinbuildings volume. Figure 3
shows the mesh near the one-floor building reptesem a horizontal and vertical

plane.
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Figure 3. Volume Mesh near the studied regioh

As introduced before, every numerical solution dejseon the grid that is used.
Therefore, a grid independence study is done tesasthe validity of the numerical
results for different grids. Three different sizeshes of every model were created: M1
and M2. Ferzinger et al. requirements for conseeugrids [38] are followed. The
models are created with different cell accuracye Titst model (M1) has 390025 cells
(M1.1), 864801 cells (M1.2) and 1330180 cells (M1Bhe second model (M2) has
766131 cells (M2.1), 1205064 cells (M2.2) and 1#4&26ells (M2.3).

The results of the different meshes are comparaaatyse the grid independence of the
solution. A qualitative analysis is done with vetgcstreamlines in each model. No
appreciable differences are observed for each maae¢he indoor velocity streamline
distribution. A quantitative analysis of this comipan is presented in Figure 4. Two
indoor line-probe are placed in the centre of gacin to compare the velocity result in
each mesh. Graphs results show that for modelsd12athe main room centre line-
probe results are very similar with a maximum re&udifference of 5.2% and 4.8%
respectively. The relative difference in the secoyamn centre line-probe of the model 2
is higher than the relative difference in the motleat 2.5m. height (see Figure 4).
Nevertheless M2.3 mesh computational time is shahthis relative difference can be
assumed. Therefore, models with fewer cells ares@mdo continue further with the

research in order to achieve a balance betweemagcand computational time.
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Annex V
a) Main room. Mesh 1 b) 2nd room. Mesh 1
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Figure 4. Velocity Magnitude comparison with different meshes. aMain room with mesh 1; t

Second room with mesh 1, ¢) Main room with mestl)ZSecond room with mest

4.5. Validation with fullscale wind velocity measureme

To verify a CFD solution not only the g-sensitivity analysis is a must but also -
scak wind velocity measurements to prove the religbiif the CFD model. In thi
case, indoor air velocity measurements cannot be ds the building has not still be

constructed. In fact the aim of the research himose between the best locatior the
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building attending to NV building performance befaonstructing it. Nevertheless-
site wind velocity measurements can be done irpkhee where the building is going
be located approximately to check that the ordemagnitude of the CFD relts are

reasonable, at least in terms of external conditfonthe actual locatio

The wind measurements are done using three “hdtwaie-speed transmittel
(HD403TS). The hotwire espeed transmitters measure air velocity betweendd5
m/s, with a accuracy of £0.03 m/s. The -speed transmitters are located in a ver
line at three heights (1 m., 2 m. and 3m.). Thatiot of the sensors is selected tak
into account the wind flow patterns so the futundding does not influence them. 1
vertical line is placed three meters in front a¢ ®outl-West building corner in locatic
1 and five meters in front of the centre of theufat East opening in location 2
indicated in figure 5. Note that figure 5 shows tlase study building virtily placed in
the two studied sites. The position of the vertaitrol lines is outlined (mm). In the
locations the wind flows measurement with and withthe on-floor building are

supposed to be similar.

Figure 5. Position of the control linen Location 1 (Left) and Location 2 (Right) in (mi
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To gather data that supported CFD model validatioa,experiment is performed on a
typical ESE windy day. Measurement devices are oress wind velocity during all
day, while external wind conditions are monitoredthe Meteorology Station [32].
Wind data provided by field experiments represeretages over 10 min or 30 min time
intervals. Longer intervals are not feasible, beeameteorological conditions already
change within 30 min [35]. Then the 30 min. averdgawire” air-speed transmitters
measurements [32] that were more steady (2.93 n@slt m/s.) are chosen to cross
data with the CFD results. The validation criterisrdetermined by 0.20 m/s absolute
difference between measured and simulated winddspdde CFD model is modified
by adjusting grid refinements of the interestingeaand boundary conditions, since it is
enough to meet the specified validation criteriabl€ 1 shows the comparison between
simulated and measured wind velocities in the ttpesitions checked for the two
building locations. The CFD wind results at z=2 (fuilding location 1) and z=3 m.
(building location 2) are slightly out of the vadidon criteria range. Unfortunately
several CFD modifications are done but it was nossfble to adjust the three
measurements at the same time. Nevertheless,ciinsluded that the wind velocity
order of magnitude between the CFD model and tbéwine” air-speed transmitters are

within the confidence interval of the measureméntd! cases.

Table 1.CFD model and “hotwire” air-speed results and raessents

Building location| Height [z] (m)| HD403TS (m/s) CFD model (m/s
1 1 0.93+0.12 0.985654
1 2 1.07 £0.19 1.190761
1 3 1.24 £0.15 1.236461
2 1 1.62+0.14 1.664610
2 2 1.78 +0.08 1.850315
2 3 2.08 £ 0.26 2.238317
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5. Optimal building location attending to NV achiexements

As indicated, the particular case study consisthefanalysis of two possible locatic
under a natural ventilation point of view to impeothe future energy performance
one building from the design phase. The one flooalsbuilding studied is dailed in
section 3, it is located at the Polytechnic Uniitgref Valencia. The study shows
coupled 3D CFD analysis of the effects of differeatdoor urban environments defin
by the surrounding buildings. The research is gtigcfocused on the inact of the
massdistribution of buildings on wind flow patterns amdloor air distribution for th

prevailing wind direction.

Figure 6. Aerial plan view of the building site options.ft)eLocation 1. Right) Location

The two proposed sites are depicted in Figure 6tl@none hand, it is seen that
immediate surroundings of the location 1 consi$& 0-shaped medium building 14 1
height that may block the Sor-East, North-East and Noriest wind direction to e
house. The 14 m. height building is placed 32 mmfthe East face of the case st
building in the EasBoutl-East direction and 7 m. from the North face in Marth-

North-East direction. There are some big trees in theatiate West, Sou-West and
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South direction that may influence the wind patseim the building location although

there are no big buildings that can block the wimthese directions.

On the other hand, the immediate surroundingsa#tion 2 have a 17 m. height and 65
m. long building placed 15.3 m. from the East fat¢he case study building in the
East-South-East direction. This building may blatle North-East wind direction.
There are two 5.5 and 7 m. height buildings plaeed. from the West face of the case
study building in the West-North-West direction.eBle buildings may block the North-
West wind direction. The South-East, South and V8estth-West direction have some
provisional blocks smaller than 1 m., since itrisasea under construction procedure. It
is projected a plane green park in this area. Tesans that these directions will not
have any big block for these wind directions. Aduhally there is a 34 m. height
building placed 124 m. from the case study buildimghe East-South-East direction
that may also influence the prevailing wind patseffh4]. Figure 7 shows the East-
South-East view of the two locations from groundrele Figure 8 shows the

computational model used.

Figure 7. Ground level NW-SE view of the building locatidreft) Location 1. Right) Location 2

The architectural configurations of the buildinge aepresented as simple blocks as
illustrated in Figure 10. Figure 10 shows a SoutbstWiew of the two locations.
Features smaller than 1 m. are not represented.case study building of interest is
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represented with more details to achieve morebigli@FD results as pointed in section
3. All openings are completely opened for the satiah, even though the main

entrance is completely closed.

7 e

Figure 8.Computational model. Left) Location 1. Right) Ltica 2

As stated before, the prevailing wind in the wanrgsasons in Valencia (summer,
autumn and spring) is East-South-East. Therefapeaatitative and qualitative analysis
of the prevailing wind patterns affection is propdsto determine the most suitable

location to improve NV performance in the futureltmg using CFD.

6. Results and discussion

The purpose of this research is to add to thealilee a case study to select the best
building location among several options to imprdake NV behaviour and hence to
reduce the energy consumption before its constmicin a very preliminary design
stage. Other factors that also influence the NVabadur i.e. the building shape, size,
orientation and opening positions, are not charagethere are not among the points of
interest in this study. Further analysis may beedi@king into account these parameters

in the future.
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Two locations with two different surroundings areakiated using a reliable CFD
model defined and validated in section 4. The CFlehincludes the case study one-
floor building placed in each environment descrili@dection 5. The validated CFD
models are used to assess the influence of the@wuling buildings on the NV
behaviour of the building in the prevailing windalition (ESE). In both sites there are
tall buildings than may block the prevailing winddainfluence local wind conditions at
low level. Nevertheless the potential blocking dunfys are placed at different lengths
from the case study building. On the one handdbation 1 has a 14 m. height building
placed 32 m. in front of the case study buildinghie ESE direction. On the other hand
the location 2 has a 34 m. height building plac2d . in front of the studied building
in the ESE direction. Both of them can modify thevailing wind direction influence
regarding what NV behaviour concerns. The discus®ouses on the quantitative and
qualitative analysis of the wind flows through theuse openings of the building for

each location.

The CFD simulation allows the visualization of va@tg vectors and streamlines to
analyze the air flow through the building. The atndines are traced out paths by
massless particles that follow the airflow. Air @ty streamlines allow designers to
know from which opening the air flow tends to enterto go out of the building in an
indoor environment and which is the way followedotigh the building. Dead zones
can easily be detected and design measures caonieeta avoid them. Additionally, it
is visualized how the wind flow is developed nda buildings. At the design stage,
innovative measures can be taken to make maximwmotisvind flows to reduce

energy consumption and to improve occupants comfort
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Figure 10. Location 2. Velocity vector visualization at IriZ height horizontal plai

Figure 9 visualizes the velocity vector distributiat a 1.7 m. horizontal plane in 1
region of interesnear the case study building. Figure 9 shows ti@anear surroundin
buildings affect the prevailing wind direction colaely changing the wind angle
incidence in the case study building. It is obsdrtret the case study building is plac
in a wind recirculation area behind the main surroundingdimg. For the prevailine
wind direction, the wind flow passes near the m@aehroom before entering tl

building through the narrow North openings. The hiiae room is placed in the We
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face of the building. Unfortunately this is not thest wind path desired because the air
flow may be warm up before entering the building.addition the west side of the
buildings are the warmest due to local climate @omts. Therefore, these additional
heating loads would need to be compensated by #ngoeystem to maintain a
comfortable indoor environment, which may increttse total energy consumption of
the building. This effect is not energy efficiergsitable as the study is valid for the
warm months as mentioned in section 4.3.1. Moremawor comfort could be affected

due to the excessive warmed air flows.

Figure 10 visualizes the wind velocity flow neae ttase study building in the location
2. In this case, the wind velocity direction follewhe prevailing wind direction as the
surrounding buildings do not modify the prevailintnd flow. Opposite than in location
1, where it is observed that the building is plaoed region of high instability due to
turbulence produced by the recirculation area lkthie surrounding building, the wind
flow is completely developed in location 2. Thisiféates the natural ventilation of the
building in location 2, due to prevailing dominamnd in the direction of the windows,

without added turbulences.

Figure 11 and 12 show the streamlines represemadthe region of interest, where the
case study building is located in the middle offilgares in both simulations. Note that
the CFD model does not take into account the presgififerences due to buoyancy
forces. For instance, velocity streamlines weretakén into account at high heights.
The possible airflow variation due to buoyancy efffis relatively small as there are no
temperature change for the small height of thedmugl (less than 5 m.) and therefore it
can be neglected. Figure 12 shows that the windcitgl streamlines direction are not
modified by the 34 m. height building placed 124imfront on the case study building
in the East-South-East direction. Consequently toenputational model can be

simplified for future studies.
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Figure 12.Location 2. Velocity streamlines visualization

Figure 13 and 14 depict the velocity streamlineshat building in location 1 and 2
respectively from the ESE direction. On the onedhtre CFD visualization shows a
complex flow pattern inside the building placedlacation 1. It is observed that the
wind flow enters the building through the narrowrtoopenings, as explained before,
and the East opening. The air flow leaves the mglthrough the South opening of the

building. The flow in the building does not comgligt swept away the West room.
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Moreover it is difficult to determine a specifia giattern in this room. In fact, several

dead zones appear in the room (North-West and S&fettt corners).

On the other hand, there is an air swept effeehftbe South to the North face of the
building that covers the whole building in the casady in location 2. All the wind
clearly enters through the South openings and teet\&ening and leaves the building
through the North openings. The South-facing opgicreate a low pressure which
helps to drive the clean air inside the buildingor® the NV point of view, the
completely sweep effect produced in the buildindpitation 2 ensures better indoor air

replacement.

Figure 13.Location 1. Velocity streamlines visualizationtie near zone of the building
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Figure 14.Location 2. Velocity streamlines visualizationtire near zone of the building

Velocity streamlines allow designers to have amidBout the air flow development in
the building for the prevailing wind direction. Tieéore designers can improve their
designs based on the location that better enhamterah ventilation. Moreover

additional quantitative analysis must be done togare results and determine which of

the two locations could improve NV.

One way to analyze the indoor airflows is by a mea®f the air replacement time (t in
seconds), which is the time that indoor air needset completely renovated. This time
is calculated dividing the building volume (V in*yrand the fluid densityp(in kg/nT)

by the total air flow rate (f in kg/s), as indicdt@ expression 3.

t=Y~ )

Natural ventilation is much more useful as lessetimeeds the indoor air to be
renovated. To quantify the effectiveness of wineatr flows for ventilation, inlet and
outlet air flow rates through the building are detemed and compared for each
location. To avoid computational errors the timsufe is divided to calculate the
portion of time needed to renovate the indoor lairthis case, the building placed in

location 2 needs 13.1% less time to renovate theanair than the building in location
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1. This is explained because in the location Zptteeailing wind enters directly through
the South and East openings, which are bigger thanmarrow North openings for

which the wind flow enters the building in locatidn

Therefore it is concluded that although the aioeg#ies through the building in location
2 are similar than in location 1, the air swee@fis more effective for the building in
location 2. Moreover higher levels of comfort mag bchieved due to fewer air
temperatures in the building in location 2 in sumraed mid-season conditions. It is
concluded, then, that the location 2 allows a bgtégformance of the building under a

NV point of view for the prevailing wind in summer.

7. Conclusions and future works

When the location of a building can be chosen,giess should study the influence of
the urban environment in terms of energy efficieatthe design stage. One of the local
conditions that influences the energy behaviouthef building is natural ventilation
(NV). A well naturally ventilated designed buildingan improve the energy
consumption and contribute to acquire more comiidetaand healthier indoor
conditions. Designers should be capable of makimg Ibest decisions based on
measurable and comparable parameters and scenades an energy efficiency point

of view before building construction.

The paper provides a detailed and systematic inguaadiysis of the prevailing wind and
the urban environment on the NV behaviour of a cagedy building at the design stage
by computational fluid dynamics (CFD) techniquefeTcase study is a one-floor
building that is going to be built in Valencia (3pa All of the calculations use the
same building dimensions and shape, while maintgittie opening positions and sizes

constant. The paper is focused on the NV approHoh.aim of the paper is to show an
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applied methodology in a case study to help bujdiesigners to easily improve the
building’s energy design and behaviour using adgencomputational tools at the

design stage.

The study determines the basic wind flow distribataround the surrounding buildings
and the air flow distribution in the case studyldinig for the purpose of NV in a
quiescent and steady state environment. In this BAsis assessed by determining the
evolution of the complex outdoor wind flow patteinghe indoor air flow distribution.
The CFD model is defined accurately, it is validate assess the reliability of the
results and it is used to compare the NV behavibdar building placed in two different
locations at the design stage. NV is quantitativelyasured by the time that the air
volume needs to be renovated. NV is qualitativelglgsed by the velocity vectors and

streamlines and its visualization in the indoorismnment.

The paper shows that the wind patterns are diffedepending on the surrounding
environments and that there can be quite diffefremt expected. Local studies for each
site are then required. It is concluded that ontheflocations could improve up to 13.1
% the NV behaviour of the building only consideritige prevailing wind direction.
Moreover the air path coming into the room pas$edugh the machine room in one
location, which can produce an undesirable increasiee air flow temperature entering
the building. This point is not energy efficientsdable as more energy would then be

required to maintain comfortable indoor conditiamsummer.

Therefore, building designers can make better dedégisions adding high added value
to the sustainable building designs. The followampclusions can be drawn from the

study:

- The analysis of the urban environment when desggaustainable buildings can
improve the building energy efficiency behavioutenms of natural ventilation.
- Natural ventilation performance needs to be quiaatifo optimize building and

to reduce energy consumption in buildings at thegiestage.
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- Computational fluid dynamics is a feasible techeitps determine the wind flow
path development around a building prior to itsstarction. This technique can
be used as a virtual laboratory to simulate anydvaanditions and to establish
any sort of behaviour in future buildings, eveninmitial steps of the design

process as the present one.

The present study provides the initial observatbwind flows around buildings prior
to construction and the analysis of the naturaltilaion implications using CFD
techniques. The ultimate aim of the work is to @adde study aiding with the design

process of naturally ventilated buildings.

Although the study has been performed in a metigpolbackground, interesting
analysis can be done for all kind of scenarios amng, for example, metropolitan,
country and see front scenarios. For that, the GkR@lel has to be changed by
introducing the new building surroundings and bargdconditions for the same

building.

As mentioned in section 7, the study is performed & steady state outdoor
environment. However, in a real case wind condgiohange and these results are not
so straightforward. Therefore, fluctuating approathwind is mainly required to be
covered in the future as different boundary cooddi It is also recommended a
complete study of the windows operation i.e. whiwimdows should be closed or
opened to achieve the best natural ventilationopernce depending on the wind
direction and outdoor conditions. The study of im@oor comfort conditions under a
NV point of view should be also performed. In angse, CFD techniques are a
promising strategy to address all these considersitiwhen sufficient computational

resources are available.

Compared with other similar subjects, the investigadesign decisions of naturally
ventilated buildings at the design stage have desailed results. Therefore, there is a

requirement for further researches on real casfiestuhat design innovative solutions
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for naturally ventilated buildings. Then, when blinlgs are constructed, test should be
done to check the reliability of previous desigdensequently new test procedures can
be developed to improve building designs underpibiat of view of energy efficiency

from its design stage.
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Annex VI

A CFD Study for evaluating the effects of natural entilation on indoor comfort

conditions

Abstract: There is an increasing interest in improving enegfficiency in buildings
due to the increased awareness about environmiempalct and energy cost. Natural
ventilation is an environmentally friendly technggwhich has become more attractive
way for reducing energy use while it also provideseptable comfort conditions. The
research shows a case study building in which #teral ventilation effect due to wind-
driven forces on indoor comfort conditions is ewd&d. Moreover, the architectural
solutions selected during the building design phasenprove the natural ventilation
behaviour are successfully validated in a full-ecéuilding. The indoor comfort
conditions are evaluated through contrasted pedoo®a indicators: draught risk (DR),
predicted percentage of dissatisfied people (PRi) predicted mean vote (PMV)
indexes. The results show that air movement dumatioral ventilation allows increasing
indoor air temperature maintaining the initial comf conditions. Therefore, the
mechanical air conditioning use can be postpondd e indoor air temperature is
high and would, consequently, reduce the totaldng energy consumption. Thereby, a
proper natural ventilation focus during the initidésign stage could improve the

building energy efficiency without compromising timeloor comfort conditions.

Keywords: natural ventilation; energy efficiency; comfordbralitions; computational

fluid dynamics

167



Ph.D Thesis Annex VI

1. Introduction

The increasing global concern about the environnmest increased the demand for
energy efficient buildings during the last few dées. In this sense, the use of passive
mechanisms is being promoted to take advantage abfiral energy resources.
Complementally, a certification procedure has bdeweloped in order to regulate a
given prominence to sustainable designs [1]. Intiegadesign methods and solutions
are becoming more popular to achieve environmgntaéndly buildings [2,3]. In this
framework, natural ventilation (NV) has become rereasingly sustainable method for
reducing the buildings energy operational cost. uNat ventilation is a passive
mechanism that takes advantage of wind energy ressuto achieve acceptable
comfort conditions in buildings. Moreover, lowerasptive energy consumption as well
as improved indoor environmental quality are inelddn the potential benefits of NV
[4]. NV is based on pressure differences to exchangdoor air with outdoor air without
any mechanical system. The system relies on pressifierences caused either by wind

or by buoyancy forces.

The implementation of natural ventilation systemespnts certain challenges,
especially in the systems in which the wind drivdfect ought to be maximized. In
this sense, the main challenge is to minimize threught risk and ensure comfort
conditions. Designers have to ensure that thealnitesign solutions made during the
design phase will work once the buildings have beitt. NV has been traditionally
investigated for more than 50 years using experiadeechniques [5]. However, as
experimental measurements cannot be done befaidinguconstruction; software and
numerical methods are necessary to simulate outdadrindoor environments in
order to predict NV behaviour [6,7] and ensure atalele comfort conditions [8].
Consequently, traditional design techniques shdwtd combined with innovative

methodologies based on numerical methods.

Mathematical methods based on computational flyisachics (CFD) have become one

of the most used techniques to determine NV floacently [9]. CFD allows testing
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several building design solutions avoiding the &athle construction considering different
environmental conditions, which results in an é&ffi¢ design method. Despite CFD
allows simulating environmental conditions, resuitsst be validated with experimental
measurements. Experimental results are a muststoreethe reliability of a CFD model,
otherwise, wrong conclusions could be obtained rokgg the building energy
performance. Moreover, the importance of CFD vdélaa before the building
construction is that once the building is built, ather architecture solutions can be
assessed. Accordingly, results obtained from sitiomgs must be reliable enough to

ensure a proper initial building design.

Simulation models have mainly been used in existantdings to assess energy
efficiency solutions [2,10-12]. Moreover, there &ss preliminary NV behaviour studies
in residential buildings. However, the NV assesdmerm well-established practice for
important buildings such as hospitals and high-tiséldings [13-18]. The present
research is focused on the indoor comfort condstievaluation in a case study building
that had been designed following a NV design sisaf&3,19]. The strategy is based on
considering the effect of the local wind, the néglring buildings and the building
orientation and openings design. The naturallyilaat building is designed taking into
account the conditions for acceptable indoor emvirents of the most relevant standards
[20-22]. Nevertheless, it may happen that the ptedi NV strategies do not fulfil the
initial design criteria [10]. Therefore, the valitba of the effect of the initial architectural

alternatives selection should be a must.

In the present case, the architectural alternatiaa® been selected to take maximum
profit of the wind driven forces. The one-floor laling configuration, which is detailed
in the next section, makes the wind-driven for¢esrhain ventilation drivers instead of
the buoyancy effect. Complementarily to the natueadtilation thermal effect analysis,
as presented in [23], the present contributionnl docused on the analysis of the

wind-driven forces effect on comfort conditions atsdpotential energy savings.
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2. Materials and Methods

The present research is conducted in a full-scailelibg in which the indoor comfort
conditions are assessed through CFD techniquestullkexale building is mainly used

for the validation of the CFD simulations.

2.1.Full-scale building description

The case study building is a one-floor building.f3m x 5 m), 4 m high. Figure 1

shows the case study building.

Figure 1. Case study building outside view (south view).

Figure 2 shows the internal layout of the case ystbdilding and each facade
orientation. The figure also represents the fl@gion used in the indoor computational
model. The indoor has two rooms connected by at slooridor. The main room (A) is

connected to the secondary room (B) through thadmor(C). The main room has an
outside door south-south-west (SSW) oriented. lals® provided with a 2 x 0.5 m

vertical lateral windows east-south-east (ESE)ntei@. Figure 3 shows the main room
indoor layout. The secondary room has three 1.5 tm2xm windows in the SSW

facade. Each room has narrow windows 0.5 m higlkeplan the upper part of the
north-north-east (NNE) facade. The opening shagkeparsition in the building is the

result of the NV design strategy followed by Morér€Z et al. [19].
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Figure 3. Case study building indoor view. Main room. (SS\Wview).

The building is located close to the Mediterran8aa in Valencia (Spain). The location
and orientation of the building is the result of tHV design strategy followed by Mora-
Pérez et al. [13]. The immediate surroundings rsdi a 17 m high and 65 m long
building located 15.3 m from the ESE building facel two 5.5 and 7 m high buildings
placed 5 m from the WNW building face. Figure 4 w8hothe case study building

location and orientation, the near buildings areldtirrounding area.
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Figure 4. Case study building location and orientation.

2.2.Computational model definition

A commercial CFD software (Star CCM+) is used tedict the indoor air flow
behaviour and the comfort indicators in the buiddimThe software simulates the
outdoor and the indoor environment in a coupled @amThe outdoor environment is
composed only by the relevant surrounding buildidgscribed in the previous section.
The indoor environment is represented in more Hieémiause it is the area of interest. In
this area, the CFD software calculates and viseslcomfort condition indicators such
as draught risk R), predicted mean votePMV) and predicted percentage of
dissatisfied peoplePPD) in a 3D volume.

2.2.1. Computational geometry and mesh

In order to reach a balance between detail levél@mputational time, the geometry
that represents the surrounding environment is Iéieg [24]. The effect of some
elements such as trees placed leeward and smaléets have already been considered

in the terrain roughness height and the wind pedfbundary conditions definition that
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are detailed in the next section. The indoor laysutpresented in more detail because
the air behaviour in the building is of particutancern. The main static furniture such
as the sofa, the bed and the kitchen appliancesyadelled in the indoor environment.
Figure 5 shows the case study building and theetetgrounding buildings previously

described.

Figure 5. Outdoor CFD model.

The outdoor volume is enclosed within 6 walls inickhthe boundary conditions are
defined [13]. The velocity inlet boundary surface5 Hnax away from the case study
building in the prevailing wind direction, wherenkl is the height of the tallest near
building (17 m). The outflow is located followingea same rule 15 K in the opposite
side and 1.5 D each lateral boundary, where Dasaidth of the urban area represented.
The top boundary is 5 }x away from the tallest building. The domain is ded into
small cells using the trimmer volume mesh, whiclpasticularly suitable for modelling
aerodynamic flows due to its ability to refine sdlh wake regions [24]. The mesh near
the indoor area of interestd5 mm) is tighter than the mesh away from the afea
interest £4 m). In order to verify that the results are inelegent of cells number, several

simulations with different size meshes are perfatne., reducing the cell size following
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the CFD recommendations [25]. There is a limit inick the mesh size reduction does
not improve the computational error, whereas threpgational time is highly increased.
An error of 4.8% appears when comparing CFD resoitselocities with different mesh
accuracies, while computational time is 54% higH&}]. Therefore, error of 4.8% is
assumed as adequate to reach an equilibrium balaiticln computational time and
results accuracy. In this case, the selected nfutel/66.131 cells [13]. Figure 6 shows

the indoor mesh in a horizontal plane.

Figure 6. Volume mesh in a horizontal plane. Height = 1.4 m.

2.2.2. Boundary conditions

The outdoor environment is enclosed by 6 boundangditions set in the limits of the
outdoor domain. The wind is simulated by using #ocity inlet profile (east face
boundary). Pressure outlet condition simulateswiired sink that is opposite to the
velocity inlet boundary (west face boundary). Blatteral and top faces are considered
as symmetry planes (south, north and top faceshtorce parallel flow. The updated
Davenport classification is used to define the toasgs height of the groundy@ 0.5

m) [26].

The velocity inlet profile is defined taking inte@unt the wind measurements done
from the Universitat Politécnica de Valencia andeviaia meteorological stations [27].
It is quite time-consuming to cover all indoor aicenarios coming from all wind

direction so a statistical analysis is done in pridechoose the most probable wind
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direction during summer period: ESE [28]. Furtherejowind velocities are

approximately normally distributed; the wind measlocity is 3.05 m/s and the
standard deviation is 1.47 m/s. Then, the simulatiare run with three different wind
velocities modulus: the average value 3.05 m/s thedaverage value plus minus the

standard deviation, 1.58 m/s and 4.52 m/s. This awnsidered ideal gas.

The power law equation is used to calculate théoarwind speed profile (1) that is

shown in Figure 7.

U [z !
U(z) _(z_j )

T

whereU(z) is the wind speed at height z (measured inU(g) is the reference wind speed
at z = 10 m height andx is the power law exponent [29]. The power law e)gu
definition is complex because it varies with suehgmeters as day time, wind speed,
temperature, surface roughness and some other meahand thermal mixing
parameters [29]. In any case these parameters beuldainly classified depending on
the surface roughness or on the atmospheric $taf80]. Some authors have proposed
empirical methods for calculating it [29]. In thiase the selected exponent calculation
was proposed by Justus and Mikhail and is funabfovelocity and height so it depends
on the site [31]. The power law exponent is defibgaq (2).

_0.37-0.088x1n(,)
1 -0.088 x In(z,/10)

(2)

whereU is given in m/s and in m.
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Vertical wind velocity profile

120

100 | /
BO |

60 |

40 /

20 | S

——

o 1 2 3 4 5 &
Wind velocity (m/s)

Height {(m)

Figure 7. Wind velocity profile.

2.2.3. Solver settings

The mathematical definition of the problem is démeugh Reynold-averaged Navier-
Stokes equations as recommended for NV purposgsTB2 equations are solved in a
3D domain. The modelling technique discretizes3Bevolume in small cells in which
mass and momentum conservation equations are sdfvegdsilon and the segregated
flow model are used to represent the turbulencg [@8 mass conservation equation is
solved by the software (3).

0p _

—+0ww =S 3

o =S, (3)
wherep stands for the fluid densityjs the time,V is the velocity and, represents the
mass contained in the control volume. Navier-Stakesentum equation is considered

as (4).

a(a"t”)+mp(v\7):-mp+mf+pg+|f 4)
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wherep stands for the static pressurethe stress tensor defined by eq (5) andnd ~
represent the gravitational and outer forces réb@be | is the eddy viscosity andis

the unit tensor.
_ ( . 2 .
T = ux |:|V+|:|V)—§XDV] (5)

The discretization of the volume is done followthe finite volume method [24].
2.3. Indoor comfort indexes analysis strategy

The balance between NV performance and comfortitiond in the occupied spaces is
analysed. CFD techniques are utilized to evaluate ihdoor comfort conditions
initially. DR is assessed as the most common cause of locaindimt. The draught
caused by air velocity produces an undesired looaling feeling in the human body

[20]. The results of the indoor air velocity arpoeted in the current paper.

Indoor temperature can be maintained slightly highan desired to make more energy
efficient buildings in summer conditions. The irase in temperature may lead to an air
speed increase to achieve similar comfortable rigelalthough high air velocity may
cause draught discomfort, especially when thelaiv fnay occur on the nude parts of
the body. According to Orosa-Garcia research [84¢, highest indoor air velocity
should be 0.9 m/s in summer conditions. MoreoidR,calculation takes into account
human heat loss because of air flow. The amouheaf loss depends on the average air
velocity, turbulence and temperature. The percentafj people predicted to be

dissatisfied due to draught is calculated accortineg (6).
DRO) = (34 = 7) x (v = 0.05)* x (0.37x v x T, +3.14) (6)

wherev stands for the air velocity (m/s), is the air temperature (°C) afd is the

turbulence intensity (%). The boundary conditioos this formula are: 20 9, (°C) <

177



Ph.D Thesis Annex VI

26; 0.05 <v (m/s) < 0.5 and 0 9, (%) < 70. Turbulence intensity represents theorati

between average air speed and speed fluctuation (7)

- VRMS
Tu= v x100 (7)

in which average air speed and speed fluctuatiet@amputed as following:

Vo = J; )z evtant) = Ji x k ®)

V=LV Y 9)

wherek is the turbulent kinetic energy {fe).

Secondly,PMV andPPD indoor comfort indexes are evaluated [33MV predicts the
mean value of thermal sensation votes of a largegof persons on a 7-point scale (+3
too hot, O neutral and -3 too cold), eq (1BRD predicts the percentage of a large

people group to feel dissatisfied according tortferconditions, eq (11).

PMV=(0303kexf-0036<M)+0028xL (10)

PPD=100-95x e(—o.o3358PM\/‘— @178PM\?) a1

where M is the metabolic energy productioh; is the thermal load on the body

expressed as eq (12).

L:M—%X(SBS—6.99><(M—W)—Pa)—0.42x(/I/—W—58.15)
= L7 (5867 - Pa) - 0.0014 x i x (34 - 72) (12)
1000

—396xm“xﬂjx@w+2nf—Qk+m@ﬁ—ﬂﬂxhcx@1—@)

whereW is active work,Tcl is the clothing surface temperature & is the clothing

area factor. The clothing area factor should beomicg to the thermal clothing
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insulation (cl) and vice-versaTa is the ambient temperature in each region of the
control volume andTr is the average radiant temperatu?a.is the partial pressure of
water vapour (considering 50% of relative humidity) is the convective heat transfer
coefficient (internal flow, turbulent flow). The athing surface temperature is

calculated by eq (13)

Tel = 35.7 -0.028 x (i1 - W)

3.96 x 107 x Fel ((Tc] +213) = (7r + 273)‘*)} (13).

~0.155 x Icl x
+ Fel x b, x (Tel - Ta)

Indoor comfort conditions are divided in three gatges according to indoor air
temperature andPD, PMV and DR indexes among others [21]. Table 1 shows the

indoor comfort conditions evaluation criteria.

Table 1L Thermal environment categories in summer consti@l].

Category Indoor air  Predicted Predicted mean vote,Percentage of Maximum
temperature, percentage of PMV dissatisfied mean air
(°C) dissatisfied, due to velocity,
PPD draughtDR  (m/s)
A 245+1.0 <6 -0.2 PMV< +0.2 <15 0.18
B 245+15 <10 -0.5 PMV< +0.5 <20 0.22
C 245+25 <15 -0.7 RMV < +0.7 <25 0.25

The strategy consists in checking whether similanfort indexes that are reached
with lower air temperatures could be achieved bg tnly effect of natural
ventilation. Therefore, it should be assessed wdrediyuivalent comfort conditions
to lower air temperatures are reached with highetteanperatures and higher air
velocities due to NV. Consequently the indoor targemperature would be
increased maintaining the comfort conditions angrioning the energy performance
of the building. Three different wind temperatureasd three different wind

velocities are used to compabR, PMV andPPD comfort indexes. The indoor air
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temperature is set at 26, 25.5 and 24.5 °C in sauohlation according to Table 1
category limits [21] and field measurements durithgg warm season. All the
registered temperatures in the measurement intemeake included within this
interval. Moreover, 26 °C is used as non-commormandair temperature because it
is higher than the maximum air temperature allowethe national regulation [36].
The air temperature is fixed in the formula of eawmbmfort condition index.
However, the wind velocity boundary is set at thteH#erent values for each air
temperature in order to cover a wide velocity raagé to determine its impact on

indoor comfort conditions: 3.05 m/s, 1.58 m/s amsl4m/s.

Comfort conditions are analysed in the spaces iictwbccupants are usually located.
The occupied zone is confined by vertical and loorial planes [37], the vertical planes
are placed 0.5 m from the internal walls and 1.0rom the external windows and

doors. The horizontal planes are placed 0.05 megtooundary) and 1.8 m (upper
boundary) above the floor. Special draught and teatpre agreements are done in
transit zones, in which it could be difficult to atethe thermal comfort requirements.

Figure 8 shows the occupied zone considered isithelations.

1000
1000
|

Figure 8. Occupied Zone in the building (units in cm).
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2.4. Full-scale measurements

Experimental measurements must be done to valiti@teCFD simulation reliability.
The simulation is validated by comparing the CFnetical results with experimental
measurements. This validation strategy has beeressiully used by different authors
[7,15,31,38-40]. The indoor velocity sensors afdected to measure the air velocities
accurately. The simulated wind speed has a nomvalale of 3.05 m/s on a typical
windy day during the warm season. Consequentlywh air-speed sensors ranged
between 0 and 5 m/s are selected. The equipmenarmascuracy of £0.03 + 0.2%
m/s (+ 0.2% is the percentage respect the fullesosasurement). Figure 9 illustrates
the wind measurements considered in a typical EB&ctbn windy day with an
average wind speed near 3 m/s [27]. The periodimg tin which the indoor
measurements could be compared with the CFD célontaare the periods considered
quasi-stead-state. That is when the wind fluctuatiare not higher than £20% of the
average value during 10 to 30 min intervals. Longegrvals are not feasible because
the outdoor conditions are considered steady &g tean 30 min [41]. In this case, the

period between 11:00 and 12:20 h is consideredjassi-stead-state period of time.

a5

3,5

Wind speed [m/s]

....... I.II.
L1 !
10:30 12:00 13:30 15:00 16:30
Time (hh:mm)
Average (10 min) === Maximum (10 min)
------ Validation criteria limits««=++ Validation criteria limit

Figure 9. Typical daily wind profile in the warm season [27]
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The indoor measurements are done along six vedied in order to determine the air
vertical profile in the building. Moreover, the &elocity measurements should be focused
on the place in which the human body is more sengikair flow changes. Thus, the sensor
height is chosen according to the position of th@enparts of the human body: 0.5, 1.2 and
1.7 m. These heights are carefully chosen to reptdbe main nude human body parts
location while seated and on foot (face, hands lamer legs). Figure 10 shows the

positions where the vertical axes are placed imthiding layout.

L — |
g
A4
2500 A5
A6 =) 150 1500
& o
A ESE i
A3 opening
B A2 1 a1 || 8
1o [ \ ||
1 1 1 1
380 g 1200 100
Y \
L.x SSW openings

Figure 10. Vertical axes sensors location (units in mm).

Position Al, A2 and A3 are used to know the airoey through the vertical ESE
window, the left SSW window and the corridor, redpely. A4 and A5 are placed
near commonly used areas in the main room; andl\fiA& is located in the secondary

room.

Among the multiple opening configurations that ebbk set in the building, only the
most favourable is used to analyse the comfortxeslen the building: Vertical ESE

and left SSW windows are opened (90°), NNE uppeduwivs are opened (20°), central
and right SSW windows are completely closed. Otpeaming configurations should be
modelled to analyse different ventilation rates aaohfort indexes in the future.
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3.Results and Discussion

Indoor full-scale measurements are used to deterrtiie real NV behaviour and
validate the CFD simulation. Then, the simulatisnused to analyse human comfort

under different natural ventilation conditions.

3.1.CFD indoor model validation

The validation is carried out comparing full-scateasurements and CFD calculations.
The measurement validation criteria is set at (104 absolute difference between
measured average air speed and simulated air spBEadsvelocity value accounts for
9.70% of the measured average air speed, whicm@lesr than 10% as indicated in
[38]. Figure 11 shows the CFD calculations togethigh the full-scale measurements.
The CFD results are represented along the comblelging height (vertical lines) and
the full-scale measurements are represented atpemchby a horizontal line (it shows
the measurement range, minimum and maximum vakmed)the nominal value. The
indoor measurements are taken when the average syiadd meets the conditions
depicted in section 2.4. Moreover, the indoor mesasents are done in some points
according to section 2.4. The graphed results shogood agreement between the
calculated and the measured air velocities. Alrage measurements accomplished the

validation criterion except from A1 measurementsy dor the lowest point.

183



Ph.D Thesis Annex VI
Al A2 A3
2.7 2.7 2.7
24— Tteed ._ 2.4 s 24 2
2 ~ 21 % g1
E 1.8 51.8 p .E.l's
15 : ®15 H1is
8 5 8
g12 —— £ 12 : & 12
8 8 : 8 =
209 - s a8 > & 09 3
06 - 06 . 06 ;
£ — 3 £ =
03 - 03 03 K
a av a o Qi e CULES s
0 1 0 0,2 04 0 0,2 04
v{m/s) v(m/s) v{m/s)
------ Al v_CFD —@—Al.v fsm ssenes AD y CFD —@— Al v_fsm sessns A3 y CFD —E— Al v_fsm
A4 AS A&
27 28 27
24— 25 24
21 2,1
2,2
E 1.8 E .E.l'a
K15 (— =18 : =15
5 5 : 5
& 12 216 : a 12 ;
3 H g ! 8 3
208 3 oy : & 08 3
d 1,3 4 :
0,6 - —— 0,6
03 1 03 :
a a7 0
1} 0,2 04 o 0,2 0.4 0 0,2 0.4
v(m/s) v (m/s) v(m/s)
------ Adv_CFD —@—Al.v fsm sessss A7 y CFD —@—A1 v _fsm sesess ARy CFD —E—Al.v_fsm

Figure 11 shows the air velocity profile enterimgpoi the building in each vertical axe.

Al air calculations at height lower than 0.9 m slightly higher than expected. The

Figure 11.CFD and full-scale measurements comparison. Axes51l

reason could be the position that is near the cadrtvindow placed in the prevailing

wind direction. This is a vertical narrow windowiin which the complete renewal air
enters into the building. Therefore, higher veliesitin this non-occupied zone are
expected. Consequently, the validation limits axerarrow for the air speed measured

at Al position. Nevertheless, the maximum deviat@dnmeasurements rises up to

11.58% at this position, which is an acceptablecgr@age of deviation taking into

account the inlet air velocity variability. Analygj the maximum mean air velocities
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shown in Table 1, A1 measurements are not accepsabhir speed ranges from 0.3 to
1.71 m/s and the maximum allowed mean air veldsit§).25 m/s. Nevertheless, higher
velocities than 0.4 m/s take place mainly in th@-nocupied zone as shown in Figure
12, which shows 0.15 m/s as average air speeceim¢bupied zone. Figure 12 shows
the air velocity modulus distribution in the ocoegbiand non-occupied indoor volume.

The CFD cells that accomplish each velocity conditre grouped in Figure 12.

12%

ENon occupied

10% il .
) OOccupied
,E 8% B
=
=
5 6% W H
=]
=
S 4% — HHF
#

2% - H H - I

e P L .
GG Y Y N w %-

Air Velocity (m/s)

Figure 12. Air velocity distribution in the indoor volume.

A2 position is placed near the opened window in skeondary room from which
indoor air comes out of the building. Although m&asnents are done in a non-
occupied area near the window, air velocity resals near the maximum mean air

velocity for indoor environment category C.

The corridor is a delicate area regarding comfamditions approach. It is placed
between the main and the secondary room and ligisea with the air coming from the
main air inlet (ESE vertical window) in the prewag air direction (ESE).
Consequently, air velocities in the corridor arg@epted to be slightly higher than the
maximum allowable value for category C [20]. Figuté shows A3 air average
velocities ranged between 0.18 and 0.33 m/s. Thedco is a passageway and the air
velocity deviation is reasonable in comparison witle inlet air velocities, so it is

considered as acceptable.
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Additional measurements are done to assess thevibahaf the computational model
with the real scenario in the occupied zone (A4,ah8 A6). Figure 11 shows a suitable
air prediction. Besides, measurements are lowar tha maximum mean air velocity

value (category C) [20].

To quantify the difference between the values gtediby the CFD model and the values
actually measured (Al to A6), the root-mean-squarer (RMSE) is used. RMSE is
defined by the eq (14).

RMSE= \/ ZiN:l—(W - zb) (14)

where@; is the predicted value farpoint, @ opsis the mean measured value fqroint
andN is the number of analysed points. The deviatioreiative terms is acceptable,
with RMSE = 7.49. The discordances between the uneasnts and the models are

lower than 7.5.

In conclusion, the compared data have a physicalesand the air velocities magnitude
order between the CFD model and the full-scale oreasents are within the validation

criterion established [33].
3.2. Indoor comfort conditions analysis

Natural ventilation creates a particular indoorissrvment. On the one hand, NV is an
efficient method to improve the indoor comfort ciiwhs. On the other, NV could lead
to high air velocities that may cause discomforbr&bver it could have significant
effects on the indoor temperatures distributiondpaing temperature fluctuations that
may cause undesired comfort conditions. In thisi@#ar case, comfort conditions are
evaluated through indicators such@R, PMV andPPD under steady conditions. The
indoor conditions dynamic changes and its flucaratimplications on comfort

conditions should be assessed in the future.
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Regarding thé®MV, it depends on occupant and environmental paramdteonsiders
the occupants’ physical activity (metabolic ratepebple who work in an office with
light activity, M = 93 Wi/nf) and the thermal resistance of their clothing ifsurthe
summer period the thermal clothing insulation cdesng no active workicl is set at
0.5 clo and the corresponding clothing area faetbiis set at 1.15). The convective heat
transfer coefficient is set At = 4.6863 W/ni: K. Air temperature values should be set in
the indexes formulas. The limiting temperatureseath indoor environment category
described in Table 1 are used to cover a wide rahgessible environmental conditions
(24.5 °C, 25.5 °C and 26 °C in each simulatione €kternal wind velocity boundary
condition is set at three different values for eathtemperature in order to cover a wide
velocity range and to determine its impact on indmamfort conditions: 3.05 m/s, 1.58

m/s and 4.52 m/s.

3.2.1.DR analysis

First of all, draught risk is lower for people fiegl warmer and higher for people feeling
cooler for the whole body [21]. Figure 13 shows EHe distribution in the occupied zone
(in percentage PR is kept below Category A indoor environment liidi5%, for the tested
conditions).DR remains concentrated arouBdR = 3% with a temperature increase from
24.5 °C to 26 °C for lower air velocities (1.58 y)n¥&/hen air velocity is increasedR rate

is spread in the indoor environmeBR, ranged between 5% and 13%, is distributed in
lower volume percentages (between 12% and 16%) DRecomfort index has no critical

values to achieve a comfortable indoor environnieRt< 15%).
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Figure 13.Draught Risk distribution in occupied zone.

The highest tested indoor air temperature doesnfloenceDR as shown in figure 13;

the three graphs have approximately the same &cite distribution shape for each

temperatureDR is almost concentrated BXR = 3% forv = 1.58 m/s;DR follows a

normal distribution with an average valueDR = 8% forv = 3 m/s andDR = 11% for

v=45m/s.

Nevertheless, the high®R is calculated in the non-occupied zone. Figuresidws

how the highesbR is located in front of the vertical ESE windowanéhe main room

WNW wall and along the passageway. Although higbris achieved in these places,

DRis lower than 20% in the whole building. Then, doenplete building is classified as

Category B attending tOR calculation.

Figure 14.Draught Risk distribution ath = 0.6 m, T = 24 °
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In conclusion, NV achieves an acceptabR distribution in the occupied zone for the

prevailing wind during the warm season.
3.2.2.PMV analysis

Although DR is lower than 15% in the occupied zone, the bogdcould not be
classified as Category A [20] due to the other aoimhdexes. Then, figure 15 presents
the PMV distribution in the occupied zone (occupied volumé&b) for each indoor air
temperature and wind velocity testdeMV index is kept between 0.2 and 1 (almost
neutral, slightly warm) for all tested conditioMdoreover, the air velocityPMV effect

is almost negligible if wind velocity is lower the m/s. In summer conditions, for
people feeling warm in their body, an air movemiectease will decrease the warm
discomfort and will therefore be benefici®MV index shows this phenomenon in the
building. AlthoughPMV is kept in a narrow range for all tested cond#ioRigure 15
shows howPMV index is slightly improved for higher wind veldes (4.5 m/s).
However,PMV is not as concentrated as for lower wind velcogifite 58 m/s and 3 m/s),
in which 80% of the volume has the saRMV index PMV = 0.5 forT = 24.5 °C;PMV
=0.75 forT = 25.5 °C andPMV = 0.88 forT = 26 °C).

PMYV in Occupied Zone (T=24.5°C) PMYV in Occupied Zone (T=25.5°C) PMYV in Occupied Zone (T=26°C)
90% 20% 00%
80% @ 80% 5 80% A
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;\: 60% _,."‘:\ § 60% ,_’ g 60% x /:' ’,4’
3 50% xfE 3 50% AT S 3 50% R
_5 40% A E 40% DA S E 0% \
£ 30% S e £ 30% a ] a 5 0% an an \
20% ’,X D:' ',‘_‘ a 20% <& ¥ 20% YA "-,,’
10% - . it 10% \ 10%
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Figure 15.PMV index distribution in occupied zone.

According to PMV comfort index, the indoor environment cannot bassified as

Category A a®#MV is higher than 0.2 in the occupied zone. The inédmyironment is
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classified as Category B for indoor air temperatiower than 25.5 °C and higher

temperatures means Category C [20].

3.2.3. PPDanalysis

Figure 16 present8PD distributions in the occupied volume (in %) foickandoor air
temperature and each wind velocity. SimilarRMV, the indoor environment could
neither be classified as Category A accord®p comfort index, since it is higher than
6% for almost the whole occupied zone. Nevertheiess classified as Category B for
T =24.5 °C and Category C for higher temperaturesureig6 shows th&PD ranged
between 6% and 17% in most of the occupied zoneetavind velocities hav®PD
index more concentrated than high wind velocitieeedicted dissatisfied people are
more spread along the occupied volume for air veéschigher than 3 m/s. Figure 16
shows that people feel more comfortable with higien with lower air velocities in

summer conditions, as it is expected.
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Figure 16.PPD index distribution in occupied zone.

PPD in the occupied zone far = 24.5 °C and lower air velocities (1.58 m/s) mikar

than PPD in the occupied zone for = 25.5 °C and higher air velocitieBPD ranges

between 8% and 12% is concentrated in 99% of tbaped zone for cask = 24.5 °C

andv = 1.58 m/s;PPD ranges between the same interval are concenirat&Po of the

occupied zone for cage= 25.5 °C and = 4.5 m/s. SimilarlyPPD ranges between 11%
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and 15% are concentrated in 93% of the occupied fmmcasd = 25.5 °C and = 1.58

m/s; PPD ranges between the same interval are conceniraf&%o of the occupied zone
for casel =26 °C and/ = 4.5 m/s. This calculation demonstrates D comfort index

belonging to a lower indoor air temperaturexi$0% achieved with higher indoor air
temperatures and higher air velocities. Therefitie wind-driven NV effect improves the
energy savings by increasing the target indoor &aipre, maintaining 60% the
predicted percentage of people likely to feel unfcotable. In other words, comfort
feeling associated with a lower indoor air tempeatis achieved by increasing air

velocity using a non mechanical system such as NV.

4. Conclusions

The paper presents the results of a numerical apdrenental research carried out to
analyse natural ventilation (NV) effect on indoamdort conditions and assess the
energy efficiency potential improvement. The reskds done in case study building
that had been previously designed to maximize Wskéhaviour since the building
design stage. Computational fluid dynamic (CFDhteques are used to simulate the
NV behaviour through the building and calculate émnnconditions indexes in the
indoor environment. The energy efficiency strategjyns to slightly increase the
indoor temperature without compromising the inigtaimfort conditions. The slightly
increased temperature feeling should be compenggtéttreasing the air velocity by

means of NV.

Firstly, experimental full-scale measurements aeduo validate the CFD model. The
CFD calculations show a good agreement with thésftdle measurements. The
comparison shows a root-mean-square error lower Thao. Secondly, the simulation
is used to calculate and visualize comfort condgicndexes at different conditions in
the warm season. Three air temperatures and threkspeeds are carefully chosen to

represent a wide range of summer environmentalcayptonditions, according to
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recorded temperatures in the measurement conditi@omfort conditions are assessed
through the indexes draught risBR), predicted mean votePMV) and predicted
percentage of dissatisfied peopRPD). The CFD results show no risk of draught in the
occupied zoneDR is kept under Category A valu®R < 15%) [20] for all tested
conditions. Nevertheless, local discomfort dueraudht is higher in the non-occupied
area. Depending on the indoor air temperature R and PPD indexes, the indoor
environment could be classified as Category B dn@ny case the indoor environment
is classified as “slightly warm”RMV between 0.5 and 1) ar@PD is lower than

Category C limit, 15%.

The conclusion is that the NV strategy could mantmencrease the indoor air
temperature 1 °C maintaining no draught risk anélo@e percentage of people
likely to feel uncomfortable. Thus, energy savimgs achieved due to the indoor air
temperature increase without compromising the ahiticomfort conditions.
Otherwise additional mechanical system should beessary to maintain the
comfort conditions if the indoor air temperatureingreased. The energy needs of
the building are then reduced. Thereby, a properfddds during the initial design
stage could improve the building energy efficiemathout compromising the indoor

comfort conditions.

The ultimate aim of the research is to add a rididV behaviour analysis by CFD
techniques and achieve more environmentally frignollildings. Further research
should include the analysis of air fluctuation @hdrmal behaviour (buoyancy effect,
thermal inertia, radiation, etc.) implications oontfort conditions. Different opening

distributions and winter conditions should be asalysed in the future.
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Nomenclature:

Magnitude  Unit Description Magnitude Unit  Description

w W Active work \RMS m/s Average wind or air speed
Fcl Clothing area factor Tcl °C  Clothing surface temperature
hc W/nf-K  Convective heat transfer coefficientid nfls Eddy viscosity

p kg/nt Fluid density g N Gravitational force

z m Height S kg Mass

DB; obs m/s Mean measured value for i point | TT oC Mean radiant temperature
M W/m? Metabolic energy production | N Number of analysed points
F N Outer force Pa Pa  Partial water vapour pressure
o Power law exponent i m/s Predicted value for i point
Z m Reference height Ujz m/s Reference wind speed at height 7
ho m Roughness height p Pa Static pressure

r Stress tensor Hx m Tallest building height

Icl clo Thermal clothing insulation| L W/m?  Thermal load on the body
t S Time Tu % Turbulence intensity

k mé/s? Turbulent kinetic energy| | Unit tensor

D m Urban represented area width | Ta °C Wind or air temperature

% m/s Wind or air velocity U(z2) m/s Wind speed aigthe z
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