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FOREWORD

Condensation prevention is highly crucial to keep materials sustainable, to conserve
them from corrosion and other environmental effects and to supply visual aesthetics
in building envelopes. Energy efficiency in buildings has also significant role to
decrease environmental pollution as well as for the minimization of initial cost and
operating cost together.Moreover, high energy efficiency without condensation risk
in building envelopes is highly essential to supply thermal comfort conditions at
indoor environment with lower cost. On the other hand, the application of double
skin fagades under Turkey conditions is quite untouched topic. Therefore, there were
supposed to be done a scientific study in this field to show decision makers probable
risks and advantageous.

The purpose of thesis is to propose an approppriate configuration of a new generation
closed-cavity fagade which  has maximum thermal performance without
condensation risk.

| am grateful to Assoc. Prof. Dr. Hatice Sozer for her valuable assistance, continuous
advice and well guidance in this study.

Special thanks to METAL YAPI for providing the licensed Solidworks Flow
Simulation CFD program, supplying all the materials related to glass and frame,
configuring experiment mock-up, providing sufficient time for this scientific study
as employer and encouraging me to finalize master thesis.

Special thanks to FTI (Fagade Testing Institute) for supplying experiment filters
from a company in France and permitting me to use all measuring devices and
charging staff to arrange experiment chambers for this scientific study.

Key words: Double skin fagade, evaluation of condensation, closed cavity facade,
facade respirante, CFD for double skin fagade, solidworks flow simulation, August-
Roche Magnus formula, filter modelling of closed cavity facade, Bisco, Vitrage
Decision, cooling load, heating load, thermal transmittance

May 2015 Ahmet Biler
(Civil Engineer)
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IDENTIFICATION OF CLOSED CAVITY FACADES IN TERMS OF
CONDENSATION’S RISK AND ENERGY PERFORMANCE

SUMMARY

The condensation risk and energy performance of closed cavity facade, so called
Facade Respirante was analysed in this thesis. The research is composed of three
different parts whiach are condensation risk assessment based on computational fluid
dynamics (CFD) modelling, testing condensation risk in Lab environment and energy
performance analysis of tested closed cavity facade.

Condensation risk assessment on CFD is based on the methodology and the data
obtained from CSTB (Centre Scientifique et Technique du Batiment) test with CLC
12-260039255 code. The methodology and the result of this test is used in order to
validate the outputs of three different filter modelling which are “Model with porous
media”, “Model without porous media” and “Linear channel” approach. These
approaches are modelled separately as 3 different CFD models. The values obtained
from interior cavity match up with each 3 models in quite high level in terms of
relative humidity, temperature and velocity. Dew point values at “model with linear
channel” is lower with respect to other models. The reason is having higher
velocities leads to lower dew points. Higher velocities with ignorable level are
observed at the model with linear channel. The dew points which are obtained with
August-Roches Magnus approach in the middle of cavity between venetian blind and
exterior glass are considerably lower than temperature on glass surface with same
height. Therefore, there is no condensation in all specified CFD models with
indicated conditions. There is also analysis with respect to filter distance change to
exterior side. When filter gets closer to interior side, relative humidity next outer
glass becomes higher. Filter position influences more bottom part of cavity from
temperature, velocity and relative humidity aspect. As a result, Facade Respirante
model is developed without any condensation under specified conditions by
considering comprehensive CFD results.

Closed cavity fagade (Fagade Respirante) experiment module is configured based on
comprehensive CFD results. Configured closed cavity fagade is tested at FTT (Fagade
Testing Institute) Labs in Istanbul Turkey.

Experiment results indicates that there is high tendency to condensation formation at
venetian blinds vertically positioned case. On the other hand, when the blinds are
removed, there is less probability to form condensation on outer glass surface
Moreover, as long as number of filter decrease, there is higher condensation risk.
There is no condensation formation on glass surfaces, if there is at least 5 filters at
bottom side of configured fagade respirante system.

Energy performance analysis is composed of two parts which are facade’s thermal
and energy performance analyses.The simulation for thermal analyses on specified
aluminium surfaces of Fagade Respirante shows that there is no condensation. Final
Uw value of closed cavity facade module is determined as 1.56 W/m?K and 0.39
solar factor with respect to specified standards. The comparison with reference
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window which has 2.40 W/m?K and 0.42 solar heat gain coefficient based on TS 825
standard are made to evaluate the heat transfer due to temperature difference and
solar radiation intensity. Consequently, there is monthly up to 6.4 W/m? and annually
up to 17.8 W/m? saving in cooling load by applying cloesd cavity facade (CCF)
system. Besides, there is monthly up to 23.6 W/m? and annually up to 130.5 W/m?
saving in heating load by applying CCF system. There is up to 130.5 W/m? heat
transfer rate difference in Turkey. It means, it can be up to 339.3 kWh annual saving
for each m? of window. Configured CCF system with 339.3 kWh for each m? energy
saving potential, decrease 234 kg CO, emission in a year which corresponds to 6
trees CO, emission toleration.
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KAPALI BOSLUKLU-CIFT CIDARLI CEPHELERIN YOGUSMA RiSKi VE
ENERJi PERFORMANSI ANALIZLERI

OZET

Bu tez kapsaminda ¢ift cidarli cephe sistemlerinden ara bosluklar1 kismi olarak
havalandirilan kapali bosluklu-cift cidarli cephelerin yogusma riski ve enerji
performansi agilarindan degerlendirilmesi ele alinmistir. Tez, daha 6nce Fransa’da
yapilmis benzer bir cephe sisteminin deney verileri kullanilarak  sistemin
hesaplamali akigkanlar dinamigi (CFD) araciligiyla modellenmesi, kapsamli CFD
sonuglart ile olusturulan yeni cephe modiiliiniin FTI (Facade Testing Institute)
laboratuarlarinda yogusma riski agisindan test edilmesi ve yeni olusturulan cephe
modiiliinlin enerji performansinin analiz edilmesi olmak {izere ii¢ farkli asamadan
olusmaktadir.

Fagade Respirante (Nefes alabilir cephe) kapali bosluklu bir ¢ift cidarli cephe
tiiridiir. Cephede camlar arasi alt bolgeye hava filtreleri yerlestirilerek dis cam i¢
yiizeydeki yogusma olusumunun engellenmesi amaglanmaktadir. Fagade Respirante
sisteminde hi¢ yogusma olmadan maksimum 1si1l performansa ulasmak ana
hedeflerden bir tanesidir. Sistem, camlar arast bolgede iist taraftan ve yan taraflardan
tamamen kapatilmig, alt taraftan ise filtreler araciligr ile kismi olarak hava girisi
saglanmaktadir. Yogusma olusumu filtrelerin ag yapis1 ve filtre sayisi ile oynanarak
kontrol edilmektedir. Filtre sayisinin azalmasi ve filtre aglarmin kiigiilmesi camlar
arast bosluk bolgesinde taginim (convection) ile 1s1 gegisini minimize etmekte; toz,
kir ve ucucu bilesenlerin igeri girisini azaltarak hijyen saglanmasina yardimci
olmaktadir. Ancak, bu durumda yetersiz hava hareketi yogusmaya sebep olmaktadir.
Ideal filtre sayis1 yapilan testler ile yogusmanin olmadigi en diisiik filtre sayis1 olarak
belirlenmektedir. Filtre sayis1 ve filtre ag yapis1 sistem boyutlari, sistemin
uygulanacag1 bolge ve sistem bilesenlerinin higroskobik (nem-tutma) 6zelliklerine
gore degiskenlik gostermektedir.

CSTB'nin (Centre Scientifique et Technique du Batiment) yaptigi Facade Respirante
yogusma deneyi test metodolojisinde baslangi¢ ve sinir kosullari olarak i¢ ortam
sicakligi 20°C'de ve %50 bagil nemde sabit tutulur ve yine i¢ ortama 50 Pa pozitif
basing verilir. Dis ortamda ise baslangi¢ kosulu olarak sicaklik 20°C'ye ve bagil nem
%380'e sartlanir. Sicaklik her 20 dakika'da bir 1 °C disiiriilerek 400. dakikanin
sonunda 0°C'ye ulastirilir. Higrometre ve 1s1l ¢iftler (thermocouple) ile i¢ ortam, ara
bosluk ve dis ortamda sicaklik ve nem degisiminin takibi yapilir. Sonug olarak,
Ol¢iilen camlar arast bosluk kismi buhar basinci degeri, dis camin i¢ ylizeyinde
okunan sicaklik degerine karsilik gelen doygun buhar basinct degerinden kiigiik ise
yogusma olmamaktadir denir.

CSTB’nin yaptign CLC 12-260039255 kodlu deney kapsamli fiziksel sonuglara
ulasabilmek ve ii¢ farkli filtre modelleme yontemini teyit etmek amaciyla bir CFD
programi olan Solidworks Flow Simulation programinda modellenmistir. Modelleme
sirasinda toplam ag sayisini azaltmak ve programin calisma (islem) siiresini
diistirebilmek amaciyla camlar, filtreler ve jaluzi modellenirken bazi basitlestirmeler
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yapilmistir. Deneyde kullanilan i¢ cam kombinasyonu ayni 1s1l iletkenlik degerine
sahip tek kat1 olarak modellenmis, jaluziler ise 0,30’luk gozeneklilik degerine sahip
gozenekli ortam (porous media) olarak modellenmistir. Filtreler ise “gdzenekli
ortamsiz model”(model without porous media), “gdzenekli ortamli model” (model
with porous media) ve “cizgisel kanal” (linear channel) olmak tizere ti¢ farkli yontem
ile modellenmis, sonuglar bu yaklasimlara gore karsilastirilmistir. Bu li¢ modelde
hava gegis alanin tam olarak ayni olmasi saglanmistir. Filtreler,“Model without
porous media”da 775,5 mm? yiizey alanna sahip yiizey ile, “Model with porous
media” de 1250,7 mm? alan ve % 63’liik gecirgenlige sahip bir yiizey ile “¢izgisel
kanal’da ise yatay kesit boyunca 4.5 mm genisligindeki ¢izgisel bir kanal olarak
modellenmistir. i¢ ortam ve dis ortam sartlar1 CSTB’de yapilan deneyin 400.
dakikasinin sartlar1 referans alinarak atanmistir. Modellerdeki ag sayilar1 370000 ile
550000 arasinda degismektedir. CFD modeli siirekli halde (steady state) olarak
calistirilmistir.

CFD sonuglari hiz, sicaklik ve bagil nem olmak iizere ii¢ ana degiskenin degisimleri
tizerinden yorumlanmistir. CFD model sonuglari, deney sonuglari ile dnemli oranda
ortiismektedir: Di1s camin i¢ ylizeyinden, dis cam ile jaluzinin ortasindan ve jaluzi ile
i¢ camin ortasindan ticer adet referans nokta se¢ilmis; bu referans noktalar ti¢ farkli
model i¢in ayr1 ayr1 karsilastirllmistir. CFD modelinden alinan sonuglara gére cam
yiizeyinde ve ara boslukta yiikseklik arttikca sicaklik artmakta, bagil nem orani ve
akiskan hiz1 diismektedir. Hiz verileri jaluzi ile i¢ cam arasinda {i¢ farkli modelde
onemli oranda ortiismektedir. Ug farkli model sicaklik dagilimi agisindan &nemli
oranda Ortiismektedir. Ara bosluktaki sicakliklik dagiliminin sekillenmesindeki en
onemli etken baca etkisidir. Baca etkisi havanin kaldirma kuvveti sebebiyle olusur.
Havanin kaldirma kuvvetinin siddeti ise hava yogunluk farkina sebep olan sicaklik
farki ve nem farki nedeniyle olusur. Ara bosluktaki hava hareketinde en temel etken
dogal tasinim ile 1s1 transferidir. Hem dogal tasinim hem tek tarafli kismi hava
beslemesi yapilmasi tiim bosluktaki ortalama hiz degerlerinin 0,1 m/s’nin altinda
kalmasina sebep olmustur. “Cizgisel kanal” modelinde dar kanal etkisi ile gorece
yiiksek hizlar, bagil nemin ve yogusma noktasinin gorece diisiik olmasina sebep
olmustur. August-Roche Magnus yontemi sicaklik ve bagil nem degerleri
kullanilarak ilgili noktanin yogusma noktasin1 bulmay1 saglayan bir yaklagimdir. Bu
yaklasima gore dis cam ile jaluzi arasindaki referans noktalarin bagil nem ve sicaklik
degerleri kullanilarak bulunmus yogusma noktalari ayn1 hizadaki cam ylizeyindeki
sicaklik degerlerinden kiigiik oldugu i¢in yogusma yoktur denir. Filtre pozisyonun
etkisi, filtrenin dis cama 25 mm, 38 mm ve 56 mm uzaklikta oldugu model sonuglari
ile karsilastirilarak analiz edilmistir. Filtreler dis camdan uzaklastikca dis cam
civarindaki bagil nem degerleri artmaktadir. Filtrenin dis cama olan mesafesi ara
bosluk alt boliimiindeki sicaklik, bagil nem ve hiz dagilimlarin1 daha c¢ok
etkilemektedir. CFD sonuglarina gore ara boslukta ve cam yiizeyinde yogusma riski
bulunmamaktadir. Sonug olarak, filtre modelleme yaklasimlari 1s1 transferini ve akis
davranigini modellemek i¢in iyi bir alternatif olabilir.

Kapsamli CFD analizi ile ulasilan sonuglar kullanilarak yeni bir Fagade Respirante
cephe modiilii olusturulmustur. Olusturulan modiil, CSTB’de gelistirilmis yogusma
testi metodolojisi temel alinarak olusturulan bir metodoloji kullanilarak FTI (Fagade
Testing Institute) laboratuarlarinda deneysel olarak analiz edilmistir. ilk asamada
Jaluziler kaldirilmus, jaluziler tamamen kapatilmis ve jaluziler agilmis olarak ii¢ adet
deney yapilmistir. Daha sonra kritik durum olan jaluzilerin indirilmis ve kapatilmis
oldugu durumda ayr1 ayri bir adet ve iki adet filtreyi de kapatarak iki adet daha deney
yapilmustir. Toplamda bes farkli varyasyona gore bes farkli deney yapilmistir. Bu
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sayede Facade Respirante modiilii ara bosluk igerisindeki havanin davranisina ve dis
cam i¢ yiizey lizerindeki yogusma olusumuna jaluzi ve filtrenin etkisini gormek
amaclanmistir. Olusturulan Fagade Respirante modiilii i¢ cam kombinasyonu
6/16/44.2 (6 mm cam + 16 mm hava boslugu + 2 adet birbirlerine lamine edilmis
4’er mm lik i¢ cam) dir. Yani cam boslugu 16mm’dir ve i¢ caminda laminasyon
yapilmistir. Ara boslik mesafesi I¢ cam kombinasyonu ve dis cam dis yiizeyleri
arasinda 80.6 mm dir. Dig cam ise 6 mm kalinliktadir.(Figure 7.9) Deney
numunesinde kullanilacak cephe modiilii 1260 mm x 2100 mm boyutlarindadir. Ara
boslukta dis cama 25 mm mesafede lamel genisligi 25 mm olan Hella marka Jaluzi
yerlestirilmistir. Alt kisma yogusma engelleme amacgli hava girisini saglamak
amaciyla 500 um lik ag yapisina sahip 6 adet Sofabin marka filtre yerlestirilmistir.
Deneyde ortami kosullandirmak amaciyla hava nemlendirme, nem alma,
iklimlendirme ve basinglandirma cihazi, nem ve sicaklik 6l¢iimii amaciyla 1s1l giftler
ve nem Olcerler ve Olglimleri degerlendirebilmek amaciyla veri kaydediciler
kullanilmistir. Alt yatay profile 200 mm, 400 mm, 1400 mm ve 1800 mm yiikseklik
mesafelerinde dig cam i¢ yiizeye dort adet, dis cam ve jaluzi arasina 4 adet jaluzi ve
ic cam arasmna dort adet olmak iizere ara bosluga toplam 12 adet 1silgift
yerlestirilmistir. Jaluzi ile dis cam arasindaki bolgeye alt yatay profile 200 mm ve
1000 mm yiikseklik mesafesinde sicaklik ve nem Olgme yetenegine sahip nem
Olgerler yerlestirilmistir. Ara bosluga yerlestirilmis nem o&lgerler %0,8 belirsizlik
orani ile 1s1l ¢iftler ise +£0,2 °C belirsizlik degeleri ile kalibre edilmislerdir.

Olgiim sonuglarinda jaluziler kapali, jaluziler acik ve jaluziler kaldirilmis durumlar
arasindaki yogusma riski acisindan en kritik durumun jaluziler kapali iken
gerceklestigi goriilmistiir. En kritik durum olan jaluzilerin kapatildigi durumda iken
once bir filtre kapatilmis, daha sonra iki filtre kapatilmistir. Yogusmanin ilk kez iki
filtrenin de kapatildig1 durumda basladig1 goriilmiistiir.

Enerji performans analizi kapsaminda once olusturulan Fagade Respirante
modiiliiniin biitiinsel 1s11 gegirgenlik katsayist (Uwindow) ve profiller iizerindeki
yogusma durumu bulunmus sonrasinda ise TS 825’e gore olusturulmus siirdaki
pencerenin iletim ve tasinim ile gerceklesen 1s1 kaybi ve giines enerjisi kazanclari
goz Onilinde bulundurularak aylik ve yillik bazda saglayacagi toplam tasarruf ve
karbon ayak izi tespit edilmistir.

EN 10077 standardina gore Bisco 2D siirekli hal (steady state) 1s1 transfer analizi
programi araciligiyla yapilan yogusma analizi sonucunda profiller iizerinde yogusma
olmadig1 sonucuna varilmistir. “Vitrage Decision” programi ile yapilan model
sonucu olusturulmus Fagade Res;z)irante modiilii cam kombinasyonu 1s1l gecirgenlik
katsayis1 (Ug) degeri 0,79 W/m°K, giines enerjisi gecirme faktorii 0,39 (SHGC)
olarak bulunmustur. EN 10077-2 standardina gore ise tiim aluminyum cergeve
profillerinin 1s1l iletkenlik hesap degeri bulunmustur. EN 10077-1 standardinda
tanimlanan “Component Assessment Method” a goére olusturulmus Fagade
Respirante cephe modiiliiniin 1s1l gegirgenlik degeri (Uwingow) 1,56 W/m?K olarak
bulunmustur. Bu deger TS 825 standardina gore sinir deger olan 2,40 W/m?K
degerine gore oldukea iyidir. TS 825°te tanimlanmis 2,40 W/m?K degerine sahip cam
kombinasyonunun solar faktoér degeri “Guardian Glass Performance Calculator”
programinda yapilan modelde EN 410 standardina gore 0,418 olarak bulunmustur.
TS 825°te tanimlanan degerler kullanilarak sogutma yiikii, 1sitma yiikii yillik ve aylik
bazda TS 825’te tanimlanan tiim iklim bolgeleri ve tiim yonler i¢in hesaplanmustir.
Yapilan analize gore sogutma ylikiinden en biiyiik tasarruf birinci iklim bolgesinde
dogu-bat1 cephelerinde en diisiik tasarruf ise dordiincii bolgede kuzey cephede
olmustur. Isitma yiikiinden yapilan en biiyiik tasarruf degerine ise dordiincii bolgede
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dogu ve batiya bakan cephelerde yapilan uygulamalarda ulasilmistir. Enerji
performans analizi gostermektedir ki; olusturulan cephe sistemi ile sogutma yiikiinde
aylik 6,4 W/m? ye kadar yilhik 17,8 W/m®ye kadar; 1sitma yiikiinde aylik 23,6
W/m*ye kadar ve yillik 130,5 W/m?ye kadar tasarruf yapilmasi miimkiindiir.
Giinliik 10 saat ve haftalik 5 giin 1sitma ve iklimlendirme cihazlarinin calistig
varsayilirsa yillik toplam her bir m?’lik pencere icin 339.3 kWh’a kadar enerji
tasarrufu imkani saglanmaktadir. 339.3 kWh’lik tasarruf sayesinde bu miktar enerji
tiretiminde ortaya ¢ikan 234 kg CO, dogaya hi¢ salinmamis olacaktir. Bu sayede, 6
tane agacin on yillik yasami boyunca tolere edebilecegi miktardaki CO;, dogaya hig
salinmamis olacaktir.
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1. INTRODUCTION

Physical separators which separates conditioned environment and unconditioned
environment is defined as building envelope. One of the most important task for
energy performance of building envelope is minimizing air, light and sound
transmission to inside and blocking water permeance to inside [1-3]. Fagade is the
most important element of building envelope. There are double skin fagade
applications in some high rise buildings in order to improve expected performance

from fagades.

As it is mentioned in the presentation of H.Blecker CTBUH 2012 , there are
basically four different types of double skin facade systems in the literature [4].

These are;

Active Facade: The cavity is ventilated through HVAC equipment in this fagade
type. (Figure 1.1)

R

Figure 1.1 : Active fagade [4].

Naturally Ventilated Facade: The cavity between fagades is ventilated with natural

convective flow of air in this fagade type. (Figure 1.2)

WANAAN

Figure 1.2 : Naturally ventilated fagade [4].



Interactive Facade: The cavity between facades is ventilated both natural

ventilation and mechanical (forced) ventilation in this fagade type. (Figure 1.3)

Figure 1.3 : Interactive facade [4].

Closed Cavity Facade: It is the double skin fagade which does not allow air

passage to inside of cavity in order to have better thermal performance. (Figure 1.4)

e Closed Cavity Facade with minimal air supply: This is another variation of
Closed Cavity Facade, which allows minimal air passage to inside in order to
prevent condensation by means of partial vapour pressure balance with

outdoor. Facade Respirante systems belong to this class.

| s |

Figure 1.4 : Closed cavity facades [4].

The design parameters that has direct effect on Closed Cavity Fagade performance

are indicated below.

e Radiation performance (heat transfer via radiation) (specifically critical

parameter for glazed buildings)
e Thermal performance
e Day lighting
e Condensation
e Maintenance and cleaning
o Earthquake resistance

e Ease of installation [4]



1.1 Purpose of Thesis

High energy efficiency without condensation risk in building envelopes is highly
essential to supply thermal comfort conditions at indoor environment with lower
cost. On the other hand, the application of double skin fagades in Turkey conditions
IS quite untouched topic. There were supposed to be done a scientific study in this

field to show decision makers probable risks and advantageous.

The purpose of thesis is configuration of new generation closed cavity facade which

has maximum thermal performance without condensation risk.






2. FACADE RESPIRANTE

Fagade Respirante is also called closed cavity fagade (CCF) as it is mentioned in the
first section. The main purpose of using the fagade is to allow minimum air entrance
to prevent condensation risk. Components of Facade Respirante is shown in Figure
2.1.

The main target of Facade Respirante system is achieving minimum heat transfer
without condensation risk. The system is completely sealed from top and lateral
sides, and it is ventilated by filters at bottom part of the frame system. The most
important feature of the system is to minimize heat transfer without any condensation
risk. Heat transfer through the system occurs by three different ways which are
conduction, convection and radiation [5]. Reduction of the number of filters and
filter mesh sizes minimize heat leakage by means of convection; helps to ensure
hygiene by means of decrement of dust, dirt and volatile organic compounds (VOC)
passage to cavity. However, insufficient air movement leads to condensation.
Optimal number of filters is determined by the lowest filter number without
condensation through condensation risk assessment experiments. The number of
filters and filter mesh sizes varies with system sizes, project region where system is
applied, hygroscopic features of system components.

Application of the facade mostly depends on the geographical and climatic
conditions. That's why Facade Respirante is mostly applied at middle Europe zone
countries like Germany, France, Belgium and Bulgaria where humid, mild climate

without harsh winter conditions exist.



Inner Glass
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Figure 2.1 : Facade Respirante.
2.1 Literature Review

Various Facade Respirante details from several fagade firms at different countries
have been researched for Fagade Respirante application based on appropriate climate
conditions. Some fagade companies like Schueco, Wicona, Rinalde, Goyeri Oustalu,
Gartner GMBH, Reynaers are reviewed for this research. The specific details of
Sopharma from Reynaers in Bulgaria, Hilti Inovation Center in Liechtenstein, Roche
Diagnostics International AG in Rotkreuz, Leo in Frankfurt projects are identified in

terms of thermal performance and condensation risk.

Innovations and energy efficiency in contemporary office buildings shows that
closed cavity fagade in Sopharma Towers reduced cycles of cavity cleaning, and
constituted condense free fagade under the local climatic conditions. 2,5 years after
the fagade has been installed, there was no dust at all compared to slightly ventilated
fagades. Energy efficiency is also increasing by means of slat angle and blind mode

control [6].

Even though, fagade of Sopharma and Litex towers are one of the most expensive
fagade built in Bulgaria, there is 30% cost cut from HVAC installed power , 40% less
heating requirement by using sun energy in more efficient way and 20% potential
savings in total [6].

“Double Skin Fagades a Literature Review” is surveyed in order to see scope of

double skin fagade with all analysis criteria and all technical parameters [7]. This



report covers modelling issues in double skin fagades in terms of thermal simulation
and air flow. The buildings where double skin fagade is applied are also presented

with various technical features.

“M-Free S Closed Cavity Fagade” [4] is presented by H. Blecker at CTBUH
(Council on Tall Buildings and Urban Habitat) 2012. Conference proceeding of this
presentation includes general review of double skin facade and evaluation of closed
cavity facades in terms of energy, thermal comfort and acoustic aspect by modelling

and testing.

“Condensation in a closed cavity double skin fagade: A model for risk assessment”
discusses the risk of condensation between the panes of facade in closed cavity
facades. There are some assumptions regarding thermal, hygric and air flow
behaviour. This paper claims that constituted model can be used for condensation

risk modelling [8].

One of the objectives of this work is to take advantage of the other experimental
works by use of the test results from highly reputable and independent test centres in
order to provide reliable data. Therefore, Fagade Respirante specimen with CLC 12-
260039255 code from CSTB (Centre Scientifique et Technique du Batiment) data is
used to have general idea about system behaviour in terms of thermal and
condensation in this work. Condensation risk assessment methodology is based on
1°C temperature decrement in each 20 minutes with 80% relative humidity and 20°C
initial condition at outdoor with total 400 minutes when the conditions of indoor
being kept constant at 20°C and 50% relative humidity. The temperature and relative
humidity values are followed at indoor, cavity and outdoor of test mock-up. If partial
vapour pressure at cavity is lower than saturated vapour pressure at cavity at all
records which are obtained in each 20 minutes, it is assessed that there is no

condensation with respect to this methodology [9].

There are some researches related with this work. Before, CFD model is created,
"Air Flow and Heat Transfer" is examined to simulate CFD model, compare and
validate CFD results with experiment results. This paper illustrate the importance of
the position of blinds and slat angles. Energy performance of double facade varies
considerably with respect to position of blinds and angle of slat tilt. It also affects

velocity distribution at cavity and total surface heat transmission coefficient.



Influence of blind position (outer, middle and inner) is higher compared to variation
of slat angles (6=0°, 45°, 90°) to distribution of temperature, velocity and SHTC's.
“Air flow and heat transfer in double skin facades™ also illustrates that there is 3°C
difference at outer cavity, 1°C — 1.5 °C difference at inner cavity and around 1°C

difference on inner glass surface between CFD results and experiment results [10].

"Modelling Ventilation in naturally ventilated double-skin facade with a venetian
blind" is examined in order to simplify blinds reliably. This paper proposes
modelling venetian blinds as porous media instead of explicit slat model in order to
decrease number of mesh and computing time as well as getting higher accuracy in
CFD Model. All the results have been validated with performed field experiments
[11].

"Double Skin Facade effects on heat loss of office buildings in Istanbul", " A new
type of double-skin fagade configuration for the hot and humid climate" and other
similar articles which are at same field are examined to understand how to process
data on CFD and how to validate CFD results with experiment results. "Double Skin
Facade effects on heat loss of office buildings in Istanbul" shows that double skin
fagade decrease energy loss significantly minimize heat loss and improve U value
compared to single skin facade in winter period. Cavity between facade acts like
buffer zone in winter and glasses re-radiate solar radiation two times which decrease

cooling load at summer [12].

August-Roche Magnus equations which calculate dew points by use of relative
humidity and temperature data. This approach is used to determine dew points of
specified points. This is another validation approach to investigate occurrence of

condensation on glass surface [13].
All the documents above are used to inspire during preparation phase of this paper.

The equations which are used by Computational Fluid Dynamics simulation
programs is stated at the lecture notes of The University of lowa Mechanics of Fluids
and Transport Processes by Stanley C. These equations which are computed at

background are indicated in Equation 2.1 — 2.7. [14].

Navier Stokes Equation: (3D in Cartesian coordinates)
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Newton's Second Law of Motion;
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Rayleigh Equation;
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André Bakker states in “Applied Computational Fluid Dynamics” Lecture-7 Meshing
by Fluent Inc. that design quality of grid is highly significant. Grid has great
influence on convergence, solution sensivity and required CPU time [15].

Accordingly, CFD model is created based on condensation risk test methodology
from CSTB CLC 12-260039255 with taking result of 400th minute in order to have
more comprehensive results than experiment results such as velocity, temperature,

relative humidity and other related parameters throughout model.

“Air Pressure and the building envelope™ states that the air pressure difference
between interior and exterior of building envelope and between upper and lower
levels of buildings. It also emphasize to stack effect which mostly occurs by air
buoyancy. Intensity of air buoyancy is depended air density difference which varies
with temperature difference and moisture difference [16].



TS 825 “Thermal Insulation Requirements in Buildings” is the Turkish standard
which defines thermal comfort conditions, how to calculate solar heat gain for three
different direction, calculation of heating and cooling load for specified 4 different

regions and calculation of condensation situation [17].

EN ISO 10077 is mutual standard of “Euro Norm” and “International Standard
Organization” which defines thermal performance of windows and the assessment of
condensation risks. EN 10077-1 defines calculation of global thermal transmittance
values (Uc,) for window modules. EN 10077-2 defines thermal performance

calculation method for frames in windows [18,19].
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3. CONFIGURATION METHODS OF FR TEST MOCK-UP

The methodology of this experimental work is developed based on characteristics of

the facade. Accordingly, evaluation of CFD analysis method was decided.

3.1 Determination of Appropriate Facade Respirante Profile Detail

The most important parameters for designing fagcade respirante:
. Geometry of the cavity
. Opening principles of the cavity

. Type of glazing, shading and lighting devices

. Material choice for the panes and the shading devices
. Positioning of shading devices

. Number of filters

. Distance between inner pane and outer pane [7]

CSTB (Centre Scientifique et Technique du Batiment) condensation risk assessment
experiment for the specified Fagade Respirante (CLC 12-260039255) detail were
used as the basis at the end of literature review. The data obtained by this experiment
for the specified Facade Respirante model is used as reference values of CFD

analysis.

3.2 Constitution of Facade Respirante Profile

Specified Facade Respirante model at experimental level is evaluated on CFD
analysis with the results of experiment carried out by CSTB which is indicated in this
research comperatively. As a result of this evaluation, the new Fagade Respirante has

been designed and its details are illustrated in Figures 3.1 and 3.2.
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3.3 Test Model Constitution of Designed Facade Respirante Details

The design of the Fagade Respirante is represented below.

Specific details of mock-up system is given in Figure 3.1.

Venetian Blind

2090
2100

1260

1250

Window Frame

Filter.

Figure 3.1 : General view of “Constituted Facade Respirante” test mock-up.
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The filters which are used at experiment are illustrated in Figure 3.2.

118
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N
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16

FILTER F04
MESH SIZE 500 MICRON

Figure 3.2 : Longitudinal section and cross section view of filters.
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4. ANALYSIS METHODS

4.1 Analysis of FR in Laboratory Environment

Boundary conditions and initial conditions of condensation risk assessment test
which is constituted by CSTB for Fagade Respirante systems test methodology are
presented in Section 4.1.1

Condensation test of Configured Facade Respirante is conducted in FTI (Fagade
Testing Institute) Labs based on the methodology of CSTB. This test is explained

comprehensively in Section 6.

4.1.1 Setting the boundary conditions

The defined boundary conditions based on CSTB parameters are given below as
indoor and outdoor conditions (Table 4.1).

Indoor Conditions: Temperature is kept at 20°C and relative humidity is kept at
50% and indoor is pressurized with an additional pressure of +50 Pa relatively.
Outdoor Conditions: Outdoor is conditioned to 20°C temperature and 80% relative
humidity as an initial condition. Final temperature is 0°C at end of 400th minute
thereby 1°C temperature reduction in each 20 minutes,

Humidity and temperature change at indoor, cavity and outdoor is tracked by means
of hygrometers and thermocouples. The temperature value at interior side of exterior
glass is measured. Corresponding saturation vapour pressure to related temperature
(PsQe) is identified from thermodynamic table. If vapour pressure at cavity is lower
than corresponding saturation pressure to the temperature value at interior side of
exterior glass, It is determined that there is no condensation.

15



Table 4.1 : Initial conditions and final situations data table.

Initial Conditions

Temperature (°C) Humidity (%) Pressure (Pa)
Indoor 20 50 50
Outdoor 20 80 0

1°C temperature reduction in each 20 minutes at outdoor.

Final Situation (At the end of 400" minute)

Temperature (°C) Humidity (%) Pressure (Pa)
Indoor 20 50 50
Outdoor 0 - 0

T3l

Interior Glass

Venetian Blinds

Exterior Glass

2757 mm
2665 mm
3600 mm

Indoor Outdoor

Filter 5
i i

1200 mm_ ‘ I 1200 mm ‘

Figure 4.1 : The section view of experiment prototype based on Fagade Respirante
(CLC 12-260039255) detail from CSTB.

Figure 4.1 and Figure 4.2 illustrates experiment prototype and some experiment
equipments in CLC 12-260039255 coded CSTB experiment. Table 4.2 shows the
results of specified condensation risk assessment experiments with respect to time.

There is no condensation at specified detail according to given results.
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Maximum Dimensions
i for Experiment:
Controllin
devices tog HxL=36m34m
program indoor
condition

Controlling
device to
program outdoor
condition

Thermocouples
* Hvgrometer

Figure 4.2 : Experimental Mock-up View of Fagade Respirante [20]
4.1.2 Setting the boundary conditions of configured facade respirante
condensation test

Condensation test of configured facade respirante based on comprehensive CFD
results is carried out in FTI (Fagade Testing Institute) Labs. Boundary conditions of

this test is the same with methodology CSTB condensation test.

4.2 Analysis of FR with CFD Model

The conditions at the end of 400™ minute CSTB test which is shown with red
rectengul in Table 4.2 is modelled with CFD in order to have comprehensive results
in various points of model. CFD results are validated with experimental results given
in Table 4.2, as well. CFD results are the base for the configuration of facade

respirante module.

4.2.1 Setting boundary conditions of CFD Model

The conditions at the end of 400™ minute which is shown with red rectangle in Table
4.2 are used for CFD analysis. According to August-Roche Magnus method which is

indicated in Section 5.3.5 “Validation with August-Roche Magnus Approach”,

17



Table 4.2 : Results of condensation risk assessment experiment results at the specified Fagade Respirante system [9].

T RH of T cavit RH of RH of \I/ndoorr Cavity Vapour Co\;;e:pglp_dnl[l (\D/Utdoorr
Time indoor  indoor CoaV' y Cavity extglass T +(°C) outdoor apou Pressure gvrto bl apou

o (°O) (°O) Pressure side of ext Pressure

€0 (%) (%) (%) (mmHg)

(mmHg) glass (mmHgQ) (mmHg)
0 20.7 50.5 19.9 82.1 19.8 20.2 80.8 9.222 13.553 17.313 14.313
0 h 20 min 20.5 50.8 195 82 19.1 19.2 81.8 9.197 13.238 16.576 13.637
0 h 40 min 20.5 51 1838 81.1 18.1 18.2 81.3 9.241 12.624 15,57 12.758
1 h 00 min 20.5 50.8 17.9 80.2 17.1 17.2 81.2 9.199 11.747 14.619 11.949
1 h 20 min 20.6 50.9 17 79.2 16.2 16.2 80.9 9.233 10.996 13.806 11.182
1 h 40 min 20.6 50.7 16.1 78.6 15.1 15.2 81 9.215 10.302 12.867 10.515
2 h 00 min 20.5 50.6 15.1 78 14.2 14.2 81.1 0.168 9.599 12.141 9.865
2 h 20 min 20.6 50.7 14.2 774 132 133 80.3 9.238 8.972 11.376 9.214
2 h 40 min 20.5 50.9 132 76.9 122 123 80.5 90.218 8.361 10.654 8.619
3 h 00 min 20.5 50.8 123 76.4 113 113 80.4 0.198 7.829 10.039 8.052
3 h 20 min 20.5 50.8 114 75.7 10.4 10.3 80 0.196 7.317 9.455 7.494
3 h 40 min 20.6 50.8 104 75.2 9.3 9.2 80.5 9.249 6.789 8.783 7.009
4 h 00 min 20.5 50.7 9.3 79 7.9 7.9 86.9 0.181 6.385 7.988 6.915
4 h 20 min 20.5 50.8 8.5 82.3 7.4 7.3 90.5 9.203 6.44 7.72 6.918
4 h 40 min 20.5 50.7 7.4 84.3 6.3 6.1 90.1 9.17 6.037 7.157 6.369
5 h 00 min 20.6 50.6 6.5 85.2 5.3 5.2 91 9.216 5.675 6.678 6.049
5 h 20 min 20.5 50.9 55 85.3 4.4 42 90.4 9.194 5.268 6.271 5.602
5 h 40 min 20.5 50.7 45 85.4 3.4 3.2 91 0.178 49 5.844 5.231
6 h 00 min 20.6 50.8 36 85 2.4 2.1 91.2 9.192 4582 5.444 4.871
6 h 20 min 20.5 50.8 2.6 84.3 1.3 1.2 01.8 0.198 4.263 5.031 4.589
6 h 40 min 20.5 50.7 1.6 83.8 0.3 0.2 91.7 0.181 3.943 4.68 4.271
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dew point of the specified condition at 400" minute is -0.8°C for cavity and -1.0°C
for exterior side. These are the values when condensation start under indicated

temperature and vapor pressure values as it is shown in Table 4.3.

Table 4.3 : Dew points of experimental values.

Temperature Relative Humidity

- : (o]
Point (Fluid) [°C] [%] Dew Points (°C)
Cavity 1.6 83.8 -0.8

Exterior Side 0.2 91.7 -1.0

4.3 Analysis of FR in terms of Energy Performance

Energy performance analysis is composed of condensation risk analysis of frames,
thermal transmittance of window and energy performance analysis based on heat
transfer due to temperature difference and solar radiation intensity from different

directions aspect.

4.3.1 Setting boundary conditions of energy performance analysis

Boundary conditions and initial conditions of energy performance analysis section
are given in terms of condensation, thermal transmittance and energy performance

separately.

4.3.2 Condensation risk analysis of frames

Boundary conditions in condensation risk analysis is given below. These values are

based on the specified standarts which are given section 7.1.1.

Glass Combination : 6/80.6/6/10/16/44.2 (Fig. 6.2)
Outdoor temperature :-3°C

Indoor temperature :20°C

Relative humidity (RH) 150 %

Dew point :9.3°C (Table 7.2)

U value of the inner glass combination (Ug) 111 W/mPK

Thermal conductivity of inner glass air gap () : 0.022 W/m?K (Table 7.3)

[18,19,21-25]
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4.3.3 Thermal transmittance analysis of frames

Boundary conditions in thermal transmittance analysis is given below. These values

are based on the specified standards which are given section 7.1.1.

Dimensions : 1260mm x 2100mm

Glass Combination : 6/80.6/6/10/16/44.2 (Fig. 6.2)
Indoor temperature :20°C

Temperature Difference for U; Calculation : 20 °C [19,21]]

Thermal Conductivity of the insulation panel(}) :0,035 W/m?K

Thermal Conductivity of the Spacer (1) :0.11W/mK “Aluminum spacer”
EN 10077-2 defines that to glass part of the profiles has to replace with insulation
panel to determine thermal transmittance value.

4.3.4 Energy performance

Energy performance analysis based on below boundary conditions. All the values are

specified at TS 825 (Thermal Insulation Requirements in Buildings).
Indoor: Temperature: 19°C (Heating season assumption) [17]

23°C (Cooling season assumption) [26]
Outdoor Temperature: Obtained from Table 4.4

Thermal Transmittance of CCF: 1.56 W/m?K (section 7.1.6.5)

Solar Radiation Intensity: Obtained from Table 4.5
Solar factor (SHGC): 0.39 (CCF)

0.42 (RW)
Shading Factor: 0.5
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Table 4.4 : Monthly average ambient air temperatures [17].

1. Region 2. Region 3. Region 4. Region

(°C) (°C) (°C) (°C)
January 8.4 2.9 -0.3 -5.4
February 9.0 4.4 0.1 -4.7
March 11.6 7.3 4.1 0.3
April 15.8 12.8 10.1 7.9
May 21.2 18.0 14.4 12.8
June 26.3 22.5 18.5 17.3
July 28.7 24.9 21.7 21.4
August 27.6 24.3 21.2 21.1
September 23.5 19.9 17.2 16.5
October 18.5 14.1 11.6 10.3
November 13.0 8.5 5.6 3.1
December 9.3 3.8 1.3 -2.8

23°C indoor temperature complies ASHRAE Standard 55-2013 with 25°C mean
radiant temperature, 0.1 m/s air speed, 50% humidity, 1.1 metabolic rate and 0.5

clothing level. [26]

The assumption of heating and air conditioning hours for daily office occupancy is
10 hours and the office is occupied 5 days in a week. There is 52 weeks in total.

Corresponding monthly working time is 216.7 hour.

Table 4.5 : Solar radiation values from different directions [17].

Solar Solar Sqlal_'

Radiation Radiation R?\?\;::,':n
(Soutf;) (Nortf;) East)

(W/m?) (W/m?) (W/m)
January 72.0 26.0 43.0
February 84.0 37.0 57.0
March 87.0 52.0 77.0
April 90.0 66.0 90.0
May 92.0 79.0 114.0
June 95.0 83.0 122.0
July 93.0 81.0 118.0
August 93.0 73.0 106.0
September 89.0 57.0 81.0
October 82.0 40.0 59.0
November 67.0 27.0 41.0
December 64.0 22.0 37.0
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5. DETERMINATION OF FR MODELLING BY CFD (COMPUTATIONAL
FLUID DYNAMICS)

5.1 General Features of CFD Model

Experimental model is simulated by the aid of Solidworks Flow Simulation a CFD
(Computational Fluid Dynamics) program in order to support experiment results
through computer simulation [14,27,28].

5.1.1 Specific system definitions for CFD model

CFD model was developed based on Laboratory Test Mock-up which is described at

section 4.1 and section 4.2 .

5.1.1.1 Glass combination

Exterior glass is 6 mm thickness single glass and interior glass combination is
4/16/55.2. 4/16/55.2 means 4 mm glass, 16 mm gap and two laminated glass which
has 5 mm thickness from outer to inner side. Height of glass is 2757 mm and
horizontal axis of glass is 1400 mm. 160mm /1400mm horizontal axis length of glass
is modeled in order to simulate one filter air flow behavior. Uy value of interior glass
is 1.1 W/m?K.

5.1.1.2 Support of specimen

Support, which has 200 mm thickness, is placed to bottom and top of the experiment
specimen to simulate airflow in a realistic way. Insulation panel is chosen as support

material in order to minimize effect of heat transfer.

5.1.1.3 Filters

The most important purpose of the experiments is determining the number of filters
in order to control the amount of air entering to FR. In the beginning, the number of

filters has been chosen as 8 filters in total. All of these filters are placed with 46 mm
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intervals. Surface area of each filters are 1250.7 mm? and air passage area on filter
surface is 775.45 mm?. (Figure 3.2)

5.1.1.4 Venetian blinds

The width of each venetian blind piece is 25 mm. Venetian blinds are modeled with
porous media approach at open position with an angle of 45° to vertical axis and at
closed position. The position of venetian blinds can change in order to increase

energy performance with respect to summer and winter conditions [10].

5.1.2 Simplifications

When the number of mesh increase, running time of CFD analysis might take days,
maybe weeks. CFD model should be as simple as possible in order to reduce running
time to reasonable amount of time. Therefore, there is glass simplification, filter

simplification and blind simplification at CFD model in this study.

5.1.2.1 Glass simplifications

4/16/55.2 glass combination which has Ug=1.1 W/m?K value is modeled as the glass
with A=0.021 W/mK thermal conductivity and 15.52 mm thickness in order to
decrease mesh crowd due to modeling silicone, aluminum spacer, argon in glass

combination. Simplification approach is indicated below.

d 1

1
Rtotal = nama T T heena [K/W] (5.1)
_1__1 .d 1 2
R= U~ h(in) + A + h(out) [mK/W]
1 013+ 0.01552 +0.04
1.1 j) '

1=0,021 W/mK

5.1.2.2 Filter simplification

There are various filter simplifications in order to reduce total time of CFD run.
Filter Area=1250.73 mm?

Filter surface area where allows air passage: 775.45 mm?

Porous Media: Function which arranges fluid permeability ratio of a region with

respect to various directions.
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Isotropic Porous Media: Independency of permeability from direction of airflow.
Filters are modelled with three different simplification approach

e Identifying filter as isotropic porous media with 0.63 permeability ratio at CFD

model.
o Identifying filter model as large as surface area of filter where air passes.
e Identifying filter model as linear channel with the assumption of total filter
surface area distributed uniformly, continuously all horizontal section long.
5.1.2.3 Blind simplification

To be able to simplify the blind for the best possible results, four different details
were compared based on accuracy of results. The CFD models which are simulated
in a correct simplified way leads to reach more accurate results with less running

time.

Blinds are modelled with 4 different method. Modelling methods are indicated

below:

e Modelling blinds as vertical continuous solid

e Modelling blinds as vertical discrete solid (Figure 5.1)

e Modelling blinds as a solid which consists horizontal pieces.
e Modelling as porous media with 0.30 permeability ratio. [11]

0.30 corresponds to porosity ratio of blinds which is 45° angle to vertical axis.

5.2 General Settings of CFD Models

5.2.1 Determination of the initial conditions

Gravity is defined to (-y) direction with 9.81 m/s?. Heat transfer and fluid distribution

is simulated without radiation effect for both transient and steady state separately.
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5.2.2 Boundary conditions

5.2.2.1 Indoor conditions

Measured relative humidity and temperature values of indoor at CSTB experiment
are entered exactly the same with 0.1 precision to CFD model. (Table 4.2)

5.2.2.2 Outdoor conditions

Measured relative humidity and temperature values of outdoor at CSTB experiment

are entered exactly the same with 0.1 precision to CFD model. (Table 4.2)

_——
Figure 5.1 : 3D view of CFD model with discrete blinds.

5.2.2.3 Turbulence model

Flow is modelled both laminar and turbulent. Turbulent model is modelled with 2%
turbulent intensity and 1.7 mm turbulent length. Standard k-e turbulence model is
applied to model. Turbulence model is set based on indoor and outdoor conditions as

it is mentioned above.

5.2.2.4 Other settings

Wind

There is no defined wind as boundary condition.
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Window
Aluminum frame profiles around glass is simplified at the first models and they are
removed due to being lead to meaningless results at CFD model.

Distance
Distance between glasses can be various lengths in terms of convenience to climate
condition. The distance between glasses is 75 mm.
5.2.3 Mesh settings

Meshing strategy identifies where to solve flow. Mesh has considerable influence on
convergence rate, accuracy of solution and needed running time. Mesh distribution
and mesh numbers of all CFD model in this paper is illustrated in Table 5.1 and
Figure 5.2 [15].

ik

Figure 5.2 : Mesh distribution of CFD model (from left to right Y-Z axis view, filter
mesh, X-Z axis view, X-Y view).
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Table 5.1 : Total iteration number and total mesh number.

CFD Model without CFD Model with CFD Model with

Porous Media Porous Media Linear Channel
Iteration 1362 1250 5426
Cells 370820 452032 551404
Fluid Cells 263486 296016 360082
Solid Cells 14262 42112 59770
Partial Cells 93072 113904 131552

5.3 Results

The results of the research are focused the effect of three major variations. These are
velocity, temperature, and relative humidity. According to August-Roche Magnus
method which is indicated at section 5.3.5 “Validation with August-Roche Magnus
Approach”, dew point of the specified conditions at 400 th minute is -0.8 °C for
cavity and -1.0 °C for exterior side in experimental results and dew point in
specified conditions at Ca.lis 0.24°C (Model without porous media), 0.24°C (model
with porous media), -0.24°C (model with linear channel) in CFD analysis and dew
point in specified conditions at Ca.2 is 0.10°C (Model without porous media),
0.22°C (model with porous media), -0.47°C (model with linear channel) in CFD
analysis . These are the values when condensation start.

Results are based on specified boundary conditions. Indoor is 20 °C and 50% relative

humidity, outdoor is 0°C.
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5.3.1 Specified points
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Figure 5.3 : Specified points.
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Table 5.2 : Explanation of specified points.

Point Explanation

G-1.1 Interior surface bottom point of exterior glass
G-1.2 Interior surface mid point of exterior glass

G - 1.3 Interior surface top point of exterior glass
Bottom part middle point between exterior glass and
Call yling

Ca2.1 Bottom part middle point between blind and interior glass
Cal.2 Mid part middle point between exterior glass and blind
Ca2.2 Mid part middle point between blind and interior glass
Cal.3 Top part middle point between exterior glass and blind
Ca 2.3 Mid part middle point between blind and interior glass

5.3.2 Velocity, temperature and RH values from specified points

All measurements are taken from specific points which are indicated with respect to
velocity, temperature and RH levels based on three different modeling approach.
These parameters are from cavity and glass surfaces of points which are shown on
from Table 5.3 until Table 5.8.

Various results of “Model without Porous Media” from specified points in cavity and

on exterior glass interior surface are indicated in Table 5.3 and Table 5.4.

Table 5.3 : “Model without Porous Media” results from specified points in cavity.

Point  x [m] [m] 2 [m] Velocity Temperature 55::::1\'/5
y [m/s]  (Fluid) [°C] %) y
Call 0.08 -2.70 0.08 0.039 0.98 94.46
Ca2l 0.08 -2.70 0.03 0.037 0.86 92.85
Cal2 0.08 -1.35 0.08 0.011 4.97 71.53
Ca22 0.08 -1.35 0.03 0.028 11.95 44.35
Cal3 0.08 -0.20 0.08 0.025 6.32 65.26
Ca23 0.08 -0.20 0.03 0.001 15.81 34.73
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Table 5.4 : “Model without Porous Media” results from specified points on exterior

glass surface.

Point  x[m] y[m] z[m] Velocity Temperature I—ITlfrIr?lt(Ij\llfy
] (Fuid c] o
G-11 008 270 009 0.0 0.46 98.01
G-12 008 -135 009  0.00 1.47 91.43
G-13 008 -020 009  0.00 252 84.93

Various results of “Model with Porous Media” from specified points in cavity and on

exterior glass interior surface are indicated in Table 5.5 and Table 5.6.

Table 5.5 : “Model with Porous Media” results from specified points in cavity.

Point  x [m] [m] 2 [m] Velocity —Temperature I—Tlfrlrii;[(lj\llte
y [ws] (P[] e y
Call 0.08 -2.70 0.08 0.052 0.96 94.70
Ca2l 0.08 -2.70 0.03 0.050 1.05 93.90
Cal2 0.08 -1.35 0.08 0.008 4.36 74.60
Ca22 0.08 -1.35 0.03 0.028 11.84 44.77
Cal3 0.08 -0.20 0.08 0.048 4.17 75.69
Ca23 0.08 -0.20 0.03 0.001 15.51 35.38

Table 5.6 : “Model with Porous Media” results from specified points on exterior
glass surface.

Velocity Temperature Relative
Point  x[m] y [m] z [m] Lo Humidity
[m/s] (Fluid) [°C] [%]
G-11 0.08 -2.70 0.09 0.00 0.48 97.95
G-12 0.08 -1.35 0.09 0.00 1.55 90.85
G-13 0.08 -0.20 0.09 0.00 1.60 90.60

Various results of “Model with linear channel” from specified points in cavity and on

exterior glass interior surface are indicated in Table 5.7 and Table 5.8.
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Table 5.7 : “Model with linear channel” results from specified points in cavity.

Velocity  Temperature Relative
Point  x[m] y [m] z [m] [m/s] (Fluid) [°C] HUEE]/(I)?Ity
Call 0.08 -2.70 0.08 0.047 0.90 91.19
Ca21 0.08 -2.70 0.03 0.053 0.74 89.16
Cal2 0.08 -1.35 0.08 0.043 3.74 75.29
Ca22 0.08 -1.35 0.03 0.030 11.70 43.32
Cal3 0.08 -0.20 0.08 0.031 6.45 62.77
Ca23 0.08 -0.20 0.03 0.004 15.94 33.25

Table 5.8 : “Model with linear channel” results from specified points on exterior
glass surface.

Velocity Temperature Relative
Point  x[m] y[m] z[m] L o Humidity
[m/s] (Fluid) [°C] [%]
G-11 0.08 -2.70 0.09 0.00 0.37 95.02
G-12 0.08 -1.35 0.09 0.00 1.68 86.99
G-13 0.08 -0.20 0.09 0.00 2.01 85.47

The tables above indicates that the fluid temperature in cavity and on glass surface
gets higher as long as the height of measured points gets higher in three different
model. Relative humidity values in cavity and on glass surface gets lower as long as
the height of measured points gets higher in three different model. Velocity values in
cavity between blind and interior glass gets lower as long as the height of points gets
higher. These tables illustrate how chimney effect reacts in the cavity in three

different models.

5.3.3 Value comparison charts between three different models

CFD results from specified points are arranged as charts in order to compare the
values in terms of relative humidity, temperature and velocity as it is shown at Figure
5.4, Figure 5.5 and Figure 5.6.
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Figure 5.4 : Relative humidity values at glass surface (above), cavity between
exterior glass and blind (bottom left), cavity between blind and
interior glass (bottom right).

The values obtained from interior cavity match up with each others in quite high

level in terms of relative humidity, temperature and velocity.

Specified tables and charts in “5.3 Result” section indicates that there is no
condensation at measured points. It is also illustrated in specified table and charts

that there is highly convenience with experimental results.
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Figure 5.5 : Temperature values at glass surface (above), cavity between
exterior glass and blind (bottom left), cavity between blind and
interior glass (bottom right).
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— oot \ \ Model with linear channel
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Figure 5.6 : Velocity values at glass surface (above), cavity between exterior
glass and blind (bottom left), cavity between blind and interior glass
(bottom right).
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5.3.4 Cut plots from the middle of right plane

Cut plots from middle of right plane is taken in order to compare all of models in

terms of velocity, temperature and relative humidity in Figure 5.7, Figure 5.8 and

Figure 5.9.

0140
0133
0117
0100
0083
0.067
0.0s0
0033
0017

o

Welocity [mrs]

Figure 5.7 : Model without porous Media (left), model with porous media (middle),
model with linear channel (right) velocity distributions.
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Figure 5.8 : Model without porous Media (left), model with porous
media (middle),model with linear channel (right) temperature
distribution.
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Figure 5.9 : Model without porous media (left), Model with porous media (middle),
model with linear channel (right) relative humidity distributions.
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CSTB condensation assessment risk test results at 400™ minute is given below.(Table
5.9) (Comprehensive test results are given in Table 4.2)

Table 5.9 : Experiment results at 400" minute.

Region Temperature (°C) Relative Humidity (%)
Cavity 1.6 83.8
Exterior Glass Interior Surface 0.3 n/a

Even though there are some mismatches in velocity cut plots between three different
models (Figure 5.7), trend of velocity distribution is highly matched with each

other’s. Similarity ratio decreases as long as height increase.

There is high similarity between three different models in terms of temperature
distribution. Temperature values obtained from test are also validate CFD output as it

is clearly shown with Table 4.2 and Figure 5.8.

On the ground of observing higher velocities due to narrow channel effect of linear
channel, relative humidity values are relatively lower with respect to other models

which is shown at Figure 5.9.

“Air flow and heat transfer in double skin fagades” illustrates that there is 3°C
difference at outer cavity, 1°C — 1.5 °C difference at inner cavity and around 1°C
difference on inner glass surface in 20°C and 30°C interval between CFD results and
experiment results. As it is obviously seen from Table 5.9 and Figure 5.8 and Figure
5.9, there is significantly less difference between model results and experimental

results.

5.3.5 Validation with August-Roche Magnus Approach

Table 5.10 indicates corresponded dew points with respect to relative humidity and
temperature values according to August-Roche Magnus approach. If temperature of
any surface which contact with indoor is lower than dew point of indoor
environment, there is condensation occurrence at specified surface. Minimum

temperature on surface is mostly seen on aluminium profile surface or glass surface.
August-Roche Magnus Formula;

The Magnus-Tetens formula for the vapour pressure is given by [13]
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p, =0.6105 22T+ 1pa) (5.2)

with  a=17.27
b=237.7 °C

and Td is in °C.

a=6.105 millibar; b=17.27; ¢=237.7°C: 0°C<T<+60°C (+0.4°C)

The relative humidity and vapour saturation pressure has direct relation with the
vapor pressure by

Fw =qu'pw.s (5.3)

Saturated air means the air which has 100% relative humidity and the temperature

equals to dew point temperature

Pw=RH py;
— 06105 exp| 224 :0.6105-&?-&@[&'?}
BTy BT
:Td[f,gquw
a—clT,RH ) (5.4)
where
ofT, RH )= n(RH )+ 2L
B+T (5.5)
[13].
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Table 5.10 : Dew point value changes with respect to relative humidity and

temperature.
INDOOR RELATIVE HUMIDITY (RH. %)
TEMP.

oC 30 3 40 45 50 55 60 65 70 75 80 8 90 95

30.0 105 128 149 168 184 200 214 227 239 251 262 272 282 291
29.0 97 120 140 158 175 190 204 217 230 241 252 262 272 281
28.0 88 111 131 149 166 181 195 208 220 231 242 252 262 27.1
27.0 79 102 122 140 157 172 186 198 210 222 232 243 252 261
26.0 71 93 113 131 148 162 176 189 201 212 223 233 242 251
25.0 6.2 85 105 122 138 153 167 180 191 203 213 223 232 241
24.0 53 76 96 113 129 144 157 170 182 193 203 213 223 231
23.0 45 67 87 104 120 135 148 161 172 183 194 203 213 222
22.0 36 58 78 95 111 125 139 151 163 174 184 194 203 212
21.0 28 49 69 86 102 116 129 142 153 164 174 184 193 20.2
20.0 19 41 60 77 93 107 120 132 144 154 164 174 183 192
19.0 1.0 32 51 68 83 97 111 123 134 145 155 164 173 182
18.0 02 23 42 59 74 88 101 113 124 135 145 154 163 172
17.0 07 14 33 50 65 79 92 104 115 125 135 145 153 162
16.0 16 05 24 41 56 70 82 94 105 116 125 135 144 152
15.0 24 03 15 32 47 60 73 85 96 106 116 125 134 142
14.0 33 12 06 23 37 51 64 75 86 96 106 115 124 132
13.0 42 21 03 13 28 42 54 66 77 87 96 105 114 122
12.0 50 30 -12 04 19 32 45 56 67 77 87 96 104 112
11.0 59 -39 21 05 10 23 35 47 57 67 77 86 94 102
10.0 68 -48 30 -14 01 14 26 37 48 58 67 76 84 92

Condensation risk on exterior glass interior surface is assessed at Table 5.11, Table

5.12 and Table 5.13 with respect to dew points of cavity temperature and cavity

relative humidity from same height according to August-Roche Magnus formula

with on specified points, which are indicated at 5.3.1 specified points section. (G and

Ca 1 points)

Table 5.11 : Condensation risk assessment in “Model without porous media”.

. Relative Dew .
. Velocity Temperature s - . Temperature Condensation
Point s Humidity Points v Point .o -
[m/s] (Fluid) [°C] [%] ©C) (Fluid) [°C] Sit.
No
Call 0.039 0.98 94.46 0.19 0.014 G-11 0.46 Condensation
Calz2 0.011 4.97 71.53 0.26 0.019 G-12 1,47 No .
Condensation
Cals 0.025 6.32 65.26 0.28 0.020 G-13 2,52 No

Condensation
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Table 5.12 : Condensation risk assessment in “Model with porous media”.

- Relative Dew -
. Velocity Temperature L - . Temperature  Condensation
Point Lo Humidity Points Y Point o <
[m/s] (Fluid) [°C] [%] ©C) (Fluid) [°C] Sit.
Call 0.052 0.96 94.70 0.20 0015 G-11 0,48 No
Condensation
No
Calz 0.008 4,36 74.60 0.24 0018 G-12 1,55 Condensation
Cal3 0.048 4,17 75.69 0.26 0019 G-13 1,60 No

Condensation

Table 5.13 : Condensation risk assessment in “Model with linear channel”.

- Relative Dew -
Point Vfrlr?/csl]ty -E%TES; ?Elér]e Hu[rg/:’(]jity Pzicn)ts Y Point IETES;%UC? CondSeF:atlon
Call 0.047 0.90 91.19 -0.37 -0.027 G- 0,37 No .
11 ' Condensation
Cal2 0043 3,74 75.29 02 0016 o 168 Condoe i
cal3 0031 6.45 62.77 013 000 S 2,01 Contomation

The dew points in the middle of cavity between blind and exterior glass are
considerably lower than temperature on glass surface with same height. Therefore,
there is no condensation.

5.3.6 Effect of different filter distance to exterior glass

This part evaluates effects of the filter distance to exterior glass in “Model without

porous media”.

Table 5.14 : Effect of “25 mm distance to exterior glass” in cavity.

Velocity ~Temperature | < atve
Point X [m] y [m] Z [m] [m/S] (Fluld) [OC] HUmIdIty

[%]
Call 0.08 -2.70 0.08 0.039 0.98 94.46
Ca21 0.08 -2.70 0.03 0.037 0.86 92.85
Cal2 0.08 -1.35 0.08 0.011 4.97 71.53
Ca22 0.08 -1.35 0.03 0.028 11.95 44.35
Cal3 0.08 -0.20 0.08 0.025 6.32 65.26
Ca23 0.08 -0.20 0.03 0.001 15.81 34.73
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Table 5.15 : Effect of “25 mm distance to exterior glass” on exterior glass surface.

Velocity  Temperature Relative
Point  x[m] y [m] z [m] L o Humidity
[m/s] (Fluid) [°C] [%]
G-11 0.08 -2.70 0.09 0.00 0.46 98.01
G-12 0.08 -1.35 0.09 0.00 1.47 91.43
G-13 0.08 -0.20 0.09 0.00 2.52 84.93

Table 5.16 : Effect of “38 mm distance to exterior glass” in cavity.

Point  x[m] [m] 2 [m] Velocity Temperature I—TE:::éYf
y [is] (Fluid) [°C] "0 y
Call 0.08 -2.70 0.08 0.040 0.97 94.54
Ca2l 0.08 -2.70 0.03 0.039 0.86 93.69
Cal2 0.08 -1.35 0.08 0.012 4.98 71.49
Ca22 0.08 -1.35 0.03 0.028 11.98 44.33
Cal3 0.08 -0.20 0.08 0.035 4.98 71.53
Ca23 0.08 -0.20 0.03 0.001 15.99 34.30

Table 5.17 : Effect of “38 mm distance to exterior glass” on exterior glass surface.

Velocity Temperature Relative
Point  x[m] y[m] z [m] L ro Humidity
[m/s]  (Fluid) [°C] [%]
G-11 0.08 -2.70 0.09 0.00 0.46 98.03
G-12 0.08 -1.35 0.09 0.00 1.42 91.70
G-13 0.08 -0.20 0.09 0.00 2.05 87.78

Table 5.18 : Effect of “5S6 mm distance to exterior glass” in cavity.

Point  x[m] y[m] z[m] velocity Temperature Sfrlsutcli\:f
y [mis] (Fluid) [°C] " o y
Call 008 270 008 0040 1.03 94.31
Ca21 008 -270 003  0.042 0.93 94.38
Cal2 008 -135 008 0012 4.48 74.01
Ca22 008 -135 003 0028 11.98 44.42
Cal3 008 -020 008 0010 5.40 69.45
Ca23 008 -020 003 0001 15.68 35.02
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Table 5.19 : Effect of “56 mm distance to exterior glass” on exterior glass surface.

Point  x [m] [m] 2 [m] Velocity Temperature I-Tj:r?::in
y [wis] - (Fluid) [°C] o0 y
G-11 0.08 -2.70 0.09 0.00 0.46 98.23
G-12 0.08 -1.35 0.09 0.00 1.41 91.86
G-13 0.08 -0.20 0.09 0.00 1.95 88.40

All the above data taken from the models with different filter positions shows the
outputs indicated below.

When filter gets closer to interior side, relative humidity next outer glass becomes

higher.
The filter position has no considerable effect on to velocity distribution.

Filter position influence more below part of cavity from temperature, velocity and

relative humidity aspect.

5.4 Next Step

The report based on CLC 12-260039255 numbered lab experiment by CSTB is
modeled and simulated at Solidworks Flow Simulation CFD program in order to
have comprehensive results in this work. Facade Respirante is constituted by using
comprehensive results of CFD analysis which is validated with CSTB lab report.
Accordingly, a new Fagade Respirante mock-up was developed. There will be new
experiment with currently developed Facade Respirante. The lab results of this
experiment will be also compared with validated CFD model which is revised with
respect to dimensions of currently constituted model in order to reach Facade
Respirante which has maximum thermal performance without condensation.
Moreover, the Fagade Respirante configuration will be developed under different
climatic conditions, as well. This study will be also presented as master thesis at

Istanbul Technical University Energy Institute.
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6. TESTING THE FR FOR CONDENSATION RISK

This chapter includes condensation risk assessment of previously constituted closed

cavity fagade at FTI (Facade Testing Institute) Labs in Istanbul Catalca district.

The purpose is to assess the risk of condensation on exterior glazing surface and
aluminum surface which contact with cavity air. Hygrometers and thermocouples,
which are placed to critical points, also help us to determine by tracking relative

humidity and temperature variations inside of the cavity.

Thermocouples (Thermal sensors) and hygrometers are placed to various zones in
order to measure temperature values with 0.1 °C and 0.1% precision and from 0.5%
to 1.6% uncertainty for hygrometer and 0.1°C temperature uncertainty for

thermocouples.

All the measurements are collected by means of data logger. Thermal and hygric
measurements are recorded with 30 seconds intervals. Experiment is carried out
between 06 -15 May 2015 dates. Experiment is carried out according to five different

variation.

Please see below mock-up variation with respect to blind and filter situation for each

day respectively.

e Venetian blind is removed

e Adjusting venetian blind with vertically positioned (closed)

e Adjusting venetian blind with 90° vertical angle (open)

When blinds are vertically positioned which is the most critical among the others:
e Sealing one filter out of six filters

e Sealing two filters on right and left side out of six filters
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6.1 Methodology of Experiment

Boundary conditions and initial conditions of condensation risk assessment
experiment which is constituted by CSTB for Facade Respirante systems test

methodology is indicated below. [9]

6.1.1 Setting the boundary conditions

The defined boundary conditions based on CSTB parameters are given below as

indoor and outdoor conditions (Table 6.1).

Indoor Conditions: Temperature is kept at 20°C and relative humidity is kept at

50% and indoor is pressurized with an additional pressure of +50 Pa relatively.

Outdoor Conditions: Outdoor is conditioned to 20°C temperature and 80% relative
humidity as an initial condition. Final temperature is 0°C at end of 400th minute

thereby 1°C temperature reduction in each 20 minutes.

Humidity and temperature change at indoor, cavity and outdoor is tracked by means
of hygrometers and thermocouples. The temperature value at interior side of exterior
glass is measured. Corresponding saturation vapour pressure to related temperature is
identified from thermodynamic table. If vapour pressure at cavity is lower than
corresponding saturation pressure to the temperature value at interior side of exterior

glass, It is determined that there is no condensation.

Table 6.1 : Initial conditions and final situations data table.

Initial Conditions

Temperature (°C) Humidity (%) Pressure (Pa)
Indoor 20 50 50
Outdoor 20 80 0

1°C temperature reduction in each 20 minutes at outdoor.

Final Situation (At the end of 400" minute)

Temperature (°C) Humidity (%) Pressure (Pa)
Indoor 20 50 50
Outdoor 0 - 0
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6.2 Description of Mock-Up

Components of test mock-up is explained in terms of technical features in this

il

section.

Interior Glass

Yenetian Blinds

Extenor Glass

Indoor Qutdoor

Filter : i_

Figure 6.1 : Section view of experiment stand.

6.2.1 General features of glazing combination
Glass combination of mock up is shown below.
Dimensions: 1260 mm x 2100 mm

Glazing Combination: Clear Float Glass 6 mm + 81 mm Respired Cavity Gap
including blind) + Clear Float Glass 6 mm + Sun-Guard HS Superneutral 70 (low-e

layer) + 16 mm Cavity (90% Argon) + Clear Laminated Glass 8mm 44.2 8

Total volume of cavity between inner glass combination and outer glass is 0.18 m®,

6.2.1.1 Inner glass combination

Inner glazing combination is calculated through Guardian Glass Performance

Calculator program. The output of the program is illustrated below.

6.2.1.2 Outer glass

Clear Float Glass with 6 mm thickness is used as outer glass.
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Figure 6.2 : Glazing combinations of Fagade Respirante.
6.2.2 Venetian blinds

The Venetian blinds which are used in this experiment is the product of Hella. Blinds
is made of aluminum and It is electrically controlled. Slat width of the blind is 25

mm.
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total thickness = 30,76 mm

Glazing from external to internal:

Pane 1

6 mm Float Glass ExtraClear
SunGuard SN 70/41

Spacer 1 - 16 mm

Pane 2
4 mm Float Glass Clear
0,76 mm PVB Clear
4 mm Float Glass Clear

10% Air
90% Argon
Results
Visible light (EN 410 - 2011) Solar energy (EN 410 - 2011)
transmittance [%] T, = 67,6| solar factor [%] g= 405
reflectance external [%] pv = 10,4| shading coefficient [g/0.87] sc= 0,47
reflectance internal [%] p,= 11,0 direct transmittance [%] Te = 34,6
general colour rendering index [%] R, = 94,8 direct reflectance external [%] pe= 333
direct reflectance internal [%] pe= 25,0
Thermal properties (EN 673 - 2011) direct absorption [%] a= 321
U-value [W/(m?K)] Ug= 1,1 UV transmittance [%] Tw= 05
slope a = 90° secondary internal heat transfer factor [%] gi= 5,9
Other data
estimated sound reduction index [dB] Rw = NPD
(EN 717-1) C = NPD
Cy= NPD

Figure 6.3 : Technical features of inner glass combination [Guardian Glass

Configurator].

Figure 6.4 :

Hella blind [29].
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6.2.3 Filters

There are 6 pieces filters to supply slightly ventilation in order to prevent
condensation.  The number of filter can be decreased in accordance with
condensation situation. SOFABIN FILTREO4 500G model (Figure 6.5) is used in
this experiment. Filter mesh size is 500 micron. Mesh size directly affect air passage
behaviour inside to cavity, as well as dust and dirt accumulation. Some feature of

specified filter is shown below.

Filter Dimension: ®19mm x 111.5 mm
Filter Surface area: 1250.73 mm?

Mesh Size: 500pum

Air Passage area: 800.47 mm?
Number of Filter: 6

Total Filter Surface Area: 75.1 cm?
Total Air Passage Area:  48.0cm

Section and plan view of specified filter is illustrated in Figure 6.5.

92

10 >
2.1 q—T 2
L. k
} ‘
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19,5
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b
b

2,1 la—

Figure 6.5 : Plan and section and view of filters [30].

50



6.2.4 General views of facade respirante details
The design of the Fagade Respirante is represented below.

1) Specific detailing of mock-up system is given in Figure 6.6.

Venetian Blind

=
g B
0
[
Filter
_Ar |
1260
Window Frame 1250
Filter g f— Sy S ) G —

Vs Tee " Tee len e 6 s

Figure 6.6 : General view of constituted fagade respirante test mock-up after
analysis.
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2.)Frame details of closed cavity facade system is shown in Figure 6.7, Figure 6.8
and Figure 6.9.

<
] —
—
NN < ‘ RS
DRSS NS
AN \\\\\\\s\\ N
R NAANAN NN

Figure 6.7 : Horizontal frame-1 (Bottom).

V. 7

Figure 6.9 : Vertical frame
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6.3 Selection of Experiment Equipments

Various equipments are used for the purpose of measuring easy, sensible and
reliable. Used equipments are hygrometers, data logger, thermal sensor

(thermocouple), humidifier, dehumidifier and air conditioner (Figure 6.10).

Controlling
devices to

program indoor
condition

Controlling
device to program
outdoor condition

Thermocouples
* Hvgrometer

Figure 6.10 : Experimental mock-up view of Fagade Respirante [20].
6.3.1 Identification of experiment equipments
The positions of experiment equipments are identified in Figure 6.11.
6.3.1.1 Thermocouple (Thermal Sensor)

Thermal Sensors (Thermocouple) are used in order to measure temperature values
sensitively in various zones. Used thermocouples used in this experiment are T type
product of Omega brand. Measurement sensibility of the product is 0,1 °C . The
product is made of copper-constantan. It is suited for measurements in the —200 to
350 °C range. T thermocouples have a sensitivity of about 43 uV/°C. It has £0,5 °C
tolerance between —40 °C - 125 °C.
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Figure 6.11 : Section detail (left) and plan detail (right) placement of thermocouples
and hygrometers.

Figure 6.12 : Omega T type thermocouple.

Locating thermal sensors (Thermocouple)

There are four thermocouples on glazing surface with various heights, four
thermocouples in between blind and exterior glass and four thermocouples in

between blind and interior glass. There are additionally 2 more thermal sensors at

54



indoor and outdoor. Overall, 14 thermal sensors are used for this experiment.
Positions and heights of thermocouples are identified as it is illustrated in Table 6.2.

Table 6.2 : The zones where thermal sensors (Thermocouple) are located and height

of them .

Symbol Name Position Tﬁ}'ggt
T-1 Thermocouple-1 Exterior Glass Interior Surface 100
T-2 Thermocouple-2 Exterior Glass Interior Surface 400
T-3 Thermocouple-3 Exterior Glass Interior Surface 1400
T-4 Thermocouple-4 Exterior Glass Interior Surface 1800
T-5 Thermocouple-5 Cavity Between Exterior Glass and Blind 100
T-6 Thermocouple-6 Cavity Between Exterior Glass and Blind 400
T-7 Thermocouple-7 Cavity Between Exterior Glass and Blind 1400
T-8 Thermocouple-8 Cavity Between Exterior Glass and Blind 1800
T-9 Thermocouple-9 Cavity Between Interior Glass and Blind 100
T-10 Thermocouple-10 Cavity Between Interior Glass and Blind 400
T-11 Thermocouple-11 Cavity Between Interior Glass and Blind 1400
T-12 Thermocouple-12 Cavity Between Interior Glass and Blind 1800

6.3.1.2 Hygrometers (Humidity Sensors)

Hygrometer (Humidity Sensor) is the instrument which measures moisture content in
air. There are various types of hygrometers which are based on three different
technology such as resistive sensors, capacitive sensors and thermal conductivity
sensing technology. Resistive sensors can be used for remote locations, capacity
sensors are able to indicate wide RH range and thermal conductivity sensors are

highly resistant against corrosive conditions at high temperatures. [31]

Two different type of hygrometers are used in this experiment. These are Dixell
XH20P (Figure 6.13) and OMET T3111P (Figure 6.14). Dixell XH20P can cover
from 0% to 99% relative humidity range with 1,7% uncertainty in accordance with
the calibration indicated 6.3.2.1 section. Omet T3111P product can measure
humidity from 0%to 100% relative humidity with maximum 0.7% uncertainty with

the calibration indicated 6.3.2.1 section.
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Figure 6.13 : Dixell XH20P hygrometer [32].

Figure 6.14 : OMET T3111P hygrometer [33].

Locating hygrometers in experiment

Hygrometers in cavity are also capable of measuring temperature values. The
humidity probe locations will give the temperature values of the specified points.

Position of hygrometers are illustrated in Table 6.3.
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Table 6.3 : Hygrometer positions in experiment.

Symbol Name Position I—(IreT:?nf;t
H-1 Hygrometer-1 Cavity Between Exterior Glass and Blind 200
H-2 Hygrometer-2 Cavity Between Exterior Glass and Blind 1000
H-3 Hygrometer-3 Indoor 1050
H-4 Hygrometer-4 Outdoor 1050

6.3.1.3 Data logger

Data logger is the device which records measured data obtained by sensors according
to time intervals. The data logger which is used in this experiment is HP Agilent data
logger 34972A model. The data logger is located interior side in this experiment. The

image of the product is given in Figure 15.

3:(— Agilent ‘.,‘..n 7 Switch Unit

g

Figure 6.15 : HP Agilent 34972A data logger [34].
6.3.1.4 Humidity control

Humidity control is supposed to be exist in order to keep indoor in 50% relative
humidity and to start outdoor in 80% relative humidity.

Humidifier: Sinbo Ultrasonic Humidifier is used to humidify indoor and outdoor in

this experiment.

Dehumidifier: Olefini OLE-12 NA (Figure 6.16) is used to dehumidify excessive
humidity from indoor.
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Figure 6.16 : Olefini-12 NA dehumidifier [35].
6.3.2 Calibration

Experiment instruments such as COMET T3111P, COMET T3111, DIXELL XH20P
Omega T Type thermocouples are calibrated in “Penta Otomasyon” labs which is

accredited by Turkish Accreditation Agency.

6.3.2.1 Hygric sensors

COMET T3111P, COMET T3111 and DIXELL XH20P are calibrated in terms of
hygric measurements. There is 0.1% precision and from 0.5% to 1.6% uncertainty
depending on measurement instrument. Hygric calibration details are illustrated in
Table 6.4.

Table 6.4 : Hygric calibrations.

Reference Reference Reference

Humidity E(E/rc;r Humidity E((r)/rc))r Humidity E(I;/rc))r
(%) > (%) ° (%) °
21.6 0.7 216 -0.8 22.3 -14
COMET COMET DIXELL
T3111P 52.9 0.5 T3111 52.9 -0.7 XH20P 49.8 -1.6
83.4 0.7 83.4 -0.8 82.6 -1.7

6.3.2.2 Thermal sensors

COMET T3111P, COMET T3111 and all thermocouples are calibrated in terms of
thermal measurements. There is 0.01°C precision and from 0.5% to 1.6% uncertainty

(Table 6.5) depending on measurement instrument.
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Table 6.5 : Thermal calibrations.

COMET T3111 COMET T3111P Thermocouple
Reference Error Reference Error Reference Meas.
Temperature (%) Temperature (%) Temperature  Uncertainty

O O O ©C)

-5.2 -0.1 -5.2 -0.2 -10.0 +0.2

5.4 -0.2 5.6 0.2 0.0 +0.2

20.3 -0.2 205 0.2 10.0 +0.2

20.0 +0.2

6.4 Set Cases

All the measurements are collected by means of data logger. Thermal and hygric

measurements are recorded with 30 seconds intervals.

Experiment is carried out between 06" May - 15" May 2015 dates in order to
confirm measurement accuracy. Experiment is carried out according to five different

variation.

Please see below mock-up variation with respect to blind and filter situation for each

day respectively.

e Venetian blind is removed

e Adjusting venetian blind with vertically positioned (closed)

e Adjusting venetian blind with 90° vertical angle (open)

When blinds are vertically positioned which is the most critical among the others
e Sealing one filter out of six filters

e Sealing two filters on right and left side out of six filters
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Figure 6.17 : General view of experiment stand.

6.5 Results

Experiment results are evaluated with respect to 3 different criteria which are

indicated below.
e Effect of blind onto temperature and relative humidity variation
e Effect of slat angle onto temperature and relative humidity variation

e Effect of the number of filter decrement temperature and relative humidity

variation

Tindoor Indoor Temperature

RHindoor  Indoor Relative Humidity

Textglss  Inner side temperature of exterior glass

Touter cavity - Temperature of the cavity between outer glass and blind
Tinner cavity  Temperature of the cavity between blind and inner glass
RHcavity  Cavity Relative Humidity

Text Outdoor temperature
RHoutdoor  Outdoor relative humidity
Pivp Indoor Vapour Pressure
Pevp Cavity Vapour Pressure

Corresponded Saturated VVapour Pressure to inner side temperature of

P .
P exterior glass

Powp Outdoor Vapour Pressure
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6.5.1 Venetian blind with vertically positioned (Slats are closed)

Experiment result table and experiment result chart of venetian blind with vertically

position is presented at Table 6.6 and Figure 6.18 respectively.

Partial vapour pressure of cavity is lower than corresponded saturated partial vapour

pressure to Texerior glass throughout experiment. Therefore, there is no condensation.

The mean pressure difference value between Py, and Pgyp is 13 Pa in last 100 minute.
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Table 6.6 : Condensation risk experiment result table of venetian blind with vertically positioned.

Time T(igdoor) RHindoor TI:S): Toutercavity T innercavity ~ RHcaviy  Text mi:lr Pivp Pevp Peup Povp PSZZ_PS))CVP
(W9 (%) (%C) (W9 (W9 (%) O (%) (kPa) (kPa) (kPa) (kPa) (Pa)
0 22.6 50.2 21.0 21.4 21.7 61.6 20.1 78.0 1.374 1.570 2.474 1.827 904
0 h 20 min 22.6 50.2 20.5 21.0 21.4 61.3 19.2 74.8 1.374 1.524 2.407 1.656 882
0 h 40 min 22.6 50.0 19.9 20.6 21.1 61.2 18.2 72.4 1.368 1.480 2.316 1.506 837
1h 00 min 22.6 50.0 19.1 19.9 20.5 62.1 17.1 70.7 1.368 1.436 2.211 1.371 774
1 h 20 min 22.6 50.0 18.3 19.1 20.0 63.6 15.8 69.4 1.368 1.407 2.101 1.247 694
1 h 40 min 22.6 50.0 17.6 18.5 194 65.3 15.0 69.4 1.368 1.390 2.011 1.184 621
2 h 00 min 22.6 50.0 16.9 17.9 18.8 67.4 14.1 69.0 1.368 1.375 1.916 1.110 541
2 h 20 min 22.6 50.0 16.1 17.2 18.2 69.7 13.2 68.8 1.368 1.361 1.828 1.043 467
2 h 40 min 22.5 50.0 15.1 16.3 175 72.8 12.0 69.0 1.360 1.346 1.717 0.967 372
3h 00 min 22.5 50.0 144 15.6 16.9 75.5 111 69.7 1.359 1.336 1.634 0.919 298
3h20 min 224 50.0 134 14.7 16.0 79.2 9.9 70.5 1.350 1.319 1.529 0.859 211
3 h40 min 22.3 50.2 125 13.9 15.3 82.5 9.0 71.2 1.349 1.306 1.451 0.816 146
4 h 00 min 22.2 50.5 11.6 13.0 14.6 85.4 8.0 72.2 1.346 1.280 1.363 0.774 83
4 h 20 min 22.0 50.7 10.7 12.2 13.8 86.5 7.1 73.3 1.335 1.227 1.283 0.739 56
4 h 40 min 219 50.9 9.9 114 13.1 86.8 6.2 74.2 1.333 1.172 1.216 0.702 44
5h 00 min 21.7 50.9 8.9 105 12.2 87.0 5.1 74.8 1.317 1.102 1.137 0.656 34
5h 20 min 21.4 50.0 7.9 9.6 11.4 87.1 4.1 76.1 1.271 1.039 1.062 0.622 23
5h 40 min 21.2 50.9 6.9 8.7 10.6 87.2 3.1 77.0 1.277 0.977 0.996 0.586 19
6 h 00 min 21.0 50.2 6.1 7.9 9.8 87.3 2.3 78.7 1.246 0.928 0.941 0.566 13
6 h 20 min 20.5 50.0 4.8 6.9 8.8 87.9 1.7 80.9 1.202 0.872 0.875 0.559
6 h 40 min 20.3 49.6 4.2 6.6 8.5 88.0 1.0 80.2 1.178 0.855 0.861 0.528
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Figure 6.18 : Condensation risk experiment result chart of venetian blind with vertically positioned
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6.5.2 Venetian blind with horizontally positined (Slats are open)

Experiment result table and experiment result chart of venetian blind with vertically

position is presented at Table 6.7 and Figure 6.19 respectively.

Partial vapour pressure of cavity is lower than corresponded saturated partial vapour

pressure to Texerior glass throughout experiment. Therefore, there is no condensation.

The mean pressure difference value between P, and Py, is 17 Pa in last 100 minute.
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Table 6.7 : Condensation risk experiment result table of venetian blind with horizontally positioned (slats are opened).

Time o Rt Totgus  Towreniy T Rimw G RUgsr p(@a) (0 Pup(Pa)  Pap(Pa) PSV(:égF);W"

0 204 50.0 19.6 20.0 19.9 66.9 19.9 80.6 1.195 1.556 2.282 1.863 726
0 h 20 min 204 50.0 194 19.8 19.8 65.5 19.0 80.0 1.195 1.507 2.244 1.748 738
0 h 40 min 204 50.0 191 195 19.6 64.0 17.9 80.4 1.195 1.446 2.201 1.649 755
1 h 00 min 204 50.0 18.5 19.1 19.3 63.4 17.0 78.9 1.195 1.394 2.120 1.529 726
1 h 20 min 20.5 50.0 18.0 18.6 18.8 63.6 16.0 77.0 1.202 1.356 2.054 1.399 697
1 h 40 min 20.5 50.0 17.3 18.0 184 64.5 151 75.9 1.202 1.332 1.973 1.302 641
2 h 00 min 20.5 50.2 16.7 175 17.9 65.8 14.2 75.5 1.207 1.311 1.899 1.221 587
2h 20 min 20.5 50.4 16.1 16.9 174 67.3 134 75.3 1.213 1.296 1.829 1.156 533
2 h 40 min 20.4 50.7 15.2 16.1 16.6 70.0 12.2 74.8 1.210 1.275 1.719 1.061 444
3 h 00 min 204 50.9 142 15.2 15.8 72.9 11.0 74.8 1.215 1.257 1.619 0.980 362
3h 20 min 20.3 50.0 135 145 15.2 75.4 10.2 75.3 1.188 1.246 1.545 0.935 299
3 h 40 min 20.3 50.4 13.0 141 149 76.6 9.6 75.5 1.198 1.230 1.498 0.901 268
4 h 00 min 20.3 50.4 11.8 12.9 13.7 81.0 8.2 76.4 1.198 1.202 1.378 0.829 176
4 h 20 min 20.2 50.2 10.9 121 12.9 84.1 7.3 7.2 1.185 1.184 1.298 0.788 114
4 h 40 min 20.1 50.7 9.9 11.2 12.2 87.1 6.3 78.1 1.188 1.158 1.221 0.743 63
5h 00 min 20.0 50.2 8.8 10.2 11.3 88.2 51 79.2 1171 1.098 1.134 0.694 37
5h 20 min 20.0 50.7 8.1 9.5 10.6 88.4 43 79.6 1.181 1.051 1.082 0.659 30
5h 40 min 20.0 50.2 7.0 8.5 9.5 88.5 3.1 80.7 1171 0.978 1.002 0.614 24
6 h 00 min 20.0 50.9 6.2 1.7 8.9 88.6 24 80.0 1.186 0.931 0.949 0.579 18
6 h 20 min 20.0 49.6 55 7.0 8.2 88.9 1.6 81.3 1.156 0.890 0.902 0.556 12
6 h 40 min 20.0 50.9 4.8 6.3 7.6 89.6 0.8 80.7 1.186 0.857 0.861 0.521 4
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Figure 6.19 : Condensation risk experiment result chart of venetian blind with horizontally positioned (slats are opened).
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6.5.3 Venetian blinds are removed

Experiment result table and experiment result chart of the venetian blinds are

removed case is presented at Table 6.8 and Figure 6.20 respectively.

Partial vapour pressure of cavity is lower than corresponded saturated partial vapour

pressure to Texerior glass throughout experiment, Therefore, there is no condensation.

The mean pressure difference value between Py, and Py is 18 Pa in last 100 minute.
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Table 6.8 : Venetian blinds are removed.

Time  Towo R Toups  Toweuy  Tmeowy  Rilawy Do Rbawo g gea)  Foo by (e o PSV(:égF)))Wp

0 20.0 50.7 19.2 194 19.2 80.6 19.9 80.0 1.181 1.817 2.226 1.849 409
0 h 20 min 20.1 50.9 19.2 195 194 75.1 19.1 79.8 1.193 1.697 2.213 1.754 516
0 h 40 min 20.1 50.9 18.9 19.3 19.3 715 18.2 79.1 1.193 1.597 2.174 1.654 577
1h 00 min 20.1 50.7 18.4 18.9 19.0 69.1 17.1 80.2 1.188 1.508 2.109 1.563 601
1 h 20 min 20.1 50.7 18.1 18.6 18.7 68.5 16.4 79.4 1.188 1.466 2.067 1.479 601
1h 40 min 20.1 50.4 17.1 17.9 18.0 68.9 15.0 77.0 1.183 1.405 1.949 1.313 544
2 h 00 min 20.1 50.2 16.6 174 17.6 69.5 14.1 75.9 1.178 1.376 1.890 1.221 514
2 h 20 min 20.1 50.2 16.0 16.8 17.1 70.2 133 75.7 1.178 1.338 1.811 1.154 473
2 h 40 min 20.1 50.0 15.0 15.9 16.3 717 12.0 75.3 1.173 1.294 1.705 1.054 410
3 h 00 min 20.1 50.0 145 154 15.8 72.9 11.3 75.3 1.173 1.272 1.643 1.006 371
3h 20 min 20.0 50.0 134 145 14.9 75.2 10.1 75.3 1.166 1.236 1.538 0.929 303
3 h40 min 20.0 50.0 13.0 14.0 145 76.6 9.5 75.7 1.166 1.221 1.491 0.897 270
4 h 00 min 20.0 50.0 11.9 13.0 13.7 79.7 8.3 77.2 1.166 1.191 1.389 0.843 198
4h 20 min 20.0 50.0 11.4 125 13.1 81.3 7.8 77.4 1.167 1.179 1.345 0.817 165
4 h 40 min 20.0 50.0 10.2 115 12.2 84.9 6.5 78.5 1.166 1.153 1.246 0.758 93
5h 00 min 20.1 50.0 9.1 104 11.1 87.8 5.2 79.6 1.173 1.104 1.154 0.702 50
5h 20 min 20.0 50.0 8.1 9.5 10.2 88.5 4.2 80.5 1.166 1.046 1.078 0.661 32
5 h 40 min 20.0 50.0 7.4 8.8 9.7 88.7 3.4 79.2 1.167 1.004 1.026 0.615 22
6 h 00 min 20.0 50.0 6.3 7.8 8.7 89.0 2.3 79.6 1.166 0.939 0.954 0.572 15
6 h 20 min 20.0 50.0 6.0 7.5 8.5 89.0 1.9 80.5 1.167 0.922 0.937 0.562 15
6 h 40 min 20.0 50.0 5.2 6.7 7.7 89.6 0.9 80.9 1.166 0.878 0.882 0.527 4
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Figure 6.20 : Venetian blinds are removed
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The result of three different case indicates that the most critical case is venetian
blinds with vertically positioned (slats are closed) among the others.

Table 6.9 : Mean pressure difference value between P, and Psyp in last 100 minute.

(AP) in T300-200
Cases (Pa)
Slats are closed 13
Slats are open 17
Venetian blinds are removed 18

6.5.4 One filter is sealed

The venetian blind inside of Fagade Respirante system is arranged as vertically
positioned which is the most critical case in terms of condensation risk. (Table 6.9)
After one filter is sealed, the experiment is started.

Experiment result table and experiment result chart of sealing one filter case is

presented at Table 6.10 and Figure 6.21 respectively.

Partial vapour pressure of cavity is lower than corresponded saturated partial vapour

pressure to Texerior glass throughout experiment. Therefore, there is no condensation.

The mean pressure difference value between P, and Psy, is 10 Pa in last 100 minute.
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Table 6.10 : One filter is sealed.

Time T Ribor  Totgus  Toureni  Tir o R lon Rbgmor puPa) gon (kP2 Pay (kPR PSV(Z’@ZF);W"

0 20.1 49.8 19.5 19.8 19.6 61.3 20.0 79.3 1.168 1.410 2.261 1.849 851
0 h 20 min 20.1 49.8 194 19.7 19.7 61.7 19.2 79.6 1.168 1.412 2.241 1.762 829
0 h 40 min 20.2 50.0 18.9 194 195 62.1 18.1 78.7 1.180 1.395 2.184 1.634 789
1 h 00 min 20.2 49.8 185 19.1 19.3 61.9 174 76.8 1.175 1.363 2.130 1.518 766
1h 20 min 20.2 50.0 17.9 18.6 18.9 62.1 16.3 73.3 1.180 1.325 2.048 1.351 724
1h 40 min 20.3 49.8 17.2 17.9 18.3 63.1 15.2 70.9 1.182 1.288 1.953 1.219 665
2 h 00 min 20.3 50.0 16.7 17.6 18.2 63.8 14.6 70.1 1.188 1.277 1.902 1.165 625
2h 20 min 20.3 50.2 16.1 17.0 17.7 65.4 13.8 69.2 1.193 1.261 1.826 1.086 565
2 h 40 min 20.3 49.8 154 16.4 17.3 67.0 12.9 68.8 1.182 1.248 1.751 1.024 503
3 h 00 min 20.3 50.0 145 15.6 16.5 69.9 11.8 68.4 1.187 1.236 1.649 0.946 413
3h 20 min 20.3 50.2 134 145 15.6 73.7 104 68.4 1.193 1.218 1.530 0.862 312
3 h40 min 20.3 50.0 12.9 141 15.2 75.5 9.9 68.6 1.188 1.209 1.483 0.836 274
4 h 00 min 20.2 50.0 12.0 13.3 145 78.5 8.9 68.8 1.180 1.198 1.403 0.784 205
4 h 20 min 20.2 50.0 11.2 12.6 13.8 81.6 8.1 69.4 1.180 1.185 1.330 0.749 144
4 h 40 min 20.1 50.0 10.7 121 134 83.7 7.5 69.9 1.173 1.176 1.282 0.724 106
5h 00 min 20.1 50.0 10.1 115 12.9 86.0 6.8 70.5 1.173 1.165 1.231 0.696 66
5h 20 min 20.0 50.0 9.1 10.6 12.0 88.3 5.8 71.2 1.166 1.127 1.153 0.656 25
5h 40 min 20.0 50.2 8.2 9.8 114 88.8 4.9 72.0 1171 1.076 1.089 0.623 13
6 h 00 min 20.0 50.4 7.3 8.9 10.5 88.9 3.8 72.7 1.176 1.011 1.018 0.582 8
6 h 20 min 20.0 50.7 6.1 7.8 9.5 88.8 2.6 74.4 1.181 0.940 0.942 0.548
6 h 40 min 20.0 50.9 5.5 7.3 9.0 88.7 1.9 75.1 1.186 0.903 0.904 0.526 1
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Figure 6.21 : One filter is sealed.
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6.5.5 Two filters are sealed

The venetian blind inside of Fagade Respirante system is arranged as vertically
positioned which is the most critical case in terms of condensation risk. (Table 6.9)

After one filter is sealed, the experiment is started.

Experiment result table and experiment result chart of sealing two filters case is

presented at Table 6.11 and Figure 6.22 respectively.

Partial vapour pressure of cavity is higher than corresponded saturated partial vapour
pressure t0 Texterior glass IN SOMe moments. Therefore, this case leads to condensation

formation on interior surface of exterior glass.

The mean pressure difference value between P, and Pgyp is -5 Pa in last 100 minute.
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Table 6.11 : Two filters are sealed.

Time T Rl Totges Taweuy T Rigmw ol R puGa)  (on Pu(€0)  Pap (kPR PS?:éZF)))Wp

0 22.8 49.8 19.8 20.3 20.7 79.9 19.9 84.7 1.377 1.902 2.306 1.962 404
0 h 20 min 23.0 494 19.8 20.3 20.6 76.0 19.1 81.1 1.382 1.803 2.301 1.785 497
0 h 40 min 23.0 49.2 194 20.0 205 745 18.2 78.1 1.376 1.740 2.248 1.624 508
1 h 00 min 231 511 19.0 19.7 20.2 73.7 175 75.5 1.439 1.689 2.192 1.502 503
1 h 20 min 23.1 50.4 18.6 194 20.1 73.4 16.7 72.9 1421 1.651 2.140 1.379 489
1h 40 min 23.2 50.4 17.8 18.7 19.5 73.7 154 70.1 1.429 1.587 2.030 1.219 444
2 h 00 min 23.2 50.2 16.9 18.0 18.9 75.3 14.2 68.3 1.423 1.549 1.925 1.101 376
2h 20 min 23.2 50.9 16.3 174 18.5 76.9 135 67.5 1.441 1.528 1.852 1.039 323
2 h 40 min 23.2 50.4 15.2 16.5 17.6 79.9 12.1 67.3 1.429 1.495 1.728 0.950 233
3 h 00 min 23.1 50.9 14.3 15.7 16.9 83.0 11.0 67.5 1.433 1.475 1.631 0.887 155
3h20 min 23.0 494 13.8 15.2 16.5 84.7 10.5 67.7 1.384 1.458 L5175 0.861 117
3 h 40 min 23.0 50.2 131 14.6 16.0 86.6 9.7 68.1 1.406 1.435 1.508 0.820 72
4 h 00 min 22.9 50.4 12.3 13.8 15.3 88.2 8.8 68.8 1.403 1.391 1.428 0.780 38
4 h 20 min 22.7 50.4 11.2 12.8 14.3 88.9 1.7 69.2 1.387 1.309 1.326 0.728 17
4 h 40 min 22.6 50.7 10.6 121 13.7 88.9 6.9 69.7 1.384 1.256 1.273 0.693 17
5h 00 min 22.3 50.7 9.7 11.3 13.0 89.0 6.0 70.7 1.359 1.192 1.199 0.661 7
5h 20 min 22.1 51.0 9.0 10.7 124 89.0 5.4 72.0 1.351 1.143 1.147 0.646 4
5h 40 min 22.0 50.4 8.4 10.2 11.9 89.0 4.8 71.6 1.329 1.106 1.103 0.615 -3
6 h 00 min 217 50.4 7.4 9.2 11.0 88.8 3.6 73.1 1.305 1.031 1.025 0.578 -6
6 h 20 min 214 51.5 6.5 8.3 10.2 88.8 2.7 74.6 1.308 0.972 0.965 0.554 -7
6 h 40 min 21.0 49.8 5.2 7.1 8.9 88.9 1.6 77.4 1234 0.893 0.881 0.529 -12
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Figure 6.22 : Two filters are sealed.
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As it is illustrated at Figure 6.21, Figure 6.22 and indicated at Table 6.10 and Table
6.11 that there is no condensation, if one filter is sealed and there is condensation

formation on interior surface of exterior glass, if two filters are sealed.

Table 6.12 : Mean pressure difference value between P, and Psy; in last 100

minute.
(AP) 1n T300-200
Cases (Pa)
One filter is sealed 10
Two filters are sealed -5

Experiment results indicates that there is high tendency to condensation formation at
venetian blinds vertically positioned case. On the other hand, when the blinds are
removed, there is less probability to form condensation on outer glass surface.
Moreover, as long as number of filter decrease, there is higher condensation risk.
There is no condensation on glass surfaces, if there is at least 5 filters at below side

of configured facade respirante system.
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7. ANALYZING THE FR BASED ON ITS ENERGY PERFORMANCE

Energy performance analysis section determines thermal transmission value for
windows (Uwindow) and its effect on heating load and cooling load with respect to the
reference window which is defined in TS 825 (Thermal Insulation Requirements for

Buildings)

7.1 Thermal Analysis

Thermal Analysis section presents condensation risk assessment and U Value
analysis of closed cavity fagade (Fagade Respirante) frame details.
7.1.1 Referenced standards and norms

Condensation risk assessment and U Value analysis of constituted closed cavity

fagade system is based on the standards, which are given below.

EN ISO 10077-1 Thermal Performance of Windows

EN ISO 10077-2 Thermal Performance of Windows

Method Component assessment method

EN 12631 Thermal Performance of Curtain Walling

EN 12524 Building Materials and Products

EN 10456 Building Materials and Products

EN ISO 6946 Building Components and Building Elements

TS 2164 Principles for the preparation of the projects of the

central heating system
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7.1.2 Technical features in terms of building physics

Thermal conductivity values of the frame components are presented below according

to EN 10077 standard.

Table 7. 1 Thermal conductivity values of various materials [18,19].

Materials Thermal Conductivity (W/mK)
Aluminum 160
EPDM Gasket 0.25
Silicone 0.35
Backing Rod 0.035
Glass Soda Lime 1.00
Polyamide Reinf. 0.30
Butyl Hot Melt 0.24
PVB 0.20
PVC 0.17
Insulation 0.035

7.1.3 Boundary conditions and initial conditions

Boundary conditions and initial conditions of the condensation risk assessment and U

value analysis is indicated below.
Dimensions

Glass Combination

:1260mm x 2100mm

: 6/80.6/6/10/16/44.2 (Figure 6.2)

Outdoor temperature : -3°C[25]

Indoor temperature :+20°C

Relative humidity (RH) 150 %

Dew point 2 9.3°C (Table 7.2)

U value of the inner glass combination (Uy) 11,1 W/m2K

Thermal conductivity of inner glass air gap (A) : 0,022 W/m?K (Table 7.3)

Temperature Difference for Us Calculation

: 20 °C [18,19]

Thermal Conductivity of the insulation panel (1):0,035 W/m’K

Thermal Conductivity of the Spacer () :0.11W/mK “Aluminum spacer”
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Table 7.2 indicates corresponded dew points with respect to relative humidity and
temperature values according to August-Magnus approach (Section 5.3.5). If
temperature of any surface which contact with indoor is lower than dew point of
indoor environment, there is condensation occurrence at specified surface. Minimum

temperature on surface is mostly seen on aluminium profile surface or glass surface.

Table 7. 2 Dew point table respect to RH vs. indoor temperature.

INDOOR RELATIVE HUMIDITY (RH. %)
TEMP.

oC 30 35 40 45 50 55 60 65 70 75 80 85 90 95

30.0 105 |128 149 168 184 200 P14 227 239 251 262 272 282 291
29.0 9.7 120 140 158 175 190 P04 217 230 241 252 262 272 281
28.0 8.8 111 131 149 166 181 95 208 220 231 242 252 262 271
27.0 7.9 102 122 140 157 172 186 198 21.0 222 232 243 252 261
26.0 71 93 113 131 148 162 176 189 201 212 223 233 242 251
25.0 6.2 85 105 122 138 153 167 180 19.1 203 213 223 232 241
24.0 5.3 76 96 113 129 144 157 170 182 193 203 213 223 231
23.0 45 67 87 104 120 135 148 161 172 183 194 203 213 222
22.0 36 58 78 95 111 125 139 151 163 174 184 194 203 212
21.0 28 49 69 86 102 116 29 142 153 164 174 184 193 202
20.0 1.9 41 60 77| 93 | 107 120 132 144 154 164 174 183 192
19.0 1.0 32 51 68 83 97 111 123 134 145 155 164 173 182
18.0 0.2 23 42 59 74 88 101 113 124 135 145 154 163 172
17.0 0.7 14 33 50 65 79 [92 104 115 125 135 145 153 16.2
16.0 -1.6 05 24 41 56 70 82 94 105 116 125 135 144 152
15.0 2.4 03 15 32 47 60 [73 85 96 106 116 125 134 142
14.0 -3.3 12 06 23 37 51 64 75 86 96 106 115 124 132
13.0 -4.2 21 03 13 28 42 |54 66 77 87 96 105 114 122
12.0 5.0 30 -12 04 19 32 |45 56 67 77 87 96 104 112
11.0 5.9 -39 21 -05 10 23 |35 47 57 67 77 86 94 102
10.0 6.8 48 30 -14 01 14 |26 37 48 58 67 76 84 92

Overlapped zone of both red rectangular at Table 7.2 represents frequently used dew-
points in condensation risk analysis. There is dew point value change according to

various temperature and various relative humidity as it is shown at Table 7.2.

Air Temperature T (F)

(©)

Dewpoint T, (F)

Dewpoint 1

Air Temperature T (C)

Figure 7. 1 The change of dew point value according air temperature vs. dew point
temperature.
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7.1.4 General views of constituted closed cavity facade details

The design of the closed cavity fagade (fagade respirante) is illustrated at below from
Figure 7.2 to Figure 7.5.

1.) Specific detailing of mock-up system is given in Figure 7.2.

2050
2100

] 1264
1250

‘66 \en ‘66 \6a ‘6n ‘a6

Figure 7. 2 General view of “Constituted Fagade Respirante” test mock-up after
CFD analysis.
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2.) Frame Details of closed cavity fagade system is shown in Figure 7.3, Figure 7.4

and Figure 7.5.

Figure 7. 4 Horizontal frame-2 (Top).
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L] B

Figure 7. 5 Vertical frame.

7.1.5 Condensation risk assessment

Condensation risk assessment of the closed cavity facade frames are modelled in

Bisco 2D steady state heat transfer analysis program.

7.1.5.1 Determination of interior glass air gap thermal conductivity

Determination to glass air gap conductivity is shown below in this fagade system.

Table 7. 3 Calculation of thermal conductivity of glass air gap

Double glass air gap properties

Glass U value 1.1 Wm2’K 6/16/4.4.2

Resistance 0.909 m*K/W

Elements Number d(mm) lambda(W/mK) R
Exterior glass 1 6

Interior glass 2 4

Pvb 2 0.38

Resistance R;
Resistance Ry

Total R = 0.1878
Air gap thickness (mm) 16

Thermal conductivity (W/mK) (] cavity=d/(Rg-R) = 0.022
Thermal conductivity of inner glass air gap is determined as 0.022 W/mK as it is
shown above.
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7.1.5.2 Horizontal profile -1 (Bottom)

Minimum Temperature on Glass Surface Minimum Temperature on Aluminum
10.3 °C > 9.3°C No condensation Surface
9.8°C > 9.3°C No Condensation

Indoor: 20 °C

Outdoor: -3 °C

Figure 7. 6 Temperature distribution on the detail with isothermal lines (Red).

If there is 20°C and 50% relative humidity at indoor conditions, corresponded dew
point is 9,3 °C according to August Magnus approach which is shown at section
5.3.5. Minimum temperature on aluminium surface is 9.8°C which is greater than

9.3°C. Therefore, there is no condensation on aluminium surface (Figure 7.6).

If there is 20°C and 50% relative humidity at indoor conditions, corresponded dew
point is 9,3 °C. Minimum temperature on glass surface is 10.3 °C which is greater
than 9.3°C (dew point). Therefore, there is no condensation on glass surface (Figure
7.6).
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7.1.5.3 Horizontal profile -2 (Top)

rcl

Minimum Temperature on 13
Aluminum Surface
10.1°C > 9.3°C No Condensation

Minimum Temperature on Glass
Surface
10.2 °C > 9.3°C No condensation

Outdoor: -3 °C Indoor: 20 °C

Figure 7. 7 Temperature distribution on the detail with isothermal lines (Red).

If there is 20°C and 50% relative humidity at indoor conditions, corresponded dew
point is 9,3 °C according to August Magnus approach which is shown at section
5.3.5. Minimum temperature on aluminium surface is 10.1°C which is greater than

9.3°C. Therefore, there is no condensation on aluminium surface. (Figure 7.7)

If there is 20°C and 50% relative humidity at indoor conditions, corresponded dew
point is 9,3 °C. Minimum temperature on glass surface is 10.2 °C which is greater
than 9.3°C (dew point). Therefore, there is no condensation on glass surface. (Figure

7.7)
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7.1.5.4 Vertical profile

Indoor: 20 °C m

20

Minimum Temperature on Aluminum - 19
Surface - 1
10.1°C> 9.3°C No Condensation - .

Minimum Temperature on Glass
Surface
10.3 °C > 9.3°C No condensation

O 4 M W ke o @ o~ @ @

G b

Outdoor: -3 °C

Figure 7. 8 Temperature distribution on the detail with isothermal lines (Red).

If there is 20°C and 50% relative humidity at indoor conditions, corresponded dew
point is 9,3 °C according to August Magnus approach which is shown at section
5.3.5. Minimum temperature on aluminum surface is 10.1°C which is greater than

9.3°C. Therefore, there is no condensation on aluminum surface. (Figure 7.8)

If there is 20°C and 50% relative humidity at indoor conditions, corresponded dew
point is 9,3 °C. Minimum temperature on glass surface is 10.3 °C which is greater
than 9.3°C (dew point). Therefore, there is no condensation on glass surface. (Figure
7.8)
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7.1.6 Determination of Uy, value

This section presents global thermal transmission calculation (Uwingow) through

facade.

The equations below shows how to calculate thermal transmission values (U values)

basically in brief.

R: Thermal Resistance (m%.K/W),

d: Thickness of frame component (m),

M: Thermal conductivity (W/m.K)

1/U: Total thermal resistance (m%.K/W),

Ri: Thermal resistance of interior surface (m*K/W),
Re: Thermal resistance of exterior surface (m?.K/W)

U: Thermal transmittance (W/m?.K)’dir [17].

7.1.6.1 Uq of glazing combination

(7.1)

(7.2)

(7.3)

Uy value of glazing combination is determined by means of Vitrage Decision

program. Input data and output data are demonstrated in Figure 7.9.

Dimensions: 1260 mm x 2100 mm

Glazing Combination: Clear Float Glass 6 mm + 81 mm Respired Cavity Gap

including blind) + Clear Float Glass 6 mm + Sun-Guard HS Superneutral 70 (low-e

layer) + 16 mm Cavity (90% Argon) + Clear Laminated Glass 8mm 44.2 8
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0 mm D

] =

0 mm

Air

Figure 7. 9 Glazing combinations of Fagade Respirante.
Technical features of glazing combinations is illustrated at Figure 7.10.

Final U value of glazing combination was found as 0.79 W/m?K and final solar

factor of glazing combination is found as 0.39 according to EN 410:2011.

87



Compositions
Number of panes: 3
Pane 1: GUARDIAN - Clear Float - (Util)
Composition: Monolithic Thickness: 6 mm
Gas gap 1: Thickness: 81 mm
Ventilated air gap in natural ventilation from intdoorsOutlet outdoors
Dimensions of peripheral gaps: High: Omm Low: 5mm Lateral: 0 mm
Pane 2: GUARDIAN - Sun-Guard HS Superneutral 70 - (Util)
Composition: Monolithic Thickness: 6 mm
Gas gap 2: Thickness: 16 mm
Mixed gas gap with 90% Argon 0% Krypton 0% Xenon and 10% Air
Pane 3: GUARDIAN - Clear Lami 8mm 44.2 - (VD)
Composition: laminated glass Thickness: 8 mm

Total glazing thickness: 117 mm

Solar characteristics Light characteristics
Te(%) Rel(%) Ab1(%) Emni(%) Re2(%) Ab2(%) Emn2(%) |TI(%) RN(%) AbM(%) RI2(%) Abl2(%)
Pane 1 | 82 7 11 89 7 11 89 89 8 3 8 3
Pane2 | 43 31 26 89 39 18 3 77 6 17 4 19
Pane3 | 74 7 19 89 7 19 89 88 8 4 8 4

Solar and light characteristics of the slats:

Solar characteristics Light characteristics
Te(%) Re1(%) Ab1(%) Emni(%) Re2(%) Ab2(%) Emn2(%) |TI%) RI(%) AbM(%) RI2(%) AbI2(%)
0 80 20 90 80 20 90 0 80 20 80 20

Solar and light characteristics of the venetian blijnd:

Solar characteristics Light characteristics
Te(%) Re1(%) Ab1(%) Emni(%) Re2(%) Ab2(%) Emn2(%) |TI%) RIM(%) Abl1(%) RI2(%) AbI2(%)
| Blind 16 59 25 90 59 25 90 16 59 25 59 25

Solar characteristics
Glazing (EN 410: 2011)
Solar global characteristics: Transmittance: 0,27
Reflectance: 0,29
Absorption: 0,43
Effective absorption - Pane 1: 0,1398
Effective absorption - Pane 2: 0,2228
Effective absorption - Pane 3: 0,0705

Light characteristics
Glazing (EN 410: 2011)
Light global characteristics: Transmittance: 0,61
Reflectance: 0,17
Absorption: 0,22

Glazing solar factor
Solar factor (EN 410: 2011): 0,39

Figure 7. 10 Technical features of glazing combinations.
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7.1.6.2 Horizontal profile-1 (Bottom)

CIg ' ©
?B_ﬁr_'
uLu_vTv_ﬂ
ClR st ©

Figure 7. 11 Temperature distribution on detail with isothermal lines (Red).

BISCO Calculation Results

BISCO data file: MY FR alt detay U Value v2 .bsc

Number of nodes = 44998
Heat flow divergence for total object =7.38516e-005
Heat flow divergence for worst node =0.0255748
Col. Type Name Tmin  Tmax Ta flowin flow out
[°C] __[°C] [°C] [W/m] [Wim]
28 MATERIAL insulation 0.18 19.25
44 MATERIAL polyamid reinf. 1.06 11.63
60 MATERIAL EPDM 0.89 1431
62 MATERIAL silicone 175 1149
63 MATERIAL Backing Rod 053 1141
170 BC_SIMPL exterior 0.18 3.08 0.00 9.77
174 BC_SIMPL interior (norma 1352  19.25 4.70  0.00
182 BC_SIMPL interior (reduc 11.82 18.46 5.06 0.00
192 EQUIMAT 270 8.10
Thermal transmittance of frame (EN ISO 10077-2)
Ur = (Q/(Ti-Te) - Up*Wp1 - Upa*Wpo) / Wy = 3.543 W/(m?.K)
Q =9.768 W/m
ti =20.00°C
te =0.00°C
Upt =0.283 W/(m2.K) (top edge of bitmap)
Wp1 =0.1726 m (distance no. 2)
Up2 =0.000 W/(m2.K)
W2 =0.0000 m
Wi =0.1240 m (distance no. 1)
Result: Uf = (ﬁ — Up. wp)/wf = 3.54 W/(m2.K)
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7.1.6.3 Horizontal profile-2 (Top)

Figure 7. 12 Temperature distribution on detail with isothermal lines (Red)
BISCO Calculation Results

BISCO data file: Transom 2 U Value .bsc

Number of nodes = 42761
Heat flow divergence for total object =1.82972e-005
Heat flow divergence for worst node =0.0274799
Col. Type Name Tmin  Tmax Ta flowin flow out
[°C] [°C] [°C] [W/m] [W/m]
8 MATERIAL aluminium 315 1534
12 MATERIAL hardwood 14.87 16.08
28 MATERIAL insulation 0.19 19.25
44 MATERIAL polyamid reinf. 339 1223
60 MATERIAL EPDM 2.07 15.14
62 MATERIAL silicone 186 14.93
63 MATERIAL Backer Rod 050 14.93
170 BC_SIMPL exterior 019 331 0.00 7.35
174 BC_SIMPL interior (norma  15.31 19.25 2.63 0.00
182 BC_SIMPL interior (reduc 1241 1848 472 0.00
192 EQUIMAT 3.02 14.44
Thermal transmittance of frame (EN ISO 10077-2)
Us = (Q/(Ti-Te) - Upr*Wps - Upo*Wp2) / Wi = = 3.976 W/(m2.K)
Q =7.352 W/m
t =20.00°C
te =0.00°C
Upt =0.284 W/(m2.K) (bottom edge of bitmap)
Wp1 =0.1895 m (distance no. 2)
Up2 =0.000 W/(m2.K)
W2 =0.0000 m
Wi =0.0789 m (distance no. 1)
_Q

Result: Uf = ( — Up. wp)/wf = 3.98 W/(m2.K)

(Ti—Te)
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7.1.6.4 Vertical profile

: 3 3 8 F

]

Sa: p—
[ I

Figure 7. 13 Temperature distribution on detail with isothermal lines (Red).
BISCO Calculation Results

BISCO data file: Mullion U Value r1 .bsc

Number of nodes = 41869

Heat flow divergence for total object =9.52415e-007

Heat flow divergence for worst node =0.0570153

Col. Type  Name Tmin  Tmax Ta flowin flow out
[°C] [°C] [°C] [W/m] [W/m]

8 MATERIAL aluminium 3.16 1544

12 MATERIAL hardwood 1497 16.23

28 MATERIAL insulation 0.19 19.25

44 MATERIAL polyamid . 340 1226

60 MATERIAL EPDM 246 1524

62 MATERIAL silicone 187 15.04

63 MATERIAL Backer Rod 050 15.04

170 BC_SIMPL exterior 019 3.32 0.00 7.27

174 BC_SIMPL interior (norma 1417 19.25 2.64 0.00

182 BC_SIMPL interior (reduc 12.44 18.49 463 0.00

192 EQUIMAT 1453 16.19

Thermal transmittance of frame (EN ISO 10077-2)

uf = (QN(Ti-Te) - Upt* Wi - Upa™Wi2) / Wr = = 3.939 W/(m2.K)

Q =7.268 W/m

ti =20.00°C

te =0.00°C

Up1 =0.284 W/(m*K) (left edge of bitmap)

Wp1 =0.1845 m (distance no. 2)

Upe =0.000 W/(m2.K)

Wp2 =0.0000 m

Wi =0.0789 m (distance no. 1)

Result: Uf = ((Ti%'m — Up. wp)/wf = 3.94 W/(m?.K)

Temperature distribution of all details are shown in Figure 7.11, Figure 7.12 and
Figure 7.13.
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7.1.6.5 Global Uy, value

General view of closed cavity mock up is demonstrated below including all frames.
Global U,, value is determined in accordance with EN 10077-1 Component
Assessment Method.

. 1260 .

2100

Honzontal Profile-1 (Bottom)
Honzontal Profile-2 (Top)

WVertical Profile

Figure 7. 14 Closed Cavity Fagade mock-up distribution of system components.

Wiston Eegion
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The component assessment method is based on below formula.

U =Ug A +U A+U A +y L

" A (7.5)
Uw: Thermal transmittance of the window modulus, in (W/m?K)
Ug: Thermal transmittance of the glazing section, in (W/m?K)
Ay Area of glazing (m%)
Ut Thermal transmittance of the frame section, in (W/m?K)
As: Area of frame (m?)
Us: Thermal transmittance of the spandrel section, in (W/m?K)
As: Area of spandrel zone (m?)
Y. Linear thermal transmittance W/(m.K)

A: Area (m?) [20].

Determination of U value of closed cavity fagade:

U value of closed cavity facade

Width 1,260 m

Height 2,100 m

A total 2,646 m?

Frames

Up = 3,543 W/m2K An= 0,128 m?

Uf2: 3,976 W/m?K Af2: 0,068 m?

Uss = 3,939 W/m2K A= 0,252 m?
2 UrAs= 1,717 WIK

Glass

Ug = 0,79 W/m2K Ag= 2,198 m?
SUgAg= 1,736 WI/K

Spandrel

Ug = 0,00 W/m2K Aqa= 0 m?
SUsAs= 0,000 W/K

Spacer Aluminium

L= 6,136 m = 0,11 W/mK

Uwindow value

Uw = 1,56 W/m*K

Global thermal transmittance value (Uwingow) Of configured fagade is determined as
1.56 W/m?K.
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7.2 Energy Performance

According to TS 825, maximum U value in all regions in Turkey is supposed to be
not more than 2.40 W/m?K.[27] Global thermal transmittance value (Uwindow) iS
determined as 1.56 W/m?K which is shown section 7.1.6.5 previous section Energy
performance of constituted closed cavity facade is compared with this U value 2,4
W/m?K in all specified regions by considering solar radiation. The calculation is

based on unit window area.

The calculation below covers thermal transmittance through windows by means of
solar radiation and temperature difference with respect to all directions in cooling

season and heating season.

7.2.1 Thermal transmittance through conduction and convection

Initial conditions and boundary conditions are defined in accordance with TS 825
standard. There are four different regions in Turkey in terms of temperature variation
throughout a year. Indoor temperature is assumed as 19 °C for heating load
calculations. [17] Indoor temperature is assumed as 23 °C for cooling load
calculations. [26] Heat flow through window is calculated by using temperature

difference and U value of both system as shown below.
q=U. (6; — 0¢) (7.6)
g: heat flow rate (W/m?)
U: Thermal Transmittance value
0; : Indoor temperature
B¢ : Outdoor temperature

First comparison study is done without considering solar radiation. Monthly average
ambient air temperatures [17] shows in average temperature of each month with
respect to different regions in Turkey from average temperature variation aspect.
Table 7.4
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Table 7. 4 Monthly average ambient air temperatures [17].

1. Region 2. Region 3. Region 4. Region

°C) (°0) °0) °0)
January 8.4 2.9 -0.3 -5.4
February 9.0 4.4 0.1 -4.7
March 11.6 7.3 4.1 0.3
April 15.8 12.8 10.1 7.9
May 21.2 18.0 14.4 12.8
June 26.3 22.5 18.5 17.3
July 28.7 24.9 21.7 21.4
August 27.6 24.3 21.2 21.1
September 23.5 19.9 17.2 16.5
October 18.5 14.1 11.6 10.3
November 13.0 8.5 5.6 3.1
December 9.3 3.8 1.3 -2.8

Heat transfer (W/m?) through constituted closed cavity fagade and reference window
with respect to months in all regions is shown in Table 7.5 and Table 7.6. Indoor set
temperature is assumed as 19 °C in heating period and 23 °C in cooling period. Heat
flow rate is not considered when outdoor temperature is between 19 °C and 23 °C in

this calculation.

Table 7. 5 Heat flow through closed cavity fagade (W/m?).

1'. 2'. 3. Region 4'.
Region  Region 2 Region
wimd)  wimd  WYM) awm?)
January 16.5 25.1 30.1 38.1
February 15.6 22.8 29.5 37.0
March 11.5 18.3 23.2 29.2
April 5.0 9.7 13.9 17.3
May - 1.6 7.2 9.7
June 5.1 - 0.8 2.7
July 8.9 3.0 - -
August 7.2 2.0 - -
September 0.8 - 2.8 3.9
October 0.8 7.6 115 13.6
November 9.4 16.4 20.9 24.8
December 151 23.7 27.6 34.0
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Table 7. 6 Heat flow through reference window (W/m?).

1'. 2. Region . 4. Region
(Ff/i’,?r'ﬁ% (W/m?) (F\‘,f/?r'g{; (W/m?)

January 25.4 38.6 46.3 58.6
February 24.0 35.0 45.4 56.9
March 17.8 28.1 35.8 44.9
April 7.7 14.9 214 26.6
May - 2.4 11.0 14.9
June 7.9 - 1.2 4.1
July 13.7 4.6 - -

August 11.0 3.1 - -

September 1.2 - 4.3 6.0
October 1.2 11.8 17.8 20.9
November 14.4 25.2 32.2 38.2
December 23.3 36.5 42.5 52.3

Highest heat transfer rate difference is 4.8 W/m? in cooling season and 20.5 W/m? in
heating season respectively. Highest difference in density of cooling energy
consumption is calculated as 1.040 (kWh/m?) in first region in July and highest
difference in density of cooling energy consumption is calculated as 4.442 (kWh/m?)
in fourth region in January with 50 hours weekly occupancy in office environment

assumption.

7.2.2 Solar heat gain calculation

Monthly average solar heat gain is calculated with equation 7.7 according to TS 825

standard.

(@s,month) = Z Timonth X Ji,month X li,month X Aj (7-7)
I month: monthly average shading factor of transparent surfaces in “i” direction

Oimonth: monthly average solar factor (SHGC) of transparent surfaces in “i” direction
li month: Monthly average solar radiation intensity of vertical surfaces in “i” direction

(W/m?)

73T
1

A;: Total window area in “i” direction (mz)

Area of the window is taken into account as unit area (1 m?).
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Monthly average shading factor of transparent surface (rimonth) value is taken into
account as 0.5 which is defined for the environment of 10 or higher storey buildings

for closed cavity fagade and reference window calculation.

Monthly average solar factor (SHGC) value of closed cavity fagade is calculated by
means of “Vitrage Decision” program which is shown at section 7.1.6.1. Glass
combination of reference window is taken from section A.4 of TS 825. It is the
features of the combination which has 2.4 W/m?K U value. Monthly average solar
factor (SHGC) value for reference window is calculated by means of Guardian Glass

Configurator program. Program output is illustrated at Figure 7.15.

Monthly average solar radiation intensity (lj,month) values are obtained from

Appendix C in TS 825 for all climatic regions which is shown at Table 7.7.

Monthly average solar heat gain is calculated by considering all directions separately
in Table 7.8.

total thickness = 17 mm

Glazing from external to internal:

Pane 1 Pane 2
4 rmm Float Glass ExtraClear ‘4 mm Float Glass Clear
SunGuard SN 70/41
Spacer 1-9 mm
100% futly |
Results
Visible light (EMN 410 - 2011) Solar energy (EN 410 - 2011)
transmittance [%] T,= 69.6| solar factor [%] g= 418
reflectance external [%] py= 10.6| shading coefficient [gf0.87] sc= 048
reflectance internal [%] pv= 11.3| direct transmittance [%] Te = 385
general colour rendering index [%:] Ry= 96.1| direct reflectance external [%] pe= 35.9
direct reflectance internal [%] pe= 34.8
Thermal properties (EN 673 - 2011) direct absorption [%] a= 256
U-value [W/{m®K)] Ug= 18| UVtransmittance [%] Tw= 255
slope a= 90° secondary internal heat transfer factor [%:]  ai= 3.3

Figure 7. 15 Thermal and light characteristics of reference window.
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Table 7. 7 Solar Radiation values from different directions [17].

Solar Solar S°.'aY

Radiation Radiation R?\?\;S;':n
(Soutf;) (Nortr21) East)

(Wim°) (Wim°) (WIm?)
January 72.0 26.0 43.0
February 84.0 37.0 57.0
March 87.0 52.0 77.0
April 90.0 66.0 90.0
May 92.0 79.0 114.0
June 95.0 83.0 122.0
July 93.0 81.0 118.0
August 93.0 73.0 106.0
September 89.0 57.0 81.0
October 82.0 40.0 59.0
November 67.0 27.0 41.0
December 64.0 22.0 37.0

Table 7. 8 Solar Radiation values for CCF and Reference window with respect to
solar directions.

SOUTH NORTH WEST-EAST

| (CCF% | (RW% | (CCF% | (RW% | (CCF% | (RW%

(W/m?) (W/m°?) (W/m°?) (W/m?) (W/m?) (W/m?)
January 14.0 15.0 51 5.4 8.4 5.6
February 16.4 17.6 7.2 7.7 11.1 7.4
March 17.0 18.2 10.1 10.9 15.0 10.0
April 17.6 18.8 12.9 13.8 17.6 11.7
May 17.9 19.2 154 16.5 22.2 14.8
June 185 19.9 16.2 17.3 23.8 15.9
July 18.1 19.4 15.8 16.9 23.0 15.3
August 18.1 19.4 14.2 15.3 20.7 13.8
September 174 18.6 11.1 11.9 15.8 10.5
October 16.0 17.1 7.8 8.4 11.5 7.7
November 131 14.0 5.3 5.6 8.0 5.3
December 125 134 4.3 4.6 7.2 4.8
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7.2.3 Cooling load comparison considering solar radiation

Heat flow to indoor and solar heat gain through window is considered for the
calculation of cooling load in cooling season with respect to climatic regions in
Turkey for all directions. If monthly mean temperature value is higher than assumed
indoor temperature (23°C), specified months are defined as cooling season in this

section.

7.2.3.1 South direction

Total heat flow to indoor and solar heat gain from south direction through constituted
closed cavity facade and reference window in cooling season is indicated in Table
7.9 and Table 7.10 separately.

Table 7. 9 Total heat flow and solar heat gain from south through closed cavity

facade.
1. 2. 3. 4.
Region Region Region Region
(W/m?)  (W/m%) (W/m?) (W/m?)

April

May

June 23.7

July 27.0 21.1

August 25.3 20.2

September  18.1

October

Total 94.1 41.3 - -

The highest monthly heat transfer rate difference between closed cavity fagade
(CCF) and reference window (RW) in cooling season is 6.1 W/m? in first region in
July. Highest difference in density of monthly cooling energy consumption between
closed cavity facade (CCF) and reference window (RW) is 1.321 kWh/m? in first
region in July. Annual difference is highest in first region with total 17 W/m? heat
transfer rate and with total 14.7 kWh/m? saving amount with 50 hours weekly

occupancy assumption in office environment in specified months.
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Table 7. 10 Total heat flow and solar heat gain from south through reference

window.
1. 2. 3. 4.

Region Region Region Region
(W/m?)  (W/m?)  (W/m?) (W/m?)

April

May

June 27.8

July 33.1 24.0

August 30.5 22.6

September  19.8

October

Total 111.2 46.6 - -

7.2.3.2 North direction

Total heat flow to indoor and solar heat gain from north direction through constituted
closed cavity facade and reference window in cooling season is indicated in Table
7.11 and Table 7.12 separately.

Table 7. 11 Total heat flow and solar heat gain from north through closed cavity

facade.
1. 2. 3. 4,

Region Region Region Region
(W/m?) (W/m%) (W/m?) (W/m?)

April

May

June 21.3

July 24.7 18.8

August 21.4 16.3

September  11.9

October

Total 79.3 35.0 - -

The highest monthly heat flow difference between closed cavity fagade (CCF) and
reference window (RW) in cooling season is 5.9 W/m? in first region in July. Highest
difference in density of monthly cooling energy consumption between closed cavity
fagade (CCF) and reference window (RW) is 1.279 kWh/m? in first region in July.
Annual difference is highest in first region with total 16 W/m? heat flow difference
and with total 13.869 kWh/m? saving amount with 50 hours weekly occupancy

assumption in office environment in specified months.
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Table 7. 12 Total heat flow and solar heat gain from north through reference

window.
1. 2. 3. 4.
Region Region Region Region
(W/m?)  (W/m?) (WIm?) (W/m?)
April
May -
June 25.3 -
July 30.6 215 - -

August 26.3 18.4 - -
September | 13.1 -

October
Total 95.3 39.9 - -

7.2.3.3 West / East direction

Total heat flow to indoor and solar heat gain from east and west direction through
constituted closed cavity facade and reference window in cooling season is indicated
in Table 7.13 and Table 7.14 separately.

Table 7. 13 Total heat flow and solar heat gain from east and west through closed

cavity facade.
1. 2. 3. 4.

Region Region Region Region
(W/m?) (W/m?) (W/m?) (W/m?

April

May -

June 28.9 -

July 31.9 26.0 - -

August 27.8 22.7 - -
September  16.6 -

October

Total 105.3 48.7 - -
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Table 7. 14 Total heat flow and solar heat gain from east and west through reference

window.
1. 2. 3. 4.
Region Region Region Region
(W/m%) (W/m%) (W/m?) (W/m?
April
May
June 33.4
July 38.3 29.2
August 33.2 25.3
September  18.1
October
Total 190.6 54.5 - -

The highest monthly heat flow difference between closed cavity fagade (CCF) and
reference window (RW) in cooling season is 6.4 W/m? in first region in July. Highest
difference in density of monthly cooling energy consumption between closed cavity
fagade (CCF) and reference window (RW) is 1.387 kWh/m? in first region in July.
Annual difference is highest in first region with total 17.8 W/m? heat flow difference
and with total 13.429 kWh/m? saving amount with 50 hours weekly occupancy

assumption in office environment in specified months.

Cooling load section indicates that highest saving is possible application of this kind

of fagade to first region on east or west direction.

7.2.4 Heating load considering solar radiation

Heat flow to outdoor and solar heat gain through window is considered together for
the calculation of heating load in heating season with respect to climatic regions in
Turkey for all directions. If monthly mean temperature value is lower than assumed
indoor temperature, specified months are defined as heating season in this section. If
total heat flow and solar heat gain together is less than zero in total, related month is

not assigned as heating month.

7.2.4.1 South direction

Total heat flow to outdoor and solar heat gain from south direction through
constituted closed cavity facade and reference window in heating season is indicated
in Table 7.15 and Table 7.16 separately.
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Table 7. 15 Total heat flow and solar heat gain from south through closed cavity

facade.
1. Region 2. Region 3. Region 4. Region
(W/m%  (W/m%  (W/m)  (W/md
January 2.5 11.1 16.1 24.0
February 6.4 13.1 20.6
March 1.3 6.3 12.2
April
May
June
July
August
September
October
November 3.3 7.8 11.7
December 2.7 11.2 15.1 21.5

Table 7. 16 Total heat flow and solar heat gain from south through reference
window.

1. Region 2. Region 3. Region 4. Region
(W/m%  (W/m%)  (W/m)  (W/md

January 10.4 23.6 31.3 43.5
February 6.4 17.5 27.8 39.3
March 9.9 17.6 26.7
April 2.6 7.8
May

June

July

August

September

October 0.6 3.7
November 0.4 11.2 18.2 24.2
December 9.9 23.1 29.1 38.9

The highest monthly heat transfer difference between closed cavity fagade (CCF) and
reference window (RW) in heating season is 19.5 W/m? in fourth region in January.
Highest difference in density of monthly heating energy consumption between closed
cavity facade (CCF) and reference window (RW) is 4.226 kWh/m? in fourth region
in January. Annual difference is highest in fourth region with total 94.1 W/m? heat
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transfer difference and with total 142.740 kWh/m? saving amount with 50 hours

weekly occupancy assumption in office environment in specified months.

Annual difference is lowest in first region with total 22,0 W/m? heat transfer
difference and with 19.070 kWh/m? saving amount.

7.2.4.2 North direction

Total heat flow to outdoor and solar heat gain from north direction through
constituted closed cavity fagade and reference window in heating season is indicated
in Table 7.17 and Table 7.18 separately.

Table 7. 17 Total heat flow and solar heat gain from north through closed cavity

facade.

1. Region 2. Region 3. Region 4. Region

(Wim?)  (W/m%)  (WIm?)  (W/m?)

January 11.5 20.0 25.0 33.0
February 8.4 15.6 22.3 29.8
March 1.4 8.1 13.1 19.0
April 1.0 4.4
May
June
July
August
September
October 3.7 5.8
November 4.1 11.1 15.6 19.5
December 10.8 194 23.3 29.7

The highest monthly heat transfer difference between closed cavity fagade (CCF) and
reference window (RW) in heating season is 20.1 W/m? in fourth region in January.
Highest difference in density of monthly heating energy consumption between closed
cavity facade (CCF) and reference window (RW) is 4.356 kWh/m? in fourth region
in January. Annual difference is highest in fourth region with total 100.6 W/m? heat
transfer rate difference and with total 152.600 kWh/m? saving amount with 50 hours

weekly occupancy assumption in office environment in specified months.

Annual difference is lowest in first region with total 34.4 W/m? heat transfer rate

difference and with 37.272 kWh/m? saving amount.
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Table 7. 18 Total heat flow and solar heat gain from south through reference
window.

1. Region 2. Region 3. Region 4. Region
(W/m%  (W/m%  (W/m)  (W/md

January 20.0 33.2 40.9 53.1
February 16.3 27.3 37.6 49.1
March 6.9 17.2 24.9 34.0
April 1.1 7.6 12.8
May

June

July

August

September

October 3.4 9.4 12.5
November 8.8 19.6 26.5 325
December 18.7 31.9 37.9 47.7

7.2.4.3 West/east direction

Total heat flow to outdoor and solar heat gain from east and west direction through
constituted closed cavity fagade and reference window in heating season is indicated
in Table 7.19 and Table 7.20 separately.

Table 7. 19 Total heat flow and solar heat gain from east and west through closed
cavity fagade.

1. Region 2. Region 3. Region 4. Region
(Wim?)  (W/m%)  (Wim?)  (W/m?)

January 8.2 16.7 21.7 29.7
February 4.5 11.7 18.4 25.9
March 3.2 8.2 14.2
April

May

June

July

August

September

October 2.1
November 14 8.4 12.9 16.8
December 7.9 16.5 20.4 26.8

The highest monthly heat transfer rate difference between closed cavity fagade

(CCF) and reference window (RW) in heating season is 23.6 W/m? in fourth region
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in February. The highest difference in density of monthly heating energy
consumption between closed cavity fagade (CCF) and reference window (RW) is
5.114 kWh/m? in fourth region in February. Annual difference is highest in fourth
region with total 130.5 W/m? heat transfer rate difference and with total 226.130
kWh/m? saving amount with 50 hours weekly occupancy assumption in office

environment in specified months.

Annual difference is lowest in first region with total 49.8 W/m? heat transfer rate

difference and with 53.933 kWh/m? saving amount.

Table 7. 20 Total heat flow and solar heat gain from south through reference
window.

1. Region 2. Region 3. Region 4. Region
(Wim?)  (W/m%)  (WIm?)  (W/m?)

January 19.9 33.1 40.7 53.0
February 16.6 27.6 38.0 49.5
March 7.8 18.1 25.8 34.9
April 3.2 9.7 14.9
May 0.1
June

July

August

September

October 4.1 10.1 13.2
November 9.1 19.9 26.8 32.8
December 18.5 31.7 37.7 47.5

Heating load section indicates that highest saving is possible with the application of

CCF to fourth region on east or west direction.

7.2.5 Carbon footprint

Total heating and cooling loads of east and west direction are highest for all regions.
Annual total heating and cooling loads of east and west direction are found at Table
7.21. The table indicates that there is up to 130.5 W/m? heat transfer rate difference
and 339.352 kWh/m? potential saving by using CCF instead of RW.
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Table 7. 21 Annual total heating and cooling load togeher just because of heat flow
and solar radiation.

1. 2. 3. 4.
Region Region Region Region
(W/m?)  (W/m?) (W/m?) (W/m?)

CCF 127.2  105.2 81.7 115.4
RW 1948 1921  188.7 245.9
Saving 67.6 86.9 107.0 1305

The assumption of heating and air conditioning hours for daily office occupancy is

10 hours and the office is occupied 5 days in a week. There is 52 weeks in total.
There is up to 339.3 kWh/m? saving from heating and air conditioning in fourth
climatic region in Turkey. It means that highest saving can be determined at fourth

region in Turkey.
Annual savings with respect to regions;

Table 7. 22 Annual savings with respect to regions.

1. Region 2. Region 3. Region 4. Region
(KWh/m?) (kWh/m?) (KWh/m?) (kWh/m?)

Annual

Savi 175.8 225.9 278.2 339.3
aving

339.3 kWh annual saving for only 1 m? corresponds to 333.7 kg CO, emission by
lignite burning coal to generate power. [36] It also corresponds to 234 kg CO,
emission in average of different kind of power generation. This amount of carbon
can be sequestered by 6 tree seedlings grown for 10 years. [37] The number for
whole building can be obtained by multiplying specified numbers with total window

area of applicable buildings.

7.3 Result

Expected U, value of the closed cavity fagade system module is supposed to be less
than 2.40 W/m?K according to TS 825 (Turkish Standard). Final U, value of closed

cavity facade system is 1.56 W/m?2K, which is quite lower than expected value.

Condensation risk assessment indicates that minimum temperatures on aluminium
and glass of horizontal and vertical details are considerably higher than limited value

for condensation risk.
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Therefore. this constituted closed cavity fagade is highly convenient with respect to
TS 825. EN 10077-1. EN 10077-2 from thermal performance aspect in terms of

condensation risk and U value.

There is monthly up to 1.387 kWh/m? and annually up to 13.429 kWh/m? saving in
density of cooling energy consumption by applying CCF system in office building.

There is monthly up to 5.114 kWh/m? and annually up to 226.130 kWh/m? saving in
density of heating energy consumption by applying CCF system in office building.
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8. CONCLUSION

This study is evaluated in 3 different aspects which are CFD results. lab results and

energy performance analysis.

8.1 Evaluation of CFD Results

CFD results are based on tested closed cavity facade (Fagade Respirante) (CLC 12-
260039255) coded model in CSTB in France.

Ca.l and Ca.2 dew point values in CFD analysis from 0.4°C to 1.0°C higher than

dew points in experimental data. This is actually proof to be stayed on safe side.

Dew point values at “Model with linear channel” is lower with respect to other

models. The reason is having higher velocities leads to lower dew points.

There is no considerable temperature difference between 3 different filter modeling
which is obviously seen at Figure 5.8. As it is seen from Figure 5.8. major effect to
temperature distribution at cavity is stack effect. Stack effect mostly occurs by air
buoyancy. Intensity of air buoyancy is depended air density difference (1.21 kg/m?® -
1.29 kg/m®) which varies with temperature difference (0.5 °C - 18.5 °C) and moisture
difference (Mass Fraction of Steam 0.0035 - 0.0038). [16]

Velocity distribution which is driven by natural convection is mostly low. As it is
indicated at Figure 5.7, velocity distribution is quite low which is under 0.1 m/s at all
around cavity. The reason why velocity inside of cavity is lower relatively that the

cavity fed only by one air flow inlet.

The probable disadvantage of modeling filter with linear channel is funnel effect due
to narrow channel. As it is seen at Figure 5.7 and Figure 5.9, relatively higher
velocities at below side leads to shift red zone to the right side compared to other
ones. This is indicator of lower relative humidity distribution. This case might be

neglected due to the similar relative humidity distribution with other model charts.
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As it is demonstrated at Figure 5.7, Figure 5.8 and Figure 5.9, the points between
blind and interior glass has high convenience for temperature, velocity and relative

humidity values between each other’s.

Higher velocities with ignorable level is observed at the model with linear channel.
(Figure 5.7)

As it is obviously seen from Table 4.2 and Figure 5.9, there is significantly less
difference between model results and experimental results with respect to “Air Flow

and Heat Transfer in double skin fagade”. This issue is explained at chapter 5.3.4.

CFD results indicates that there is no condensation under specified conditions at
modeled cavity. According to the result of CFD model condensation will start at -

0.8°C. These results are verified by experimental data, as well.

Consequently, measured data from CFD models indicates that filter modeling

approaches can be alternative to simulate heat transfer and fluid behavior.

8.2 Evaluation of Lab Results

Closed cavity fagade (Fagade Respirante) experiment module is configured based on

comprehensive CFD results.

Experiment results indicates that there is high tendency to condensation formation at
venetian blinds vertically positioned case. On the other hand. when the blinds are
removed. there is less probability to form condensation on outer glass surface
Moreover. as long as number of filter decrease. there is higher condensation risk.
There is no condensation on glass surfaces. if there is at least 5 filters at bottom side

of configured fagade Respirante system.

Consequently, Configured Fagade Respirante system is convenient in terms of

condensation risk to CSTB Fagade Respirante test methodology.

8.3 Evaluation of Energy Performance Analysis

Energy performance analysis is based on configured CCF module. Thermal analysis
indicates that thermal transmittance value of window module (U,=1.56 W/m?K) is
considerably better than expected thermal transmittance value (U,=2.40 W/m?K)
according to TS 825.
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There is also no condensation on neither on aluminum surface nor on glass surface

under specified conditions with respect to EN 10077 standard.

Both situation means that maximum thermal performance is achieved without

condensation occurrence.

There is monthly up to 6.4 W/m? in cooling and up to 23.6 W/m? in heating load
saving and annually up to 17.8 W/m? saving in cooling load and 130.5 W/m? saving

in heating load potential by applying CCF system under Turkey conditions.

There is up to 130.5 W/m? heat transfer rate difference in Turkey. It means, it can be
up to 339.3 kWh annual saving for each m? of window. Configured CCF system with
339.3 kWh for each m? energy saving potential, decrease 234 kg CO, emission in a

year which corresponds to 6 trees CO, emission toleration.
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