EXPERIMENTAL AND NUMERICAL ANALYSIS
OF FLOW AND HEAT TRANSFER IN
DOUBLE SKIN FACADE CAVITIES

A Thesis Submitted to
The Graduate School of Engineering and Sciences of
Izmir Institute of Technology
In Partial Fulfillment of the Requirements for the Degree of

DOCTOR OF PHILOSOPHY

in Architecture

by
Tugba INAN

July 2016
IZMIiR



We approve the thesis of Tugba INAN

Examining Committee Members :

Assoc. Prof. Dr. Tahsin BASARAN
Department of Architecture, Izmir Institute of Technology

Prof. Dr. Aytun¢ EREK
Department of Mechanical Engineering, Dokuz Eylil University

Assoc. Prof. Dr. Mustafa Emre ILAL
Department of Architecture, Izmir Institute of Technology

Prof. Dr. Serdar KALE
Department of Architecture, Izmir Institute of Technology

Assoc. Prof. Dr. Miijde Altin
Department of Architecture, Dokuz Eyliil University

28 July 2016
Assoc. Prof. Dr. Tahsin BASARAN
Supervisor, Department of Architecture
Izmir Institute of Technology
Assoc. Prof. Dr. Seniz CIKIS Prof. Dr. Bilge KARACALI
Head of the Department of Architecture Dean of the Graduate School of

Engineering and Sciences



ACKNOWLEDGMENTS

I would like to gratefully thank to my supervisor Assoc. Prof. Dr. Tahsin
BASARAN for his supervision, encouragement, instructive comments and for providing
a productive atmosphere throughout my thesis study. I also thank to my thesis progress
juries Prof. Dr. Aytun¢ EREK and Assoc. Prof. Dr. Mustafa Emre ILAL for their
technical supports and suggestions. | would like to express special thanks to Assist.
Prof. Dr. Mehmet Akif EZAN for his supports and assistance.

| sincerely thank to my friends Pinar KUTLUAY and Betiil PERCIN for their all
friendly help and supports.

This study was supported by the Scientific and Technological Research Council
of Turkey (TUBITAK) Foundation under Grant 112M170. I also thank to TUBITAK for
its financial support.

Finally, | would like to express my gratitude to my parents Mehmet and Sultan
INAN and my brother Zeynel INAN for their encouragement, help, immense patience
and trust throughout my education and in every moment of my life. This thesis would

not have accomplished without their endless supports.



ABSTRACT

EXPERIMENTAL AND NUMERICAL ANALYSIS OF FLOW AND
HEAT TRANSFER IN DOUBLE SKIN FACADE CAVITIES

In this study, airflow and heat transfer in a double skin facade (DSF) cavity were
examined numerically and experimentally under natural and forced flow conditions. An
experimental setup was constructed in the laboratory environment. Experiments were
performed for two different DSF’s airflow modes; buffer zone and external air channel.
These experiments were conducted with and without a solar simulator integrated to the
system. Furthermore, the effect of pressure drop elements in the cavity of DSF were
analyzed experimentally. After the numerical results (CFD and nodal network) were
verified with experimental measurements, dimensionless heat transfer correlations were
developed for the natural and forced convections. As a result, an extensive experimental
data set was obtained for different working conditions of DSF. So, the dimensionless
pressure loss coefficients were calculated experimentally based on the geometric
configuration of the pressure drop elements in the cavity. In natural convection, with
Rayleigh numbers ranging from 8.59*10° to 1.41*10' and the increasing tendency of
the average Nusselt numbers from 142.6 to 168.8 were shown. A correlation for a cavity
characteristic length of 0.116 was constructed to evaluate the heat flux. In forced
convection, another dimensionless correlations were developed to predict the heat
transfer by using Nusselt numbers with the Reynolds numbers ranging from 28000 to
56000 for a DSF with an external airflow mode. These correlations could be used for
different characteristic lengths ranged between 0.1 and 0.16. These correlations were
used for the energy performance of DSF applications for different directions and
climatic zones in Turkey and compared with the single skin facade.



OZET

CIFT CIDARLI CEPHE KAVITELERINDEKI AKIS VE ISI
TRANSFERININ DENEYSEL VE SAYISAL ANALIZI

Bu ¢alismada, ¢ift cidarli cephe (CCC) kavitesindeki akis ve 1s1 transferi, dogal ve
zorlanmis akis durumlar i¢in deneysel ve sayisal olarak irdelenmistir. Deneysel bir
diizenek laboratuvar ortaminda kurulmustur. Deneyler, tampon bolge ve dis hava
perdesi akis modu olarak, ¢ift cidarli cephedeki iki farkli hava akis modu igin
gerceklestirilmistir. Bu deneyler, sisteme entegre bir solar simiilatérii kullanimi ile ve
simiilatorsiiz olarak gerceklestirilmistir. Ayrica CCC kavitesindeki basing diistiriicii
elemanlarin etkisi deneysel olarak analiz edilmistir. Sayisal sonuglar (CFD ve nodal ag
modeli) deneysel Ol¢limlerle dogrulandiktan sonra, dogal ve zorlanmig taginim
kosullarinda, boyutsuz 1s1 transfer korelasyonlari gelistirilmistir. Sonug¢ olarak
CCC’deki farkli ¢alisma kosullar i¢in genis bir deneysel veri takimi elde edilmistir.
Buna gore, boyutsuz basi¢ kayip katsayilari, kavitedeki basi¢ diisiliriicii elemanin
geometrik konfiglirasyonuna bagli olarak, deneysel olarak hesaplanmistir. Dogal
tasmmda, Rayleigh sayismin 8.59*10° ile 1.41*10%° araligindaki degisimi igin,
ortalama Nusselt sayilarinda; 142.6’dan 168.8’e artan bir egilim goriilmistiir. Elde
edilen boyutsuz 1s1 transferi korelasyonu, kavite en-boy oraninin 0.116 oldugu kavite
icin gelistirilmistir. Zorlanmig tasinimda, dis hava perdesi akis modunun oldugu
CCC’de 1s1 transferini belirlemek icin, 28000 ile 56000 araliginda degisen Reynolds
sayilarina karsilik; Nusselt sayist i¢in bagka boyutsuz korelayonlar gelistirilmistir. Bu
korelasyonlar, 0.1 ile 0.16 araligindaki farkli kavite karakteristik uzunluklar i¢in
kullanilabilir. Dogal ve zorlanmis akis i¢in elde edilen bu korelasyonlar, Tirkiye’deki
farkli iklim bolgelerindeki ve farkli yonlerdeki CCC uygulamalarinin enerji performansi

icin kullanild1 ve tek cidarli cephe ile karsilastirildi.
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CHAPTER 1

INTRODUCTION

The search for sustainable buildings increasingly occupy a significant role in
architecture. In national as well as international scale, this concern leads authorities to
redefine building performance standards and demands for a revision of architectural
thinking. In this respect, in architectural discourse, it is possible to notice a rising
interest in building skin configurations which promise to help minimizing the loss of
energy while maximizing its gain.

Innovative facade concepts are today more relevant than ever. The demand for
natural ventilation in commercial buildings is increasing due to growing environmental
consciousness while at the same time energy consumption for buildings has to be
reduced. An advanced facade should allow for a comfortable indoor climate, sound
protection and good lighting, while minimizing the demand for auxiliary energy input.

Double skin facade (DSF) is an envelope construction consisting of two
transparent facades separated by a cavity. Each of these two facades is commonly called
a skin. A cavity -having a width which can range from several centimeters to several
meters — can be located between these two skins. (Saelens, 2002). An adjustable sun-
shading device is usually installed in this cavity for solar energy.

The DSF is rapidly becoming a common design feature in European
architecture, driven by the following main factors (Poirazis, 2006):

e the aesthetic desire for an all glass-facade that leads to increased
transparency, creation of a closer link to the outside,
e the practical need for a more natural indoor environment,
e the need for supporting the acoustic comfort in buildings against the noise
polluted areas,
e the reduction of energy uses during the occupation stage of a building.
Moreover, they can provide a thermal zone, solar preheating of HVAC system,
wind and pollutant protection with open windows, night cooling, protection of shading
devices.
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It is possible to see that the use of double skin glass facades globally pervades.
These systems are nowadays accepted by many architects and developers in the world.
The basic presumption behind this global proliferation is that, considering the climatic
conditions, the double-skin glass facades can provide the advantages of energy gaining
and controlled ventilation. However, this technology still has several unknowns that
need to be questioned. Because, not all the DSF buildings show great performance in
the last years. This mostly depends on the architectural design decisions in the initial
part of the architectural design stage. If a DSF system has not properly designed, it
causes many problems. For instance, if the temperature in the cavity increases,
overheating problem can occur in the cavity and interior space. This condition adversely
affects on thermal comfort. The usages of air conditioning systems are required in order
to overcome the overheating problem. But this time, the energy consumption in the
building will increase. This study examines the architectural feasibility of DSF systems
with highlighting local climatic conditions. Effective design factors on energy
performance of DSF systems are examined in detail with experimental measurements
and numerical analysis rather than a simple design assumptions accepted by an
architect.

An extensive data set detailing air and surface temperatures on the DSF, together
with airflow rates will be measured and provided for different climatic conditions in
Turkey with the comprehensive analysis. On the other hand, fluid flow and heat transfer
are investigated numerically and experimentally. Thus, nondimensional heat transfer
correlations are developed for natural and forced flow conditions inside the cavity of
DSF. Another significant study in this thesis is to analyze the effect of pressure drop

elements in the cavity.

1.1. Purpose of the Study

All over the world DSF applications multiply day by day. This technology is
still quite new in our country and it is not possible to find many applications or
researches done on this subject. This interdisciplinary study aims to be a technical
questioning which excludes the presumptions hidden in the architectural discourse and
handles the subject in a scientific, unbiased way. DSF systems have a high initial

investment costs and a minor design fault can led to serious economic losses. Moreover,

22



increases in the extra heating/cooling loads can cause increases in the operating costs.
The aim of the study includes not only an understanding related to the behavior of DSF,
but also it includes developing different design strategies based on the climatic zones of
Turkey. Simply, the main objective of the study is to examine the energy performance
of DSF systems and bring investigate the use of double-skin glass facades in Turkey.
This study may open the door for the local production of alternative energy efficient
DSF systems in Turkey. Moreover, dimensionless correlations are developed for heat
transfer calculations. The effect of pressure drop elements inside the DSF cavity are

also investigated in this thesis.

Secondary objectives of the study are as follows:

e To adapt DSFs to the local climatic and production conditions with
increasing the energy efficiency.

e To develop recommendations on the implementations of DSFs which are not
defined in the Energy Performance of Building Regulation.

e To differentiate the configurations of DSF according to the local conditions
and thus, provide flexibility for different architectural designs

e To develop appropriate strategies for DSFs with analyzing the energy
performance of these systems on different climatic and flow (natural and
forced) conditions.

e To analyze the DSFs considering the effects of elements in the cavity that
create pressure drop by performing energy performance and fluid flow.

e To suggest appropriate energy efficient solutions with the evaluation of the
parameters affecting air flow and energy performance on different

configurations of DSFs.

1.2. Significance of the Study

The build environment in Turkey has a great potential for improving its
sustainable development. Office and commercial buildings are using a great percentage
of the total energy. Thus it is important to develop buildings that consume less
operational energy during its life cycle. Especially in moderate to cold climates like

Northern Europe new concepts were tested. They took into account the outdoor
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conditions and tried to create a climatic responsive building (Givoni, 1992; Szokolay
1980; Wigginton, 1996). Especially for the top-end market sector advanced facade
technologies were developed (Wigginton, 2002). They tried to integrate more and more
building services into the facade system. This has the advantage of reducing the space
needed inside the building and reducing initial overall costs.

One promising development of advanced facade systems is the double skin
facade (DSF). It is possible to see that the use of double-skin glass facades globally
pervades. These systems use the least energy against changing climatic conditions and
capable of establishing a balance between internal and external climate. Therefore, an
efficient facade system which provides energy conservation in buildings is becoming a
necessity to increase the energy performance of buildings. However, little work has
been done on the behaviour of DSFs for different climatic conditions. This is
particularly interesting since the building types and the climates are different in Turkey.
This study takes the climatic factors into account to find out how the energy
performance of a DSF can be developed in Turkey.

DSF systems have a common area of usage in Northern Europe and North
America. However, the suitability of these systems on southern area and alternative
design suggestions than can be applicable awaits to be investigated. Moreover, there are
studies related to the energy and flow analysis in the cavity of DSF. However, a
comprehensive study is not found relevant with the effect of pressure reducing element
used in the cavity. Furthermore, the majority of analyzes focused on the energy
performance-oriented examinations and detailed numerical flow analysis supported by
experimental studies under controlled climatic environment in the laboratory condition
have been limited. Most of the studies were realized for boundary conditions of cold
climatic regions.

DSF technology is still quite new in our country and it is not possible to find
many applications or researches done on this subject. There are no experimental studies
on DSF specific to Turkey. Thus, the aim of filling this gap strengthens the significance
of this study. The data obtained from this study will constitute an extensive data set for
DSFs that can be applied in our country and obtained correlations can be useable for
any applications limited in the conditions explained in the thesis. Thus, it will fill the
gap in the literature. The obtained results from the study will have application potential.

Because, the DSF technology is a new production area in building sector in Turkey.
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This questioning may open the door for the local production of alternative energy-
efficient facade systems in Turkey.

The significant contribution of this research would be that:

a) Nondimensional heat transfer correlations were obtained for natural and
forced flow in through the cavity of DSF

b) Nondimensional pressure drop correlations were developed inside the DSF.

c) Tests the applicability of the concept in different climatic zones in Turkey

d) Puts forth a simplistic method for energy analysis of DSF.

e) Identifies issues that affect or influence the functioning of these DSFs.

1.3. Limits of the Study

Due to the complexity of the research topic, certain careful control and defining
the scope of the research is needed. Firstly, the research is only deal with the issue at
hand in the climatic conditions on southern areas like Turkey. This is seen as a positive
approach because there isn’t much research being done in that particular region which
relates to the topic. Furthermore, it is hoped that the finding of the research will
contribute to the knowledge in that particular area. This research mainly explores the
viability of DSFs utilizing natural and forced flow for energy efficiency of buildings. It
will be realized with experimental measurements and parametric analysis with
computational fluid dynamic (CFD) software simulations.

Secondly a more specific ‘domain’ is needed to test the theory of the research
and to apply any useful finding onto it in order to realize the impact of the research
work. Turkey is chosen as the ‘domain’ and it is seen as an appropriate choice because
there is not a comprehensive study pertaining to DSF in Turkey. This technology is
quite new in our country although its applications multiply day by day.

Thirdly the construction costs or cost effectiveness of DSF systems are not
covered in this research. Others had covered these topics quite comprehensively in
different published books and journals.

Fourthly, there are numerous methods and techniques that could be employed to
examine the energy performance of DSFs. However, the research area is new therefore
there isn’t much existing information in terms of measured data, etc. and not many
constructed similar buildings directly related to the field, especially in Turkey. In fact,
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there isn’t any naturally ventilated cavity DSF building in our country during this
research is being carried out. Therefore, a test cell having DSF will be constructed in a
laboratory field to provide a controlled environment condition. Alternative design
solutions and flow analysis are performed by using CFD simulations. The measured
data taken from test cell provide the validation of the simulation models.
Notwithstanding constrains of the research mentioned above, it is a constructive
challenge throughout and the research will provide a specific answer to a specific issue

and filling up a gap within the knowledge in the mentioned field.

1.4. Methodology

This section sets out the method part of the study. This research is carried out
using the combined research strategies by integrating experimental research strategy
with simulation research strategy. By combining experimental and simulation results
conclusions are established for different DSF configuration.

Experimental and numerical studies have been conducted. Experimental setup
consists of two rooms which can be simulated based on conditioning indoor and outdoor
environments. These rooms are separated by a DSF application. Accordingly, two areas
are created with well insulated sandwich panels. The indoor temperature is regulated by
water conditioned cooling/heating bath through copper pipes installed on the walls. The
energy transferred in and out of the area is determined by flowmeter and PT 100 probes
located on suitable spots close to entry and exit zones. Outdoor temperature is regulated
with an air-based heat pump in order to meet the high energy need and provide
summer-winter conditions. Heat exchanger of the heat pump utilized as evaporator to
reach different temperature is placed on the interior part of the opaque walls of
experimental set up simulating outdoor area. A solar simulator placed out of this room
creates solar radiation effect and is separated with a conventional single-glass to keep
ambient conditions and decrease heat transfer through convection and transmission as
much as possible. Solar simulator is designed by using lamps suitable with solar
radiation spectrum according to the size of single-glazed side of experimental setup as
portable and in an adjustable position.

Exterior side of DSF, temperature of which can be regulated, consists of a
portable conventional single-glass. The interior side of DSF is designed as air-proof,
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well insulated double glass, which enables the area behind single and double glasses to
be available for parametrical study to be conducted on different depths. In addition, a
space is preserved for two canals in the upper and lower area of the single-glazed
facade in order to ensure air inlet/outlet. The air inlet at the bottom is used to create
effect of embeded HVAC system or outdoor wind effect by linking to a duct with
centrifugal fan. A perforated plate is placed into a diffuser part in the canal to obtain
uniform airflow in the DSF into the whole canal.

Experiments to be made after the construction of experimental set-up are carried
out by evaluation of different parameters to determine the performance of flow and
energy in DSF. Temperature of the area simulating indoor environment is kept at a
stable level for summer and winter conditioning while the area corresponding to the
outdoor environment is prepared for experiments under different temperature levels.

Thus, the experiments listed below will be conducted:

e Air inlets in the upper and lower area of the exterior single glass facade are
closed. For different interior and exterior temperature levels and different solar
radiation rates measured with pyrometer and temperature distributions occurring
with natural convection in the closed cavity are measured. Experiments are
repeated for different working conditions with and without solar simulator
usage.

e Air inlets in the upper and lower area of the exterior single glass facade is linked
to the fan and the fan can be operated in different velocity to create forced fluid
flow that can be experienced in real conditions, for different interior and exterior
temperature levels and different solar radiation rates measured with pyrometer,
airflow and temperature distributions occurring with forced convection in the
cavity of DSF are measured. Experiments are repeated for dimensionless
characteristic length of DSF cavity.

e Airinlets in the upper and lower area of the exterior single glass facade which is
also linked to the fan are opened and two distinguished perforated plates are
installed inside of the DSF’s cavity for creating pressure drop. Fluid velocity,
temperature and solar radiation are measured with pressure loss measurement in
the cavity for simulating different kind of elements which cause the pressure

drop.

27



Possible results and examinations gained from evaluation of the data out of these

experiments maybe listed as follows:

e Effects of forced convection are evaluated experimentally and numerically for
different values of the dimensionless characteristic length (depth/height rate) of
the DSF cavity.

e Effects of natural convection are investigated for different boundary conditions
of the DSF experimentally and numerically.

e With evaluation of different positions of pressure drop elements in the cavity
under the effects of forced convection, the effects of these elements on the sizing
of DSF is examined.

e Temperature and velocity profiles are detected, pressure drops are measured for
DSF cavity under different conditions and the acquired data is examined.

e The effect of DSF application on required energy input and output for interior
area conditioning under different conditions are evaluated.

The cavity part of experimental set up is modelled by CFD software and
experimental results are compared with numerical results and validity check is made for
numerical results. After validation of numerical results, parametrical studies conducted
by CFD software are evaluated by nondimensional heat transfer characteristics for
natural convection inside of an enclosure DSF’s cavity and forced convection through
the different site of DSF’s cavity. These nondimensional correlations are also used for
heat transfer calculations by using energy balance nodal approach for different working
conditions and different climatic conditions of Turkey. Moreover, the effect of pressure
drop elements usages in the DSF’s cavity is investigated experimentally. Therefore, two

different perforated plates are used in the cavity for different working conditions.

28



CHAPTER 2

LITERATURE

This section presents a comprehensive literature review on flow analysis of
double skin facades and their energy performance. There are numerous papers on DSF
written both by architects and engineers. It makes a review of main papers about DSF

and summarizes the findings of this literature review, especially in last ten years.

2.1. Experimental Studies on Double Skin Facades

Experimental approaches provide reliable information regarding airflow, heat
flux, solar radiation and temperature distribution in DSF. However, it is not an easy task
and the results are highly dependent on procedure and accuracy of measurement.
Although there are many studies on double skin facades in the international scale, the
number of the experimental studies is limited. Also, most of these experimental studies
are based on the observation of the data gathered from the existing double skin facade
buildings. As it is almost impossible to control the environmental factors which affect
the building outside, depending on the fact that the behaviours of the building users
cannot be foreseen, the comparison of the measurement data taken from a real building
and the results of the simulations does not give reliable results. In the laboratory
environment where the environmental factors can be controlled, the data taken from the

experimental setup allows to obtain more flexible and reliable data.

2.1.1. Saelens’s Experimental Study

Saelens (2002) analyzed the natural and mechanical ventilation effects in
Belgium, in the experimental setup of double skin facade with a sun shading device
which is located in the middle of the cavity for his doctoral dissertation. The
experimental setup is open to the exterior environmental conditions. Therefore, the solar
radiation and air temperature cannot be controlled; but they can be observed. The inside

of the double skin duct (0.5 m x 1.2 m x 2.7 m) consists of double glass whereas the its
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outside consists of a single glass. There is also a sun shading device with reels in the
middle of the duct between the two glass building skins. This sun shading device has an
automatic control system. When the sun radiation exceeds 150 W/m?, the device blinds
shut down completely and automatically. While the internal air curtain flow mode is
used for the mechanical ventilation in the experimental setup, external air curtain flow
mode is used for the natural ventilation.

On the experimental setup, temperature and air flow measurements have been
taken during summer and winter period. The air flow rate in the cavity has been
observed with watcher gas method. For all of the configurations, the air flow rate varies
between 20 m*/(h.m) and 80 m*/(h.m). While surface temperatures have been measured
on only the surface of the single glass facing the cavity, they have been measured on
both surfaces of the double glass. By positioning sensors at 3 different heights vertically
on both surfaces of the sun shading device which is located in the middle of the cavity,
vertical temperature profiles have been measured. The air temperatures in the duct
located on the portion of the sun shading device which faces both the interior and
exterior glass have been examined. Air inlet temperature, air outlet temperature and
interior room temperature have been measured.

During the measurements in winter, it has been observed that the glass inside
was hotter than the glass outside in the exterior air curtain. Saelens stated that the air in
the cavity can be used as pre-heated air in the interior environment. It has been seen that
with the solar radiation, the difference between the temperature of air inlet and air outlet
mostly does not exceed 10°C, but it even reaches 20°C. While the air inlet temperature
difference is defined as the temperature difference between the outside air and the air
inlet, the air outlet temperature difference is defined as the temperature difference
between the outside air and upper air outlet temperature. While there was ventilation in
external air curtain mode in the cavity during winter, it was observed that the
temperature in the cavity was 2.8°C higher than the air in the external environment. It
was also observed that by closing all of the air entrance and exit spans in the cavity, in
the buffer zone mode, the air temperature in the cavity is 6.4°C higher than the exterior
environment. During the measurements taken in summer, it was observed that there
were higher increases in the temperatures in the cavity comparing to the interior

environment and those increases could even reach 28°C in daytime.
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2.1.2. Stec’s Experimental Study

Stec (2006) conducted his study in the double skin experiment room which was
installed in the outside environment, in Tu Delft, Holland. While in the double skin duct
(0.15 m x 1 m x 2.2 m), the outer skin consists of a single glass, the inner glass consists
of an opaque wall which has openable and motorized glass windows. There is a
venetian blind in the middle of the cavity. Air supply and air exhaust flow modes were
used. Solar radiation, surface temperatures and wind velocity were measured and the air
flow in the cavity was analyzed with gas watching method. For the calibration of the air
flow, by using measurements developed by the author and producing various scenarios,
the effects of the glass types at different dimensions, the spans of the air inlet/outlet and
the sun shading systems were examined. Due to the fact that the experimental setup was
installed under the outside environment conditions, the number of the parameters that
could be tested is limited. Simulations were summed up by being compared to the
measurements and results on any limit conditions such as outside air temperature, solar

radiation, wall surface temperatures were not presented.

2.1.3. Corgnati, Porino and Serra’s Experimental Study

An existing office building whose facade faces south in Italy has a double skin
facade with mechanical ventilation. The outer skin ( 0.14 m x 1.2 m x 2.7 m) of the
double skin facade consists of double glass whereas the inner skin consists of a single
glass. There is a venetian blind in the middle of the cavity. In the facade, internal air
curtain flow mode was used. Temperature, air flow, heat flow and solar radiation were
measured. On both surfaces of the glasses, temperatures were measured via the
thermocouples. The air temperature was measured on both sides of the sun shading
device in the cavity. By measuring the air temperatures via the sensors located at three
different heights in the duct, temperature values throughout the duct were measured. Air
inlet, air outlet and interior environment temperatures were measured. Also, for the
control of the balance of the energy in the cavity, heat flow meters were placed on the
glass surface. For solar radiation, two pyronometers were used. One of them was placed
on the outer surface of the double skin facade, whereas the other one was placed to the

glass surface in the office part of the inner facade. The air rate in the duct was measured
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with anemometer. It was observed that when the solar radiation was low, the air
temperature in and out of the double skin were close to each other. During noon, it was
observed that the air temperature in the double skin facade was higher than the interior
environment and sun shading device had a 52°C. temperature exceeding all of the
temperature values. In winter and summer periods, it was observed that the air flow
rates were 50 m®/(h.m) — 75 m*(h.m). While these values do not cause any problems
regarding the energy performance of the double skin facade, due to the excessive
heating of the cavity in summer, it requires extra cooling of the building (Corgnati,
Porino ve Serra, 2007).

2.1.4. Zanghirella’s Experimental Study

This experimental setup which was installed in ltaly, consists of two similar
setups juxtaposed with the name TWINS. While one of the setups consists of only
8/12/6 mm traditional double glass, the other one has a double skin facade. The
traditional setup which only includes double glass without a cavity was prepared to test
the setup with the double skin facade so that they had the exact same features. For the
ventilation of the double skin facade (0.28 m x 1.6 m x 2.6 m), external air curtain and
air supply flow modes were used. There is a sun shading device in the cavity of the
double skin facade. The planned values were 20°C for winter, 26°C for summer and
23°C for the transition period. Temperature, heat flow, solar radiation and air flow in the
cavity measurements were conducted. Sensors were placed at three different points
along the height of the cavity. To measure the natural ventilation air flow rate, a
pressure difference manometer was placed but according to Zangirella, expected results
could not be provided. During two time intervals, measurements were taken. The first
lasted from March 2005 to January 2006 and the second lasted from May 2006 to
February 2007. While during the first experimental measurement air flow rates ranged
in the interval of 17.5 m*(m.h) — 63 m*/(m.h), in the period of the second experimental
study, it was observed that air flow rates were in the interval of 146m*(h.m) — 316
m*/(h.m). Regarding the glass type and sun shading device, the effect of these
parameters to the energy performance was examined. It was also observed that double
skin facade provides that solar radiation decreases at the rates of %38- %46 comparing
to the traditional facade without a cavity and there were higher temperatures than the all
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temperatures measured in the sun shading device (43°C- 50°C.) It was stated that the
best performance belonged to the double skin facade configuration with the high air
flow rate (Zanghirella, 2008).

2.1.5. Gavan’s Experimental Study

The study was conducted on an experimental setup called Minibat and installed
in the laboratory environment. It consists of two identical experimental rooms
juxtaposed. It was designed that the width of the experimental room is 3.1 m and height
of the experimental room is 2.5 m. It has a climatization generator which provides the
exterior environment conditions in the laboratory environment and a solar simulator. It
was emphasized in the study that the air flow rate in the duct, surface temperatures and
the angles of the sun shading devices have determining effects on the performance.

2.2. Other Studies related to DSF

Experimental approaches are very lengthy processes and they take a long time to
record the performance of DSF under real conditions. In this regard, various
mathematical models have been developed to study the behavior of DSF or to optimize
its performance. The modeling varies from very complex numerical modeling like CFD
to simplified and analytical models. Although numerical modeling might apply to many
cases envisaged, it needs to be validated with experimental data or analytical models
before making any judgment based on the result of numerical modeling.

The flow and energy analysis of DSF have been evaluated on various studies in
the literature. In some studies, different behaviors of the flow regarding the fact that
they are natural and/or forced have been experimentally and/or numerically examined in
the computer environment. DSF systems are divided into three groups based on
ventilation types in the cavity. These are natural ventilation, mechanical ventilation and
hybrid ventilation (both natural and mechanical). Basically there are three types of
commonly encountered DSF application with mechanical ventilation. These are internal
air curtain, air supply and air exhaust. Each one has a different thermal behavior and
each DSF may be arranged to have one of them (Loncour etc., 2004). One of the studies

done related to the double skin facades with mechanical ventilation, Marques da Silva
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etc. (2009)’s study is based on observing the thermal behavior of a building,
overheating due to the conflict of high air temperature and high solar radiation and
getting rid of that heat to emphasize the requirement of increasing the velocity of the
ventilation in the air shaft as the effective solution proposal. Also, the contribution of
using a white blinds set in reducing energy consumption via reducing the temperature in
the air shaft and on the interior window glass has been examined. Haddad and Elmahdy
(1998, 1999) have focused on the studies on the effects of air supply and air exhaust
windows on the thermal performance and compared them with the traditional windows.
With this comparison, they have concluded that windows with air exhaust causes high
heat gain especially in cold seasons. Also, due to the requirement of the thermal
comfort, they have also concluded that air exhaust window is more primary than air
supply window. Park etc., (2004) has developed a rotating motorized blind lath placed
in the void in order to optimize the performance of the double skin facade system and a
ventilated design on the glass inside and outside and below. An important feature of the
system is that it shows a dynamic reaction in terms of energy, visuality and thermal
comfort via real time optimizations for the environmental input data. Chen (2009)
analyzed the tools used to predict ventilation performance in buildings. The CFD
models were most popular and contributed to 70 % of the literature found in the study.
The applications of the CFD models were mainly for studying indoor air quality, natural
ventilation, and stratified ventilation as they were difficult to be predicted by other
models.

Most of the model applications of computational fluid dynamics are for
analyzing parameters such as indoor air quality and natural ventilation. Conducting
these and flow evaluation is not possible only by using commercial codes which
analyzes energy. Accordingly, advantages offered by the computational fluid dynamics
will be benefitted in this study.

Unlike the facades with mechanical ventilation, facades with natural ventilation
are characterized depending on the meteorological conditions (wind, temperature
differences etc.) These parameters significantly complicate both the facade design and
prediction of the thermal and ventilation performance. While indication of the
performances of the systems with mechanical ventilation is predicted, the same situation
is not valid for the systems with natural ventilation. Because, the performance of the

natural ventilation depends on the meteorological conditions (Loncour, et al. 2004).

34



Double skin facades with natural ventilation do not need fan power; however, double
skin facades with mechanical ventilation shows a better performance in summer time
depending on their places of use. The fact that mechanically ventilated double skin
facades have %25 more heat load than naturally ventilated double skin facades has been
emphasized in (Li, 2001)’s study. In this study, the performance of a double skin facade
has been determined experimentally. It has been conducted by applying an experimental
model of one storey double skin facade to the south facade. In the setups of double skin
facade models supported by natural or mechanical ventilation, by observing the
performances of these two systems, the ratio mentioned above has been reached.
Furthermore, in the passive systems, it has been observed that there is a higher
difference of temperature between the inside and outside glass surfaces comparing to
the active systems. Zerefos (2007) has compared the heating and cooling loads in
different climates for single skin facade and double skin facade. The study has been
combined with WINDOW by applying in ECOTECT simulation software. It was
presumed that the double skin facade was naturally ventilated and the blind is in
between the two glasses in the air duct. It is considered that double skin facades are
better in cooling seasons in the Mediterranean climate zone (annually %29-%35 gain).
Unlike these conditions, in places like Moscow with cold continental climate and
London with warm climate, the difference between the performances of double skin and
single skin facades decrease especially in heating seasons. As this study emphasizes, the
thermal behaviors of double skin facades in different regions differ from each other.

In some studies, the effects of DSF on energy performance are analyzed by
energy simulation programs. Gratia and Herde (2007) concentrated on the possibility of
natural ventilation during the daytime in relation to the orientation of the double skin
and the speed and the orientation of the wind. The purpose of the study was to examine
how natural ventilation can be provided during a sunny summer day in an office
building with a double skin facade. To realize the study, an office building with a high
level of thermal insulation was chosen. With the thermal simulation software, TAS,
various features of the double skin simulated in order to understand how the double skin
operates. The study demonstrated that efficient natural cross ventilation is possible on
condition that various orientations of the openings at the top of the double skin must be
planned. In this study, it was determined in which the double skin windows should be

opened, and the necessary size of openings. However, it was emphasized that this
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cannot be generalized for other configurations. Grabe et al. (2001) carried out a detailed
study of the effects of ventilation with double-skin facades which provides important
guidelines in using CFD simulation for double-skin facade investigation. They
determined that the simulation of a double-skin facade must yield the following

information:

a) The air mass flow through the facade gap to control the possibility of natural
ventilation of the room behind.

b) The temperature of the facade air related to the height of the facade, which
determines the temperature of the supply air in the case of natural ventilation. It also
helps in estimating the cooling load required in the case of conditioning.

c) The temperature of the facade perimeter to predict possible deformations of
the materials due to thermal elongation.

Sun etc. (2008) have researched whether double skin can be solution for the
energy efficiency of buildings with excessive ratios of glass. In this study, the heating
and cooling load of a double skin office room have been compared with an office room
with a single skin and traditional window walled facade and analyses have been
conducted. From the simulation results, it has been noted that heating and cooling
energy gains can be attained when a reflective double skin facade and suitable
ventilation method. Haase et al. (2010) compared thermal building simulations and
measured data of an existing building. They showed good agreement with each other. It
was stated that the results could be used to reduce the high peak cooling loads during
the summer period. Moreover, the results of the study could be used to reduce surface
temperatures by using different materials for the roller blind that is positioned in the
cavity of the double-skin facade. Saelens et al. (2008) described how to optimize the
energy performance of single-story multiple-skin facades by changing the settings of the
facades and HVAC-system according to the net energy demand of the building. A
mechanically ventilated airflow window, a naturally ventilated double-skin facade and a
mechanically ventilated supply window were analyzed by simulation tool. It was found
that both the heating and cooling demand might significantly be improved by
implementing control strategies such as controlling the airflow rate and the recovery of
air returning from the multiple-skin facades. Fuliotto et al. (2010) carried out a

decoupling method capable to evaluate thermal performances and analyze fluid
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phenomena in a DSF. The solar radiation effects were evaluated with an analytical
model and computational fluid dynamics (CFD) simulations were used to evaluate
complex flow and thermal effect on a commercial DSF. CFD approach agrees well with
the experimental data. The method could be used to establish a database to develop a
tool for DSF design.

The depth of the void, sun blinds, glass type and natural/mechanical ventilation
etc. are parameters which are effective on the energy performance of the building.
These parameters lead to different performances in double skin facades. In this respect,
regarding the energy efficiency of the double skin facades, a comprehensive study will
be conducted for various double skin facade configurations especially for cities of
Turkey.

In some studies, the effects of solar shading devices and plants especially on
energy performance were investigated. There are various studies related to this
condition. They are summarized in Table 2.1.

Gratia and Herde (2007) examined the influence of the position and the colour
of the blinds on the cooling consumption of an office building with a double-skin facade
with the use of thermal simulation software, TAS. It was found that a cooling
consumption decreasing until 23.2% could be reached by paying attention to

»  the location of the blinds,
» the colour of the blinds,

« the opening of the double skin,

Suitable location of the blinds provides saving up to 14.1% of the cooling
consumption of all the building during sunny summer day. The correct color choice
provides saving up to 3.5%. The impact of the opening ratio of dampers was from 7.4 to
12.6 reduction of the cooling energy consumption. The effects of different plant
applications placed between the double skin facade to the energy performance are
analyzed in Stec et al. (2005) study by use of experimental and an energy analysis code.
The effects of perforated elements such as solar shading devices and plants on energy

performance were investigated in various studies. They are summarized in Table 2.1.
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Table 2.1. Pressure drop (AP) elements in the DSF cavity on the literature

* ele?npent T:g(ii‘ Parameters Findings
Safer etal. | Venetian | CFD slat tilt angle The distance between the blind and
(2005) blind forced blind position outdoor glass had a significant
porous air outlet position effect on the velocity profiles inside
steady 2D/3D comparison | the cavity.
Porous media approximation for
blind simplified the model and
provided results which agreed with
real venetian model.
Jiru and Venetian | experimental | cavity height Inlet-outlet temperature difference
Haghighat, | blind zonal model | mass flow rate increased with DSF height and
(2008) forced/ venetian blind installing venetian blinds in the
natural position cavity.
unsteady inlet-outlet temp. The influence of each parameter
difference was more apparent in daytime.
@Torino, Italy
Gavan et Venetian | experimental | variation of airflow | Experimental data set was obtained.
al. (2010) | blind forced/ different angle of Air and surface temperatures in
natural shading device DSF were affected by the venetian
steady @Ilaboratory blind angle and airflow rate.
Stec and Shading | experimental | comparison of DSF | Energy performance comparison of
van device simulation with single skin different facade applications.
Paassen program facade Annual cost was analyzed and
(2005) forced/ external/internal compared each other considering
natural shading facade, HVAC and energy.
unsteady different ventilation | DSF with HVAC installation was
strategy found to be more economical
@Delft, solution.
Netherlands
&laboratory
Zengetal. | Venetian | CFD outdoor wind speed | The porous media model showed
(2012) blind experimental | different solar good computational accuracy. It
natural radiation also significantly reduced the mesh
porous two different CFD number and computing time.
steady models Effective natural vent. occurred in
@Tsinghua each case.
University, China Pressure drop versus air velocity
through blind was obtained.
Kuznik et | Shading | experimental | different airflow Temperature of the exterior glazing
al. (2011) | device zonal model | rates increased relatively small and
forced different angles of interior  temperature  decreased
steady the solar shading when the tilt angles increased.
devices Temperature values in the cavity
@Ilaboratory decreased when the flowrate
increased.
lyi etal. Venetian | CFD blind tilt angles and | When blinds positioned about one
(2014) blind natural positions third from the external facade,
steady different model optimum energy saving was
strategy considering | provided.

with internal and
external
environment
conditions

Blind tilt angle, 30°, decreased
incoming solar energy to indoor
space by about 85%.

(cont.on next page)
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Table 2.1 (cont.)

# eIeAmPent Tmogtljsei‘ Parameters Findings
Silvaetal. | Venetian | experimental | tree different slat Temperature profiles were quite
(2015) blind natural angles different between the cases with the
steady different solar slats in the closed and maximum
radiation open positions.
different wind Wind pressure coefficient for
velocity different  direction  considering
@Laboratory upper and lower parts.
Buoyancy and wind driven pressure
effect were compared each other for
different situations.
Pappas Roller CFD cavity geometries Correlations were performed for
and Zhai, blind simulation shading device type | DSFs with buoyancy-driven
(2008) program different solar airflow.
natural radiation Correlations were developed for
steady airflow rate in cavity versus
average and peak cavity-outdoor air
temperature difference.
Air temperature difference versus
pressure difference between cavity
and outside.
Stecetal. | Plantand | experimental | no shading Plants provided comfortable indoor
(2005) blind simulation plants climate and energy savings.
program blinds The positive influence of plants on
forced @Ilaboratory the cooling system was obtained.
unsteady Plants were more effective shading
system than blinds.
Temperature of each surfaces in a
DSF with plant was generally much
lower than blind.
Larsen et Plant simulation two different Heat gain and heat loss were
al. (2014) program simulation models reduced to 30% and 63%,
forced @sSalta, Argentine respectively by using plants.
unsteady weather data
Fangetal. | Plant experimental | different plant Solar heat gain coefficients (SHGC)
(2011) forced density of DSF were obtained for different
unsteady @Shanghai, China | plant density.

SHGC and cavity temperature
decreased with the increase of plant
density which did not solve
overheating in the cavity.
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CHAPTER 3

EFFECTIVE DESIGN DECISIONS ON ENERGY
PERFORMANCE OF DOUBLE SKIN FACADES

Sustainability, and correspondingly the search for sustainable buildings
increasingly occupy a significant role in architecture. In national as well as international
scale, this concern leads authorities to redefine building performance standards and
demands for a revision of architectural thinking. In this respect, in architectural
discourse, it is possible to notice a rising interest in building skin configurations which
promise to help minimizing the loss of energy while maximizing its gain. In parallel, it
is possible to see that the use of double-skin glass facades globally pervades. These
systems use the least energy against changing climatic conditions and capable of
establishing a balance between internal and external climate. Therefore, an efficient
facade systems which provide energy conservation in buildings is becoming a necessity
to increase the energy performance of buildings from the architectural design process.
The design of DSF involves numerous architectural decisions such as the geometric
configuration and orientation of DSF, the glass types, the size of cavity, positioning of
openings, ventilation strategy and application of shading devices. In this Chapter,
double skin facade systems, which are accepted as an energy efficient building skin, are
investigated and the effective design decisions on energy performance of this systems

will be discussed in a comprehensive way in architectural perspective.

3.1. General View on Double Skin Facades

There is a world-wide tendency for a sustainable development. All over the
world as our country, the considerable proportion of the total energy is used for heating,
cooling, air conditioning, ventilation and lighting purposes. Approximately 20% of the
total energy in Turkey is used by transport, 40% by industry and buildings being
responsible for 40% of the total energy. Thus it is significant to design buildings that
consume less operational energy during its life cycle (Haase, M., and Amato, A., 2005).

82% of the total energy is used for heating in buildings in Turkey. Energy loss from a
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typical building occurs 40 % through external walls, 30% through windows, 17%
through doors, 7% through roof, and 6% from floors, approximately. For this reason,
architects and engineers should be focused on the designs solutions providing energy
savings (Aric1 and Karabey, 2010).

One of the most popular methods of energy saving in a building is by properly
designing of its facade (Widdington and Harris 2002). These systems called double skin
facade, use the least energy against changing climatic conditions and capable of
establishing a balance between the outdoors and the internal spaces. The energy gain
depends on the climatic conditions and the proper double skin facade configuration.

The concept of DSF is not new and it is based on dates back to many years ago
in central Europe when the box window types were used for thermal insulation purposes
(Oesterle, 2001). Although that the concept of Double Skin Facades is not new, there is
a growing tendency by architects and engineers to use this system. Architects working
in collaboration with engineers have already begun to present an energy-effective
approach to the design of building facades, since a building’s facade supports both its
embodied and operating energy (Karsai, 1997). All over the world double-skin facade
applications multiply day by day. DSF buildings are claimed to be energy efficient,
“environmentally friendly” and architecturally innovative solutions. Therefore, this
condition have led to a rapid adoption of the double-skin facade technology.
Predominantly seen in the European countries, the concept is now commonly designing
in the USA and also other Australasian countries. This technology is still quite new in
our country and it is not possible to find many applications or researches done on this
subject.

Although, the DSF concept is not new in the world, this concept is quite
complicated and its usage and function affects different parameters of the building.
These parameters usually interact with each other such as daylight, natural ventilation,
indoor air quality, acoustics, thermal and visual comfort, daylight energy use, etc. There
are still relatively few buildings consisting of DSF. Moreover, there is not sufficient
information on their design parameters which are effective in the architectural design
stage.

The design of DSF depends on various architectural decisions. The effective
decision parameters are the geometric configuration and orientation of DSF, the glass
types, the size of cavity, positioning of openings, ventilation strategy and application of
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shading devices. In this study, effective design decision parameters on energy
performance of DSF systems will be discussed in a comprehensive way in architectural
perspective by reviewing previous studies. A new classification of DSF system is
proposed based on the effective design decision parameters. This classification is
adapted from the literature studies. Moreover, advantages and disadvantages of this
facade technology are discussed extensively. This study is expected to support further

design improvements of the Double Skin Facade systems.

3.2. Definitions of Double-Skin Facade Systems

The Double skin facade systems are called in numerous ways in the literature.
The commonly encountered ones are; Double-skin facade, Double Facade, Double glass
envelope system, Ventilated facade, Multiple-skin facade, Energy saving facade and
active facade. There are various definitions related to double-skin facade systems.

Saelens (2002) defines double skin facade as an envelope construction
consisting of two transparent surfaces separated by a cavity, which behave like an air
channel. This cavity space creates a useful zone to protect solar shading devices from
weather conditions, which are usually positioned in the cavity. This definition
emphasizes the construction of the building skins, the transparency of the surfaces and
the role of cavity in airflow.

Loncour et al. (2004) state that a ventilated double skin facade can be described
as a conventional single facade doubled fundamentally by a second glass facade surface.
These surfaces are called as skins. A ventilated cavity is positioned between these two
skins, which can range from several centimetres to several metres.

Chan et al. (2009) explain that Double skin facade mention of a building facade
consisting one or several stories with multiple glazed skins. There is an air cavity
between these two skins and the width of the air cavity can range from 200 mm to more
than 2m. These two skins can be air tight or naturally/mechanically ventilated. While
the outer skin is usually a single glazing and can be completely glazed, inner skin can
consist of insulated double glazing and it is not fully glazed in most applications. These
air tight facades increase the thermal resistance of the building in order to reduce the
heat losses in winter. Furthermore, moving cavity air can absorb the heat energy and

reduce the heat gain and the cooling demand of a building in summer season.
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According to Jiru, Tao and Haghighat (2011) Double-skin facades (DSFs) are
described as building envelopes consisting of two glasses and a ventilated air cavity
between these glasses. Solar shading devices are placed within the cavity. The
ventilated cavity works like a thermal buffer zone. It reduces undesired heat gain during
cooling period and heat loss during heating period. Moreover, these systems provide
glare control and maximization of day lighting.

A DSF has many features similar with a glazed sun space or an atrium.
However, the cavity in a DSF is used for ventilation purposes; it does not offer a space
for occupants (Wachenfeld and Bell, 2003).

Double skin facade acting as a new second building envelope usually comprises
of an external glazed skin and an internal skin which is made of glazed or partially
glazed material. These skins separated from each other by an air cavity. The width of
this air cavity can vary from 200 mm to more than 2m. This cavity behaves like a
thermal buffer zone and it can be ventilated by naturally or by using mechanical system.
DSF systems are generally proposed to decrease indoor heating demands in winter
through increasing outside temperature of the internal facade using sunshine, and
decrease indoor cooling demands in summer by lowering the temperature due to
ventilation in the cavity. The air inlet and outlet vents are opened in summer to decrease
high temperatures in the cavity via ventilation. The air inlet and outlet vents are closed
in winter for storing heat in the cavity coming from sunshine and then transfer it indoor

via internal skin.

3.3. Classification of Double-Skin Facade Systems

Double skin facades can be called as a pair of glass skins separated by an air
channel and this channel usually contains shading device, acts as insulation against
excessive temperatures, wind loads, solar radiation and noise. DSF system is different
from the double-glazing system because the thickness of the air channel may vary with
a distance from 20 cm up to 2 m.

The classification of the double skin facade systems has significant effects on
the design stage. It is necessary to define architectural and technical parameters in the
early stage of design to increase the energy performance of the system. This contributes

to understanding possible problems and improving problem-oriented solutions for them.
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Various classifications on DSF can be found in literature, for instance, in Gertis
(1999), Baker et al. (2000), Oesterle (2001), Arons and Glicksman (2001), Compagno
(2002), and Parkin (2003). Modifications were performed to this proposed classification
by merging some of the main characteristics with other various classification systems,
such as the method made in the USA (Perino, M 2005). In this paper, the proposed
classification categorizes DSF systems depends on three crucial parameters. This
classification is based on primarily architectural configuration of the cavity based on the
effective parameters which played determinative role on energy performance of a DSF,
and secondarily its interaction with the type of ventilation and airflow modes in the
cavity. This proposed classification based on these effective parameters can be

presented as follows in Figure 3.1:

Ventilation Types DSF Airflow Modes

\ 4
Architectural
Configuration Issues

A

Figure 3.1. Effective parameters on Double Skin Facades

3.3.1. Architectural Configuration Issues of Double Skin Facades

When looking at the architectural configuration concepts it is significant to
notice that all types of double-skin facades can be combined with both types of
ventilation and all types of airflow concepts. This condition creates a great variety of
double-skin facade configurations. It draws attention to the proper combination of the
all parameters proposed in the classification. Effective parameters in architectural

configuration issues are illustrated in Figure 3.2.
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Ventilation Types
o Natural

o Mechanical

o Hybrid

Airflow modes

o Air buffer zone
external air channel
internal air channel
Air exhaust

Air supply

Architectural Configuration Issues

Interaction between
o Building type
o Building form

Orientation of DSF
e North
e South

o Cavity size

Geometric Configuration of DSF
o Location and size of openings
o Length/width of cavity
o Height of cavity
o i Multi Storey facade
_ building helght—r_
Multi storey louvered
— storey height
Box-window facade
Shaft-box facade
Corridor facade

Solar shading devices

T Blinds
* Types Louvers
. external
* Locatio internal

in the middle of air cavity
near external skin

near internal skin
o Material (metal, plastic, painted or
polished, perforated or solid, etc)

e East
o West
e Other

Glazing Layers
(outdoor/indoor)

o Type of panes (clear glass, low-E
coating, solar control glass, etc)
Glazing characteristics (U value, g-

value, 7 value, etc)

Number of glass layers
(single/double glazing)
Material of window profile
(Aluminum, steel, PVVC, etc)

Climatic and Seasonal conditions
o Cold climates

o Hot-humid climates

o winter

e summer

o other

Figure 3.2. Effective parameters on Double Skin Facades
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3.3.1.1. Double Skin Facade Types

Since the beginning of the first usage of the DSF systems, there have been some
incoherencies and uncertainties in their classifications. Oesterle et al. (2001) classified
double-skin facades into four different types based on geometric configuration. These
are box window facades, shaft-box facades, corridor facades and multi-story facades.
The Belgian Building Research Institute (BBRI, 2004) adds a new category for this

classification called as Louvered facades.

e Box window facade: The box window is the first type of DSF introduced to the
building industry. (Jon, 2008) The DSF is divided into smaller and independent boxes
by horizontal and vertical partitioning. The cavity has horizontal partitions at each floor
and vertical partitions on each window. Each box-window is provided with an air
entrance and outlet at the bottom and at the top of the floor (Figure 3.3). It is generally
used to prevent high external noise levels or provide special sound insulation between
adjoining rooms (Oesterle et al. 2001, Wong 2008). Box type windows are also
commonly used for retrofitting the buildings in order to improve their energy
performance (Jon, 2008). This type is applicable for solid facades with punched
openings and it is commonly used for buildings where privacy is important (Tascon,
2008).
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Figure 3.3. Box window facade
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Most of the mechanically ventilated facades in Belgium are this kind of facade.
The size of the cavity is generally 15 cm. Internal glazing facade can be opened for

cleaning and maintenance demands (Loncour et al 2003).

e Shaft box facade: In this type, a set of box window modules are placed in the
facade. These modules are connected via vertical shafts positioned in the facade (Figure
3.4). These vertical shafts encourage the stack effect. The stack effect draws the air
from the box windows into the vertical shafts and from there up to the top, where it is
exhausted (Oesterle 2001). This type of facade and partitioning is applied only naturally
ventilated facades (Loncour 2003). At both sides of the central shaft, the box window
areas exhaust air into the central zone. The air is warmed and goes towards to the shaft
at the top level. It is exhausted from this shaft. These facade types have many external
openings and this condition creates stronger thermal uplift within the stack. However,
there are some problems related to how high a building with a double skin facade can be
due to the limitation of stack effect (Wong, 2008). This type of DSF provides a high
sound insulation against external noise. This system is best used in low-rise buildings

and it is suitable in high noise areas (Oesterle 2001).
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Figure 3.4. Shaft-box facade
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e Corridor facade: In the corridor facade type, the air cavity is separated into
horizontal compartments, generally at the level of each storey. Besides, vertical
partitioning elements are used in some applications to control fire and sound. There are
openings in the cavity at each storey level. The air supply and air exhaust openings in
the external facade are located near ground level and the floor ceiling respectively for
each storey of the building. These openings are laid in staggered form from on every
level in order to prevent mixture supply and exhaust air (Oesterle 2001). Corridor
facades do not create a limitation in the height of buildings. However, they do not
utilize the stack effects as much as a shaft-box type of facade (Jon, 2008). Each floor

has independent air circulation cells that are terminated on each floor.

e Multi-storey Facades: In this facade type, there is no horizontal or vertical
partitioning between two glass skins. The air cavity extends along the height of the
building that behaves like an air channel (Figure 3.5). It has only one inlet and one
outlet opening along the building height. Air enters through the opening located on
ground floor of the cavity and exhaust through opening on the upper floor of the cavity.
This facade type is used differently in summer and winter season. It is used as an air
supply facade in winter and air exhaust facade in summer. It is applicable for the usage

of buildings having high external noise levels (Wong 2008).

warm air

d

[ cavity

Internal fagade

external facade

|

I

/cool air

Figure 3.5. Multi-storey facade
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e Multi-Storey Louvered Facades: This facade type is similar to a multi storey
facade. The difference between this type of facade and multi storey facade is that the
outdoor facade is composed of pivoting louvers rather than a traditional monolithic
facade.

Buildings with double skin facade are commonly located in
Continental/Northern European countries - Germany, Switzerland, Finland, France and
Belgium. Japan also contributes a large percentage. According to Perino and Serra’s
research (2006), Natural ventilation (58.1 %), MultiStorey (47 %) configuration and

external air channel are the most common solutions.

3.3.2. Ventilation Types in the cavity

The type of ventilation is related to the driving force used to ventilate the air
channel (cavity) located between two glass envelopes. Three types of ventilation can be
observed in the cavity (Renckens 2000, Oesterle 2001, Parkin 2003). These are:

e Natural ventilation: The goal of modern natural ventilation is to benefit from
the natural driving forces as effectively as possible to minimize the use of energy for
fans and mechanical cooling (Kleiven, 2003). The driving forces can be wind, buoyancy
or a combination of both (Li, 2001). The performance of natural ventilation can change
based on wind and temperature difference. The temperature difference is created by the
stack effect that is an event related to the rising of hot air and dropping of cold air.
(BBRI Report, 2004) Tanaka et al. (2009) have found that the maxiumum air change
rate of natural ventilation by the exhaust opening varied between 20 and 25 [1/h].
Moreover, the reduction rate of the solar heat gain is about 25 % as compared with non-
natural ventilated. Most researchers state that natural ventilation is possible in summer
season even in multi-storey DSF configuration type (Wong, 2008).

e Mechanical Ventilation: In this type of ventilation, powered equipment is used
to provide air movement (Loncour, 2004). Internal air curtain, air exhaust and air supply

are commonly observed airflow modes in a mechanically ventilated DSF.

e Hybrid ventilation: Hybrid ventilation is a controlled comprise of natural and

mechanical ventilation. In this type, natural ventilation is used as much as possible. The
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mechanical ventilation is only used when the driving forces of natural ventilation are
becoming inadequate to realize the desired performances. Only a few examples of
facades using this type of ventilation exist in the world. According to Perino and Serra’s
research (2006), while natural ventilation is commonly observed solution as a
percentage of 58.1 % among the investigated 215 buildings, the percentage of the
buildings with hybrid ventilation approximately only 9 %.

3.3.3. Airflow modes in the cavity

The airflow mode is the condition related to the beginning of the airflow and
destination of the air circulation in the cavity. It is significant to perceive that all types
of double skin facades can be combined with each ventilation types and airflow modes
in the cavity (Haase 2005). In this way, numerous DSFs can be generated. In order to
take the fresh air to the DSF building, different types of ventilation can be applied in
different climates, orientations, locations, etc to improve energy performance and make
comfortable living spaces for the occupants (Pasquay 2004, Lancour 2004, Gosselin

J.R, 2005). Figure 3.6 shows the main airflow modes in the cavity.
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Figure 3.6. Main airflow modes in the cavity

(cont.con next page)
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Figure 3.6. (cont.)

a) Air buffer zone: In this ventilation mode, both internal and external glass skins of
double facade are designed as airtight. The cavity behaves like a tampon zone between
the indoor and outdoor. Thus, there is no ventilation in the cavity.

b) External air curtain: The air is taken to the cavity from the external facade opening
in the lower part of the cavity and is released from the external facade opening in the

upper part of the cavity.

c) Internal air curtain: The air is taken to the cavity from the internal facade opening
in the lower part of the cavity and is sent to the internal facade opening in the upper part
of the cavity. The mechanically ventilated facades, usually called as active facades, are
generally arranged by a single airflow mode of the internal air channel (BBRI, 2004).

d) Air exhaust: The air comes to the cavity from the internal facade opening in the
lower part and is evacuated towards outside from the external opening located upper

part of the cavity.

e) Air supply: The outdoor air is taken into the cavity from the opening located in the
lower part of the external facade. The air is heated and is brought to the inside from the

upper opening located internal facade.
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f) Air preheating for HVAC: The ventilation air is taken into the cavity from the air
vent at the bottom and preheated along the cavity. Then, it is taken to the HVAC system

and transfer to the building.

3.4. Samples of Buildings with Double Skin Facade

It is possible to observe different type of DSF applications according to the
variations in climatic conditions. Various DSF design combinations can be derived
based on different architectural design decisions such as geometric configuration of
DSF cavity, ventilation type in cavity, size and position of air vents, types of glasses,
types of shading devices and their position on DSF, etc. Diversity of applications can
be observed in the constructed DSF buildings. In this section, double skin facade

practices applied on the worldwide have been investigated.

3.4.1. DSF Practices in the World

In this part, examples of double skin facade buildings built in the world are
investigated in detail. The influences of climatic conditions on design decision of DSFs
are examined. Investigated buildings in the world are illustrated in Table 3.1.

Table 3.1. Investigated DSFs in the world

Buildings Location
Dusseldorf City Gate Germany
Deichtor Office Building Germany
GSW Building Germany

Sysopen Tower

Finland

Moravian Library

Czech Republic

Watling House

United Kingdom

Greater London Authority (GLA)

United Kingdom

Beetham Tower

United Kingdom

Sanomatalo Finland
Arlanda, Pir F, Sigtuna Sweden
DVV Building Belgium

Seattle Justice Centre

United States of America
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3.4.1.1. Dusseldorf City Gate

Architect: Petzinka, Pink & Partners, 1998

Location: Diisseldorf, Germany

Utilization: Office building

Building information: The height of building is 56 m and it has 16 stories with a

central atrium (Figure 3.7).

R

c)
Figure 3.7. Diisseldorf Stadttor Building

(Source: a- http://panoramio.com/photo/9668628, b- http://inhabitat.com/dusseldorfs-hi-
tech-energy-efficient-gate/, c-BBRI Report, 2004)

53



Facade Type:

Ventilation of the cavity:

Glass Type:

Shading device:

The facade is designed as corridor facade. The building
has two different cavity depth (90 cm and 140 cm) and 20
m lenght. DSF continue along the storey height.

Natural ventilation is used approximately 70-75% of the
year. However, mechanical ventilation is used at peak hot
temperatures in summer and peak cold temperatures in
winter. Moreover, office building is equipped with chilled
ceiling.

While inner facade consists of a low-e glass with a
wooden frame, the outer facade compose of a 12 mm
safety glass

Featured highly reflective solar blinds are located near the

outer glass in the cavity.

3.4.1.2. Deichtor Office Building

Figure 3.8. Deichtor Office Building

(Source: http://www.panoramio.com/photo/22361320)

Architect:
Location:

BRT Architecture, 2002

Hamburg, Germany
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Utilization: Office building

Building information: It is a 12-story building with a triangular form. Each
storey is 3.60 m. The building has 4 winter garden (Figure
3.8).

Facade Type: Building has two DSF type. One is corridor, the other is
multi storey facade. The building is located in an area
subjected to heavy traffic noise. The chosen DSF facade
types provide noise control.

Ventilation of the cavity: ~ The building is naturally ventilated. Office rooms are

located facing winter gardens or in the direction of the

DSF.
Glass Type: No information
Shading device: Blinds are used in the interior facade.

3.4.1.3. GSW Building

Figure 3.9. GSW building

(Source:http://architecturerevived.blogspot.com/2010/04/gsw-headquarters-berlin-
germany.html )
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Architect:
Location:
Utilization:

Building information:

Facade Type:

Ventilation of the cavity:

Glass Type:

Shading device:

Sauerbruch Hutton, 1999

Berlin, Germany

Office building

The building has 22-storey and the width of the building is
11 m. It is directed toward East and West.

The facade is in the form of multi-storey DSF. It continues
throughout the height of the building and has walking
paths. The DSF is designed on West facade. the width of
the cavity is 0.9 m (Figure 3.9).

The building is naturally ventilated primarily. However,
the building is benefited from mechanical system at peak
temperatures in summer and winter seasons. It is possible
to take advantage of natural ventilation approximately
70% in the period of the year. The air is taken into the
space from the eastern facade and is excreted from the
DSF via cross ventilation. The west facade behave like a
20-storey solar shaft. Vertical airflow occurs in this shaft
through stack effect and thermal buoyancy. Openable
vents in the DSF cavity are closed during the heating
season. Thus,the cavity acts as a thermal buffer zone. Hot
air is returned to the central facility via risers for heat
recovery. Radiant heating and cooling are provided.
Thermal storages have been created in the floor and
ceiling.

East facade comprises of triple-glazed windows. West
facade consists of a DSF. While inner glass of western
facade consists of double-glazed windows, a sealed 10
mm glazing is used on outer facade of DSF.

Automatically deployable and manually adjustable
aluminum louvers are used on Eastern facade. Colored
vertical perforated aluminum shutters were used to

organize solar gain and natural lighting. All the shutters
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3.4.1.4. Sysopen Tower

can be extended along the front to shade the facade

completely.

Figure 3.10. SysOpen Tower

(Source: http://taloforum.fi/viewtopic.php?t=457)

Architect:
Location:
Utilization:

Building information:

Facade Type:

Ventilation of the cavity:

Glass Type:

Shading device:

Arkkitehdit Tommila Oy, 2001

Helsinki, Pitdjinmaiki, Finland

Office building

The building has 19-storey, one of them is under the
ground level. The total height of the building is 70 m
(Figure 3.10).

The DSF type of box-window is used in this building. The
cavity depth is 55 cm.

No information

Tempered glass with a 8 mm thickness is used in exterior
facade.

Automatically controllable solar blinds are positioned in

the cavity.
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3.4.1.5. Moravian Library
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Figure 3.11. Moravian Library
(Poirazis, 2004)

Architect: No information for architect, 2011

Location: Brno, Brno, Czech Republic

Utilization: Library building

Building information: It has two double skin facade placed on south direction.

The total area of the DSF is 1135 m?. The building has
eight storey and DSF go along the total height of the
building. The facade is 50 m long. Galvanized steel
elements were used in the building (Figure 3.11).
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Facade Type:

Ventilation of the cavity:

Glass Type:

Shading device:

3.4.1.6. Watling House

Architect:
Location:
Utilization:

Building information:

It is designed as box window facade. Walkways are
constructed on the level of each floor. The cavity width is
55 cm.

The building has openable windows. These provides
natural ventilation of building during cooling period. Air
inlets are positioned on the ground level of the DSF.

The external skin of the facade consists of single hardened
glass of 10 mm thickness. Internal skin comprises of
double glazed windows.

Two types of shading devices are used in the building.
These are fixed horizontal load bearing shading devices
and motorized vertical shading devices used on internal

facade.

GMW, Arup associates, 1992

Londan, United Kingdom

Residental building

The total built area is 7900 m?. It has 7 storeys. Solid

components are used on facade (Figure 3.12).

Figure 3.12. Watling House
(Source: Tascon, 2008)
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Facade Type: It is designed as shaft box window facade.

Ventilation of the cavity: Fully HVAC

Glass Type: Triple glasses are used.

Shading device: Shading devices are used inside and outside of the

building facade.

3.4.1.7. Greater London Authority (GLA)

Figure 3.13. Greater London Authority
(Source: Tascon, 2008)

Architect: Norman Foster, Arup associates, 2002

Location: Londan, United Kingdom

Utilization: City Hall

Building information: It is a high rise building. The total height of the building is

45 m. It has 11 storeys.lt has 15000 m? floor area. The
building has steel frame with circular columns (Figure
3.13).

Facade Type: Highly insulated panels are used with double skin facade
modules.

Ventilation of the cavity: The facade has locally controlled natural ventilation.
When the air vents are opened, heating and air
conditioning systems deactivate themselves.

Glass Type: Low-e glasses are used.
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Shading device:

3.4.1.8. Beetham Tower

Photovoltaic panels and shading devices are used in the

building.

Architect:
Location:
Utilization:

Building information:

Facade Type:

Ventilation of the cavity:

Glass Type:
Shading device:

Figure 3.14. Beetham Tower
(Source: Tascon, 2008)

lan Simpsons Architects, 2006.

Londan, United Kingdom

Hotel and residental building

It is a high rise building. The total height of the building is
180 m. It has 51 storeys.

The building is constructed as multi storey double skin
facade type (Figure 3.14).

No information

Clear glass is used on facade.

No information
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3.4.1.9. Sanomatalo

Figure 3.15. Sanomatalo (BBRI report, 2004)

Architect:
Location:
Utilization:

Building information:

Facade Type:

Ventilation of the cavity:

Arkkitehtitoimisto Jan Séderlund & Co.Oy, 2000

Helsinki, Finland

Commercial and office building

It is a high tech building. It has 12 storeys and 3 of them is
underground. The total area is 43000 m® Double skin
facade has a 5000 m? area. The building has a modern
sprinkler system. It has a good fire protection. Concrete
slabs and columns are used.

The building has double facade on east west and south
direction. Facade is designed as box window. Inner facade
was made of prefabricated elements. Galvanized steel and
glass elements are used (Figure 3.15).

The cavity is 70 cm. This is closed or can be vented by

motor-operated vents controlled by thermostats.
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Glass Type: While toughened and laminated glass (6 mm + 4 mm) are
used inner facade, toughened and coated selective sun
protection glass (6mm) are used middle facade. Argon and
krypton gas are used between the glass space. Toughened

and laminated glass (6 mm + 6 mm) glass are used outer
facade.

Shading device: Blinds are positioned inside the inner facade.

3.4.1.10. Arlanda, Pir F, Sigtuna
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Figure 3.16. Arlanda, Pir F, Sigtuna (BBRI report 2004)

Architect: KHR AS Architects, 2001

Location: Sweden

Utilization: Terminal building

Building information: It has a 67500 m? floor area and 13000 m? double skin

facade area.

Facade Type: Building facade is multi storey type. Cavity width is 60
cm (Figure 3.16).
Ventilation of the cavity: No information
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Glass Type: Outer skin is 6 mm float glass and inner skin is Planitherm
futur, 20 mm argon, 6 mm clear float.

Shading device: Venetian blinds are used in the cavity.

3.4.1.11. DVV Building

Figure 3.17. DVV Building (BBRI report 2004)

Architect: No information.

Location: Belgium

Utilization: Office building

Building information: It has 4 storeys. Box window is used between 1st to 3rd
floor (Figure 3.17).

Facade Type: Facade is designed as box window type. The cavity is 15
cm.

Ventilation of the cavity: The building has a central mechanical system. The heat is
removed with exhaust air. After, the exhaust air is brought
to the climate facade. The air is centrally conditioned.

Glass Type: It has a double glass positioned on outer facade (U= 1.8

W/ m?K) and single glass positioned on inner facade.
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Shading device: Solar shading device is located in the cavity near to the
inner glass. It is controlled centrally based on orientation
and storey.

3.4.1.12. Seattle Justice Centre

Figure 3.18. Seattle Justice Centre

(Source: http://www.pambeyette.com/artplans.php?item_id=35&page=1)

Architect: Hegedus

Location: Seattle, United States of America

Utilization: Office building

Building information: It has 9 storey.

Facade Type: Multi storey facade type is used in the building (Figure
3.18).

Ventilation of the cavity: No information.

Glass Type: Monolithic glazing on the outside and insulated glass on
the inside.

Shading device: No information
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3.4.2. DSF Practices in Turkey

As the buildings consume almost 50% of the energy in the world, in terms of the
renewed EU directive, The Energy Performance in Buildings Directive, designs which
include the optimum energy efficiency and cost should be produced in Turkey similar to
the buildings in the all over the world. In this respect, facade systems which are building
skins playing an active role in the energy efficiency of the buildings have began to gain
importance in Turkey as well and double skin facade systems which are widely used in
the world have become popular in Turkey gradually. In this section, double skin facade

buildings in Turkey will be examined.

3.4.2.1. istanbul Saphire

Figure 3.19. Istanbul Sapphire
(Source: http://www.arkiv.com.tr/p9568)
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Architect:
Location:
Utilization:

Building information:

Facade Type:

Ventilation of the cavity:

Tabanlioglu Architecture, 2010

Istanbul, Turkey

Residential, shopping and entertainment centers

The first example for double skin facade building is
Sapphire skyscraper in Turkey. It is a high-tech structure
that consists of 64 stories (54 on surface and 10
underground), communal living stories, extensive parking
spaces, a large shopping mall, and 47 stories for
residences. It is the first ecological building of Turkey
with a height of 261 meters with antenna, having two
special glass shells called as double skin facade. The
building is oriented to east and west. The north and east
facade is designed as cold front. This architectural
decision is important in terms of heat gains rather than
view. Thanks to this facade system, the inhabitants of the
building will be protected by the negative weather
conditions and external urban noise, in addition to
providing a buffer zone between the exterior and interior
atmosphere. Absorption of the sunlight and ultraviolet
beams will be ensured by a special curtain system that's
automatically controlled through a computer, depending
on the season, day and hour.

It is designed as multi storey facade. Vertical gardens are
designed at every 3 stories and every 9 floors are separated
from each other by a communal living area or mechanical
floors. Sliding joints are used in the interior facade that
provide going out garden or balcony owing to double skin
facade (Figure 3.19).

In Sapphire building, the natural air demands for gardens
are provided from movable vents located outside facade.
The building can take the outside fresh air naturally by
vents located at base of every 3 stories and release dirty air

by vents located at upper of every 3 stories. Thus, natural
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ventilation is used in the cavity of the building and this
approximately provides 30 % energy saving.

Glass Type: No information

Shading device: Aluminum shading devices are positioned to be closer to
the inside of the exterior facade.

3.4.2.2. Kiiciikcekmece Municipal Services Building

Figure 3.20. Kii¢iikgekmece Municipal Services Building

(Source: http://www.ilkdogadostukamubinasi.com/images/etc/Kucukcekmece-Yeni-
Binasi-Tanitim.pdf)

Architect: Mutlu Cilingiroglu, MIAR Architecture, 2014

Location: Istanbul, Turkey
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Utilization:

Building information:

Facade Type:

Ventilation of the cavity:

Glass Type:

Shading device:

Office building

It is the first public building that takes BREEAM green
building certificate. It gets this certificate owing to passive
climatization, green roofs, natural lighting with double
skin facades, galleries, selection of recyclable materials
and suitable plants. The structure has a circular plan
formed by bringing together three circle form. The
building was constructed on a sloping terrain and it has
three entries in three different grades. Whole facade is
made of curved glass. The building has 9 storeys, two of
them are underground. In addition , the public building has
an inner court. Thus, daylight can be taken into the space.
Moreover, ice is produced and stored during the night with
ice storage system in the building.

It is designed as multi-storey facade. Storeys are separated
by a horizontal dividing element from the ground floor in
every 2 floors (Figure 3.20).

The ventilation between two glass layers can be ensured
with natural air circulation vents in every two floors. Ice
stored in tanks is used for cooling of the building for peak
demands when the temperature is high during the daytime.
Hence, this system can be reduced the consumption of
electricity during daylight hours. A large part of the hot
water requirements is planned to be provided with solar
water panels. The efficient management of energy is taken
under the control with the building automation system.
While the outer surface consists of high solar control
glasses, low solar control glasses is preferred on inner
surface.

Venetian blinds with aluminum lamella were used in the

cavity.
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3.4.2.3. Istanbloom
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Figure 3.21. Istanbloom building
(Source: http://www.arkiv.com.tr/proje/istanbloom/2704)
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Architect:
Location:
Utilization:

Building information:

Facade Type:

Ventilation of the cavity:

Glass Type:
Shading device:

DB Architects, 2014

Istanbul, Turkey

Residential and office building

The building has a 79.571 m? constructed area. The 46-
storey building consists of housing units, offices and
social areas. The total height of the building is 160 m.
Building has LEED Gold Certification. There are solar
panels on the roof. Moreover, the building has skylight.
Electric obtained from the solar collector is used for
lighting of the spaces. It provides approximately 15 % of
electricity saving. Double skin facade system provides
maximum isolation. Heat recovery system ensures
approximately 20 % of energy saving. Rain water is
collected and re-evaluated. Thus, 30 % of water saving is
supplied.

The building has multi storey facade and aluminum
profiles are used. Building with natural climate control has
6 court gardens and floor gardens (Figure 3.21).

Air ventilation in spaces is provided by air conditioned
fresh air.

No information

The building is protected from the sun emission thanks to
the materials used in the roof and exterior facade of the

building.
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3.4.2.4. Ankara Telecom Headquarter

Figure 3.22. Ankara Telecom Headquarter
(Source: http://www.atasarim.com.tr/tr/proje/turk-telekom)
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Architect:
Location:
Utilization:

Building information:

Facade Type:

Ventilation of the cavity:

Glass Type:
Shading device:

A Design Architecture

Ankara, Turkey

Office building

The building has a 54000 m? constructed area. It consists
of 36 storey, three of them are under the ground level. The
total height of the building is 150 m. It has both single and
double facades. It has diagonal members on exterior
facade. It is an environment and energy-sensitive building.
It is designed in accordance with green building concept.
The building has smart building technology and optimum
energy usage is targeted in the building. There are solar
panels on the roof. In the building, maximum usage of
daylight is taken into consideration. The building has
benefited from the solar energy for hot water supply and
lighting automation. Natural and recycled materials are
used in the exterior and interior facade of the building.

The building is designed as having a multi storey facade
and aluminum profiles are used. An interior garden is
designed every 5th floor of the building (Figure 3.22).
Automatic vent elements inside the DSF controlled
building automation are closed in very cold and windy
weather. On the other hand, these elements are opened in
the transition of seasons and especially spring season.
Thus, natural ventilation of building is ensured.
Commonly used airflow modes of external air curtain and
air supply flow modes are used in the building.

No information

No information
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3.5. Advantages-Disadvantages of Double-Skin Facade Systems

The main function of a DSF is to behave like a double building envelope with an
air cavity, providing thermal and acoustic insulation and taking into fresh air by
operable windows. Solar shading devices are positioned between these two envelopes,
which protects them from the high wind loads, weather conditions and air pollution.
The tendency on advantages and disadvantages of the DSF systems mentioned in the
different literature sources are investigated in detail to determine the most effective
factors on energy performance of DSF used in the architectural design stage. The
advantages and disadvantages of DSF systems mentioned in the literature are
summarized in Tables 3.2 and Table 3.3 and the percentages of these issues are
illustrated in Figures 3.23 and 3.24. The percentages of the advantages or disadvantages
of DSFs are constructed based on the assets and drawbacks of the authors about DSF in

the evaluated studies.
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Table 3.2. Advantages of Double Skin Facades (2001-2015)
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Table 3.2. (cont.)

Advantages emphasized by the Researchers

Gavan et al., (2010)

Jiruetal., (2011)

Mingotti et al., (2011)

He et al.,(2012)

Transparency-(human contact with environment)

~_|Serra et al., (2010)

<_|Azarbayjani and Anderson, (2010)

<_[Chow., (2012)

<_|Zhoue and Xue, (2012)

~_|Radhi vd., (2013)

<_|Joe vd., (2014)

<_|Andekovig vd., (2015)

~<_|Lopez vd., (2015)

Better Thermal Insulation

2 |

<_|<_|Moon vd., (2014)

Better Acoustic Insulation

P pan

< [< |

< |<_|<_|Zang and Altan, (2011)

<2_|=_|<_|Shameri et al., (2011)

2

<

<2_[=_|<_|Shameri vd., (2013

Protection of shading devices

2 |1

2| 2_|<_|<-|Zhou and Chen, (2010)

2 |1

2 [<|

2 |1

Night time ventilation

Natural ventilation

2

2

2 |1

2 |

2 |1

< [=<_|"

Reduction of high wind loads

Thermal comfort

<

2

2 |2 |2 |

< |21

< (<2<

< |2 |2

Reduction of thermal transmission and solar heat gain
values (Low U-value and g-value)

Energy savings

< | <2 [ ]2 |<]|"

< [ <

< | <2 [<]|"

< | < [=<]"

Fire escape

Cost-effective

Water penetratition resistance

2 |2 ||| < |2|<|<|<|<|<|<|<|Annex 44, (2011)




Table 3.3. Disadvantages of Double Skin Facades (2001-2015)
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Disadvantages emphasized by the Researchers

Overheating problems in cavity /high temperatures

Daylight

Acoustic insulation problems

High construction costs

Extra maintanence and operatical costs

Fire protection problem

Reduction of inhabited spaces
Increased air flow velocity

Increased weight of the structure

Visual discomfort related condensation

(cont. on next page)
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Table 3.3. (cont.)

Disadvantages emphasized by the Researchers

Azarbayjani and Anderson, (2010)

Zang and Altan, (2011)

He et al.,(2012)

Zhoue and Xue, (2012)

Overheating problems in cavity /high temperatures

<_|Gavan et al., (2010)

<_|Zhou and Chen, (2010)

< |Jiru et al., (2011)

<_[Mingotti et al., (2011)

~_|Chow., (2012)

<_|Moon vd., (2014)

<_|Joe vd., (2014)

<_|Andekovig vd., (2015)

<_|Lopez vd., (2015)

Daylight

< |<_|Serra et al., (2010)

<_[=_|Shameri et al., (2011)

<

<_|=_|Radhi vd., (2013)

Acoustic insulation problems

< |21

< |<_|<_|Shameri vd., (2013)

High construction costs

2 |1

Extra maintanence and operatical costs

Fire protection problem

2 |2 |2 |<_|<|<_|Annex 44, (2011)

2

Reduction of inhabited spaces

Increased air flow velocity

2 |1

Increased weight of the structure

< |2 |2 [<|"

Visual discomfort related condensation

2
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Figure 3.23. The percentages of the advantages of DSFs mentioned by some researchers
on literature
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The main advantages of the DSF accepted by most of the researchers are natural
ventilation, transparency, better thermal and acoustic insulation and reduction in the
thermal transmission and solar heat gain values (Figure 3.23). There is discrepancy
about the cost effectiveness of the system and fire escape. In the literature, the main
agreement of the most researchers is the overheating problem in the cavity. Daylight
and high construction costs are also the significant disadvantages of the DSFs (Figure
3.24).

3.6. Design Considerations

Performance of a DSF system is considerably related with the geometric
configuration of the cavity, air flow modes, and the control system used to activate
different modes. This presents a complex engineering challenge (Ralph et al, 2011).
Design process should be integrated carefully in order to support desired goals from the
DSF systems, especially in terms of energy performance. The designer needs to have a
good understanding about the principles of double skin facade systems in order to
realize problems in advance that may occur. This is significant in terms of developing
problem-oriented design solutions. The proper behavior of a DSF is the key to support
energy performance. However, the proper behavior depends on the effective design
parameters of a DSF (Pasut and De Carli, 2011). In this study, architectural
configuration issues in designing a DSF will be evaluated to give a comprehensive

overview of DSFs in line with the purposes of the study.

3.6.1. Daylighting

Except from the advantages of energy savings of DSF, the other considerable
benefit lies on natural lighting sense. These systems improve the internal visual comfort
(Asdrubali and Baldinelli, 2007). However, the main requirement of daylighting is not
only maximization of the amount of natural light, but also the better performance in the
light quality. DSFs provide good daylighting in overcast sky conditions. On the other
hand, large glazed skins may create glare problems.

The performance of the double-skin facade in terms of daylight availability

inside the building is lower in comparison with the single-skin models, mainly because
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of the extra layer of glass. Moreover, shading devices located in the cavity can decrease
the lighting levels inside the room. If the louvers are fitted in the cavity, artificial
lighting can be demanded for adequate lighting in the building. While reduction of solar
radiation can be provided by using controlled solar shading devices, they create

constraints from maximizing the use of daylight (Haase et al. 2009).

3.6.2 Glazing

Double skin facades can decrease the solar heat gains and can provide
environmental benefits (Lstiburek, 2008 and Chow 2012). One of the significant
thermal loads in the heat gain of building envelope is the heat transfer through window
glazing of the external wall of the building (Chan et al., 2009). With the proper
selection of the glazing types in building facade, the cooling load can be significantly
decreased (Singh et al., 2008).

The glazing on external facade generally consist of a thermally-insulated double
glazing. This glazing provides good thermal performance with preventing condensation
inside the facade. The external glass of DSF generally accepts as colorless transparent
glass, minimizing the unfavorable effects of light occurred due to the glass reflection
(Zhou and Xue, 2012). On the other hand, the inside facade generally consists of a
reinforced single glazing (BBRI, Gratia et al. 2004, Wong et al. 2008, Eicker et al.
2008). However, these two types of glazing are located on opposite order in some
studies (Jiru et al. 2004 and Park, 2004). In a study, single inner and double outer glazed
panes provides better decrease in cooling energy loads (Chan et al., 2009).

Haase et al. (2009) presents the influence of window-wall ratio (WWR) on
annual cooling load for a south facing facade. While the cooling loads for clear glazing
varies between 142 and 171 kWh/m?, it is between 135 and 155 kWh/m? for reflective
glazing. For solar control glazing 136 and 157 kWh/m? The reflective glazing show
similar performance with solar control glazing. Clear glazing is the worst solution.
Moreover, the WWR has a significant influence on annual cooling load. DSF systems
provide different window size for the internal layer. The amount of heat gain via the
envelope of the building can be reduced considerably by designing a ventilated DSF
consisting of two clear glazing in both internal and external layer. In Chou et al. (2009)

are observed that the solar heat gain coefficients (SHGC) are considerably higher in the
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East, West facing facade than the North, South facing facade for summer condition.
Depending on their results, a double skin facade building having window to wall ratio
(WWR) of 0.3 has showed acceptable envelope thermal transfer coefficient (ETTV)
reduction of up to 45 %. When WWR gets close to 0.9, the potential of using DSF to
reduce SHG has been observed to diminish. Chan et al. (2009) obtain that the double
skin facades having single clear glazing as the inner pane and double reflective glazing
as the outer pane can provide an annual saving of about 26 % in the cooling energy
demand of building, as compared with a single skin facade having single absorptive
glazing.

On the other hand, small tempered glass panels perform better than larger sheets
in terms of thermal resistance against higher thermal stress (Chow and Hung 2006).
Moreover, optical properties of glazing depend on the incident angle between the
surface and the ray direction of sun: as this angle deviates from the normal direction
(0°), transmittance decreases, and increases in reflectance and absorbance (Asdrubali

and Baldinelli, 2007).

3.6.3. Building Geometry/Design

Double skin facade systems are sophisticated. Because, various parameters
affect the design process such as geometric, thermophysical, optical, and aerodynamic
properties of the various compenents of the double skin facade and the geometry of the
building itself (Hensen et al., 2002). The architectural configuration issues have a
significant role on better performance of buildings.

The building height can have a significant effect on the ventilation strategy and
the cavity of the facade (BBRI, 2004). The environment of the building can define the
design decisions. For instance, while the building located in the city centre needs
acoustical precautions, in the country side, it is not a significant problem.

Hamdan (1994) states that the appropriate configuration of a facade, a maximum
reduction value in thermal gain of 40% in the summer and 80% in the winter can be
provided. Energy performance of a DSF in winter is two times greater than in summer.
Gavan et. al. (2007) presents that while the annual energy consumptions for heating and

cooling as low as 44 kWh/m?- year in a traditional facade, it is recorded as 38.7
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kWh/m?-year in a DSF. Saelens et al. (2008) found quite similar results although the
geometry and the climate are different.

3.6.4. Solar shading devices

The shading devices in a DSF can be located in the external facade, internal
facade and in the cavity. Some architects consider that external solar shading devices
can not be a better solution if maintenance and aesthetic reasons are taken into account.
Moreover, internal shading devices are not effective to control the solar gains. However,
the shading devices in the middle of the cavity provide an effective control of solar
gains and also provide a protected area for shading devices. Moreover, it can be used
under all meteorological conditions (Loncour et al, 2003). On the other hand, when it is
positioned in the cavity, it causes difficulties in removing the absorbed solar heat
(Saelens et al. 2003).

The distance between the blind and the external glazing is a significant
parameter in terms of air velocity profiles inside the double-skin facade channel (Safer
et all 2005). Oesterle et al. (2001) emphasize that the position of the shading devices
affects the thermal performance of DSFs. When the shading devices located towards to
the external skin, this improves ventilation and decrease overheating in the cavity. They
offer to locate the shading devices to the first third of the cavity and at least 150 mm
from the external skin to prevent overheating.

Colour the angle of shading devices are another effective factor on DSF
performance. Haase et al (2009) present that the color of roller blind is significant.
Black roller blind is largely responsible for high gap temperatures. For instance, a white
colored roller blind reduces gap temperatures by 11 K. In Gavan et al. (2010) the
authors analyze of the temperature profiles inside the DSF through a test cell. It shows
that the surface and air temperatures are mainly determined by the sun-shading device
angle. If the shading device is left on closed positioned, the outdoor air cavity of the
facade and the shading device itself take higher temperatures than the opened position.
Yuan et al. (2007) concludes from their case study for ventilated DSF that it is possible
to reduce 40% of the heat gain in summer by place the cavity shading close to the inner
glazing. This emphasizes the positive effects of natural ventilation on overheating in a

DSF system.
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The material of shading device is another important issue. The surfaces of
shading devices expose to high temperatures due to the sun and excessive temperatures
accumulate on the shading device. To decrease this condition, the aluminum profiles
can be substituted with photovoltaic modules. This contributes the energy performance
of the facade (Infeld, Mei and Eicker 2004). On the other hand, Stec et al. (2005) use
plants as shading device in their study and they suggest that plants create a more
effective shading device element than blinds. They provide reduction of temperature

and cooling energy.

3.6.5. Climatic Conditions

The complexity and adaptability to different climatic conditions of double skin
facade systems indicate the importance of designing carefully. If the concept of double
skin facade and the desired performance requirements are understood clearly, DSFs can
be adapted on all climatic conditions. Pasquay (2004) states that the double skin facades
are not the best selection for every building in every location. Moreover, each building
must be considered independently. Nowadays studies related on double skin facade are
undertaken not only cold climates, but also in different climatic conditions such as hot
and humid and moderate climates.

The architectural design decisions is quite important in order to support energy
performance of double skin facade. It is quite significant to reduce the high peak
cooling loads during summer period especially in hot and humid climates. This is
provided by a carefully designed double facade that supports energy efficiency (Haase,
Marques da Silva, and Amoto, 2009). DSFs help to insulate the building and reduce
energy consumption for heating. This is important for cool climates with strong winter
seasons (Park, C.S., 2003). Saelens et al. (2003) say that multiple-skin facades can
improve the energy performance. It is concluded from the analysis that multiple-skin
facades show better energy performance in winter owing to that variants performing
well in winter. However, they are not useful in summer. On the contrary, Asdrubali and
Baldinelli (2007) presents that the DSF system can provide energy saving both in winter
and summer season, where savings up to 28% could be reached in winter and allowing a
cooling reduction of up to 14 % in summer. Saelens et al.(2012) state that energy

performance of multiple-skin facade cannot be evaluated by merely considering the
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losses and gains. They emphasize that the enthalpy change of the cavity air and a whole
energy analysis of buildings is conceived.

DSF systems can be applicable and they can support energy performance of
buildings for every climatic condition if the architectural configuration issues are

understood sufficiently to generate energy efficient solutions for them.

3.6.6. Width of cavity

The ventilation and temperature in the DSF depend on the width of the cavity.
When the cavity is narrower, the higher overheating risk occurs in the facade (Balocco,
2002). Oesterle et al. (2001) emphasize that the reduction in the cavity width causes
considerable pressure losses in the cavity. This point out that airflow in the cavity is
related with the form and size of the facade. Zoller et. al. (2009) defines in their study
that the distance of cavity between the internal and external facade varies from 0.3-1.5
m and the aspect ratios depended on a typical storey height is about 4 m of 3<H/S<15.
Moreover, based on the compartmentalization of the spacing the aspect ratio, B/S varies
in a range of 0.5-500. (H is the total height of the cavity, S is the distance between
external and internal facade and B is the width of the building).

Yuan et al. (2007) states that energy performance can be achieved by increase
the cavity depth if the depth is less than 1 m. Based on fire protection issues (Chow and
Hung 2006), some experimental investigations indicated that the cavity depth is the
significant factor: wider cavity depths are safer, as well as a horizontal partition of the
facade.

3.6.7. Height of facade and size of openings

A construction of a second glass facade in front of the building with openings
provides to reduce pressure fluctuation and enable one to design openings on external
facade for natural ventilation at wind speeds up to 10 m/s (Zollner et al 2002).

Mingotti et al. (2011) have studied how the height of the facade and the sizes of
the openings in the room. They present that the DSF can be optimized for each of flow
mode. The laboratory experiments and the quantitative model show that the small

openings on the facade favorable in colder seasons to decrease great heat losses.
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However, large openings on the facade are suitable in warmer seasons in order to
minimize the overheating problems. Moreover, to prevent overheating in the cavity of
DSF, one more opening can be added at the base of the facade providing that they
operate in warm season mode.

The sizes and positions of both air inlet and outlet have considerable effects on
energy saving of DSFs (Oesterle et al. 2001). Different vent configuration is designed
and each vent is designed as same cross section. Two air inlet vent with three air outlet
vent show better energy performance than three air inlet vent with two air outlet vent.
Return flow zone is larger in the model having two air outlet openings. Return flow
zone positioned on both sides is useful to reducing indoor thermal radiation. This
condition provides energy saving (Zhou and Xue, 2012). Though larger opening areas
between indoor and the DSF space provide high ventilation rate, they are unfavorable
on upper floors in terms of pressure difference. To provide favorable ventilation
performance through the top floor, opening areas should not be less than 2 m? (Ding et
al. 2005). Compagno et al. (2002) states that the position of the inlets and outlets
depend on the wind pressure conditions in the building skin and the stack effect of the
openings. The author gives the priority to the pressure difference between the inlet and
outlet openings that determines airflow in the cavity.

Adjustable vents are suggested that may be opened or closed depends on the
climatic conditions. In summer, the cavity should be ventilated as much as possible.
This decreases the transmission gains and thus cooling loads. Cooling loads get higher
if there is not airflow in the cavity (Saelens et al. 2003).

3.6.8. Orientation of DSFs

The orientation of the facade has been defined as having significant effects on
annual heating and cooling loads. DSF systems positioned on South, South east and
South west orientation are the most efficient (Haase et al. 2009, Chan et al. 2009). A
study shows, in contrast to other studies related to this issue that a DSF applied on east
facade in Norwey, the heating energy demand is greatly decreased (by 16 %) as
compared to a conventional single glass solution. Besides, cooling energy demand does
not increase (H¢seggen et al 2008). Wong et al (2008) pointed out that double skin

facade facing on eastern and western walls of building can considerably conserve
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cooling energy by protecting buildings from solar radiation and reducing the heat by
way of natural ventilation.

The climate facades or DSFs show better performance in each season and for
each configuration, in terms of both energy efficiency and thermal comfort issues than
the other type of facades. However, it is still not competitive with opaque facades. This
facade technology needs further precautions in order to prevent overheating in cooling
periods. Besides, it behaves like a solar collector in the heating season. Therefore, this

condition should be improved effectively (Serra et al 2006).

To sum up:

e The double skin facade systems have been discussed and continue to do so in so
many studies by the different disciplines with an increasing momentum from 1990's
to date. In this sense, the efficiency of the energy should be examined in
consideration of the climate conditions of our country for the double skin facade
systems suggested as the energy active structure coat in the Europe and North
America.

e Architecture design decisions that required to be considered in the starting phase of
the design and playing an determinant role over the energy performance of the
double skin facade systems carry great importance (geometric configuration of the
double skin facade, the direction of the facade, glass types used in the facade, the
size of the air channel used between the two facades, flow mode types within the air
channel, the location and size of the culverts etc) (Figure 3.2).

e The design of the building geometry and double skin facade systems shaped
accordingly are the important architecture design decision that triggers the energy
performance. The architecture design factors (Figure 3.2) specified with building
geometry and double skin facade interaction should be analyzed with developing the
variations.

e When all of the studies made with the double skin facade systems in the last decade
is examined, the common advantage that agreed by the researchers is that it has
natural ventilation. The disadvantages mostly accepted by the researchers
overheating problem formed between the double skin facades negatively affects the

heat comfort of the place.
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The suitable glass selection on the double skin facade surfaces and location of the
sunshade elements in the air channel between the two facades provide protection in
the negative climate conditions of the outside except for the determinant role over
the energy efficiency of these elements. Furthermore, it has been observed that
overheating problem can be prevented that has been seen as the biggest
disadvantages by most of the researchers in the event suitable locating the sunshades
in the air channel found in the double skin facade.

Air channel found between the double skin facades is in the role of buffer zone. It
prevents the unwanted heat loss in the period of heating. In the cooling period, it can
evacuate unwanted heat gains by enabling natural ventilation with air vent located at
the facade. Enabling natural ventilation by absorbing the wind velocities at height
structures is the important advantage of the double skin facade systems.

Even though double skin facade systems enables natural ventilations and evacuate
the unwanted heat gains at the cooling term, it is required to pay attention to the
selection of the parameters (Figure 3.2) that are effective in the architecture design
according to the climate conditions of the country of the double skin facade systems
in particular to the hot-humid countries. As a result of the literature review that has
been examined, overheating problem between the two facades can be observed due
to the insufficient natural ventilation in the air channel in the hot-humid countries.
The most cited problem in the double skin facades is the overheating problem. The
overheating problem negatively affects the heat comfort of the user and the energy
cost, as well. It is required to prevent the overheating problem with natural
ventilation. The size of the air vents in the double skin facade and location of the
facade are the important architecture decision for this to be effective.

It is required to prevent the increase in the energy consumption due to the
overheating in the cooling period with the architectural design decisions from the
double skin facade systems suggested as the energy effective structure coat by
providing gains in the energy consumption during the heating period. That is, gains
in the cooling energy consumptions in the hot-humid regions are the important
design decisions to be considered rather than the gains in the heating system.

There should not be a single design model for double skin facade systems that
purpose to decrease the heat loss in the heating term and decrease in the heat gains

in the cooling term. That means that several variations can be derived with the
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combinations of the architectural design parameters (Figure 3.2) and one of them
may be more suitable than the others in the different climate region. For that reason,
design decisions (Figure 3.2) that are effective in the design of the double skin
facade systems should be examined comprehensively with experimental

measurements and simulations.
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CHAPTER 4

DOUBLE SKIN FACADE: EXPERIMENTAL SETUP

Experimental aspect of the study shown in Figure 4.1 includes double facade
(1) application between the two environments where indoor (I) and outdoor (II)
environmental conditions are created. Indoor environment and outdoor environment are
conditioned with a heating/cooling water bath (V) and a cooling group (V) are placed
outside the building, respectively (Figure 4.1a and 4.1b). Also, a solar simulator (V1)
and air flow fan and integrated duct system (VII) are used to provide the required
conditions in the experimental study. A data logger system (VIII) records temperature,
differential pressure, velocity and heat flux measurements at different points. Effects of
dimensionless characteristic length (depth / height ratio) of the double facade
intermediate region (I11) designed as moving and use of components present at the
intermediate region which induce a pressure drop on flow are studied by creating
natural and forced convection conditions. In this way, effect of dimensionless
characteristic length important in architectural design and use of components such as
damper, sunshade, loophole which induce a pressure drop are observed experimentally

by performing a detailed flow analysis. Also, their potential impact on energy

consumption is determined.

a) Experimental setup layout in the laboratory b) Outside section of
cooling group
Figure 4.1. Experimental Setup
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Experimental setup has been built at the Building Physics Laboratory, which is
11.9 m in width, 17.8 m in length and with a height of 4m, on the ground floor of Block
B of Faculty of Architecture, Izmir Institute of Technology. Layout of the experimental

setup in the laboratory can be seen in Figure 4.2.
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Figure 4.2. Layout of the experimental setup

General plan of the experimental setup is seen in Figure 4.2. Accordingly,
system consists of 7 major parts which are coded from I to VII in the Figure 4.2 and 4.3:
I: indoor environment, Il: outdoor environment Ill: cavity, IV: heating and cooling
water bath, V: cooling group, VI: solar simulator, VII: air flow fan and duct system,

VIII: Data logger.

4.1 Experimental Setup: Indoor Environment (1)

Indoor Environment Simulation Setup shown as | on Figures 4.1 and 4.3, which
is 1.5 m in width, 3m in length and 3m in height, was manufactured using 10-cm-thick
polyurethane thermal insulation panels. One of the short walls was double-glazed with
dimensions of 4-12-4 mm. Heating/cooling serpantines, which is 2.5m in length and
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made up of thin aluminum sheets around copper pipes and where water coming from
the constant temperature bath can circulate (Fig. 4.1a), are placed on long walls of the
setup in such a way that they face each other (Figure 4.4a). A thermally insulated door
which can be opened both from inside and outside is placed at the other short wall of the
indoor environment setup. Via this door, indoor environment can be accessed to place
measuring probes and other possible interventions. This thermally insulated door is
manufactured in such a way that it can be opened from inside in case it gets closed

while working inside or it is locked from outside in a way ensuring security.
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Figure 4.3. Experimental setup plan

where I: indoor environment, I1: outdoor environment I11: DSF cavity, 1V: heating and cooling water bath, V: cooling group, VI: solar simulator,
VII: air flow fan and duct system (in cm), VIII: data logger.



Cooling and heating of indoor environment simulation room is performed by
circulating cold-hot water in radiator panels by using a pump shown in (IV in Figure
4.4b). The water temperature can be maintained at a desired level by a thermostat
located within the room. Water inlet / outlet temperature and flow rate are stored in a
data logger by measuring with a setup (consisting of temperature probes and flow
meters) which is positioned just outside the room. Thus, amount of heat extracted from
the indoor environment unit or transferred to the unit can be determined. A cooling-
heating water bath outside the room is used in order to cool or heat the water (Figure
4.4b and 4.4c). The cooling-heating water bath has a size of 50x50x50 cm water tank
and it can continuously circulate the water. Water circulation is kept continuous in order
to prevent icing in the boiler at low temperatures. Volumetric flow rate of the fluid in
the cooling-heating bath are measured by using a rotameter, in the order of 350-380

liters per hour during the experiments.

a) Indoor environment (I)  b) heating/cooling water bath ¢) heating/cooling
and pump system (I1V) water bath (1V)

Figure 4.4. Indoor environment of the experimental room and the cooling-heating water
bath
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4.2. Experimental Room: Outdoor Environment (I1)

Outdoor Environment Simulation Setup shown as Il in Figures 4.1 and 4.3,
which is 1.5 m in width, 0.9 m in length and 3 m in height, is manufactured by using
polyurethane thermal insulation panels which are 10 cm in thickness same as indoor
environment. Its surface on solar simulator side is single-glazed 4mm in thickness.
Other surface is in contact with the cavity double facade which separates indoor and
outdoor environments of the experiment room from each other. Cooling of the
environment is performed with air to refrigerant compact heat exchanger wall grids to
be hung on the two opposite wall surfaces (Figure 4.5a). The outer unit of the cooling
system is located outside the building (Figure 4.1b and Figure 4.3) and it maintains the
environment at the required temperature by directly circulating the coolant through the
heat exchangers (as V in Figure 4.5b). In here, the extracted amount of heat is not

measured and required temperature is provided to be kept constant with automation.

a) outdoor environment b) cooling unit

Figure 4.5. Outdoor environment of the experimental setup and the cooling unit

4.3. Experimental Room: Intermediate Partition (Cavity-I11)

Experimental room intermediate partition designed to simulate the double facade
shown as 1l in Figures 4.1 and 4.3 is seen in Figure 4.6. Single-glass component 4 mm
in thickness on the outer surface of the double facade is mounted on the moving
mechanism of this system positioned between the outdoor and indoor environments of

the experiment room (Figure 6a). Other surface of the intermediate region is empty and
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overlaps with the double facade of the indoor environment. Intermediate region is also
insulated against heat transfer in the same way as indoor and outdoor environments.
Collapsible clearances which are 20cm in height and compose of the same type of glass
are available at the lower and upper parts of the single-glass component (Figure 4.6a

and 4.6b). Thus, it is provided to work on air flow modes within the double facade.

a) bottom view of cavity b) top view of cavity

Figure 4.6. Cavity of experimental room and moving mechanism

4.4. Solar Simulator Unit (V1)

Solar simulator unit shown as VI in Figures 4.1 and 4.3 is automatic air-cooled
closed matrix type (Figure 4.7). Whole support structure is made of aluminum. Weight
is evenly distributed in the system and the tilting angle is set to approximately 45
degrees. A completely modular system is chosen in relation to design. This modular
system allows one change sizes of all required parts and, in case of transportation, each
part of it can be disassembled in the form of legos and pieced together. System can be
moved up/down for 40 cm in the vertical direction with a motor controlled from the
control panel. It is electrically protected and, in case of any fault, it can turn off itself
automatically by cutting off the system’s energy ensuring safety. System’s lightness and
easy movement as well as its stability are provided with fixable casters. System consists
of 12 lamps, 3 fans, one scissor jack type, moving partition and control board. Lamps
are located so as to constitute a 3x4 matrix (Figure 4.7a). Total electrical power is on the
order of 13kW approximately. Lamps consume 12kW of this while the remaining is
consumed by the fans and the control board (Figure 4.7b). Since a high electrical charge
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exists in the laboratory where the experimental setup is to be installed, additional
improvements close to the maximum load which electrical installation of the building
can withstand have been made at the electrical installation of the building within the
bounds of possibility in cooperation with the Directorate of Construction and Technical
Works of Izmir Institute of Technology in order to avoid any adverse situation.
Following the system start-up, fans are automatically initiated or put into use manually.
Sockets used in the lamps are of E40 type. General characteristics of the system are
given in Table Al (Appendix A).

a) Solar simulator unit a) Solar simulator unit
(lamps are closed) (lamps are opened)

Figure 4.7. Solar simulator unit

4.5. Mechanical Ventilation System (VII)

Fan and channel system shown as VII in Figure 4.1 and 4.3 is integrated into the
system in order to ventilate the double facade. For this purpose, a Venco branded,
500W, radial fan type is used. Fan characteristic is given in Appendix A Figure Al.
This capacity meets effect of pressure drops and the required flow rate values within the
double facade.

Fan sucks air from the outdoor environment simulating portion of the
experimental setup (Figure 4.8) and air returns again the same portion via a 315mm
spiral channel system. Components are used at entry and exit points of the section

which simulate the outdoor environment and also at entry and exit points of the fan
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system for transition from a rectangular cross section (400*250mm and 600*300mm,
respectively for the aforementioned entry and exit points) to a circular cross section
(Figure 4.9). In Figure 4.10 where an image of the section simulating the outdoor
environment is found, it can be seen that sucking is performed from the bottom-left
section and entry to the double facade is carried out with distribution hoods. Flexible
channels with a diameter of 150mm are used due to moving hood mounted on the
double facade. Moreover, the flow is made as homogeneous as possible by adding a
perforated sheet at the outlet of the hood (entry to the double skin facade).

Figure 4.8. Fan system and its connections
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Figure 4.10. Entry organization to the double skin facade at the outdoor environment
simulating portion of the experimental setup

Approximately eight times of the diameter seen at the front side in Figure 4.9 is
left in order to determine clearly the straight channel fluid flow. Velocity pressure is
obtained with the apparatus which makes measurements according to working principle
of Pitot tube located as shown in Figure 4.11a. For this aim, HK Instruments DPT
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(Differential Pressure Transmitter) 2500 — R8 model is used (it is mounted at outdoor
unit wall as shown in Figure 4.11b). This differential pressure measurement system
operates in the range of 0 — 100 Pa. This velocity pressure is measured with the
differential pressure meter and this is recorded as voltage in the data recording system;
then, these values are converted to differential pressures which are finally converted to

velocity by using Bernoulli Equation.

a) Differential manometer b) Differential manometer position

Figure 4.11. Determination of channel air flow rate

4.6 Ventilation of Solar Simulator

A significant portion of the energy released from the solar simulator moves past
to the laboratory environment where the experimental study is conducted and a
considerable increase in the laboratory ambient temperature is seen in short period of
time. This situation, beyond worsening operating conditions, causes adverse effects
within the context of taking the experimental measurements in a reliable manner due to
problems such as potential heat gains in the system and overheating of the electrical
systems. A wall fan system is used for the removal of released energy and the fan
rejects air at high temperature through a channel system with a diameter of 315mm
(Figure 12). Here, a Fanline branded, 284W, round radial wall fan is used (KV 315 C).
Also, two fans available in the solar simulator unit contribute to this system. Moving
vent opening placed in the outdoor environment is opened when the system is initiated
and rejects hot air outside while it is kept closed when the simulator is off (fan is linked
to the solar simulator also electrically and initiates simultaneously) (moving lid present

on the cooling group represented as V in Figure 4.12).
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Figure 4.12. Ventilation of solar simulator
4.7 HIOKI Data Logger, LR 8402-20 (VI11)

Temperature measurements taken at different points of the experimental setup
with T-type thermocouples and PT-100 probes are recorded with the data logger shown
as VIII in Figures 4.1a and 4.3). Moreover, velocity measurements from different points
of the cavity, measurements of pressure difference in the cavity and measurement of
pressure difference (velocity pressure) for determination of air velocity and flow rate in
the air channel shown in Figure 4.13 and heat flux values measured by pyranometer are
also recorded. Data logger properties can be seen in Appendix A, Figure A2.

Figure 4.13. HIOKI Data Logger
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4.8. Measurement Systems

4.8.1 EKO MS-410 Pyranometer

Heat flux of the energy obtained from the solar simulator on the outer surface of
double facade (outdoor environment part of the experiment room) as shown in Figure
4.14a will be measured with the MS-410 pyranometer presented in Figure 4.14b. Device
is compatible with the measurement sampling of solar radiation with a 10-minute
average value. Analog output of the device in mV will be converted to W/m? and
recorded by the data logger. General information about the device is given in Appendix
A, Table A2.

a) Position of pyranometer b) MS-410 pyranometer

Figure 4.14. MS-410 Pyranometer and its position on the experimental room

4.8.2 Differential Pressure Measurement (DPT 2500-R8 model)

Differential pressure measurement is performed via two points placed within
double facade at 120 cm intervals (marked with flags in Figure 4.15a — aims to avoid
accidental contacts). For this purpose, HK Instruments DPT (Differential Pressure
Transmitter) 2500 — R8 model is used (the above one from those two small sized
apparatuses mounted on the wall in Figure 4.15a and its enlarged view is also given

Figure 4.15b). This differential pressure measurement system operates in the range of 0
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-25 Pa as minimum and 0 — 250 Pa as maximum. This differential pressure meter is put
into use in the experimental study with respect to usage of components which are placed
in double facade and will induce a pressure drop and operated in the range of 0 — 25 Pa.
Also, by using the other differential pressure meter shown in Figurel5b (HK
Instruments DPT-Differential Pressure Transmitter 2500 — R8 model), differential
pressure measurements in air channel are performed in the range of 0 — 100 Pa and flow
rates are obtained (Figure 4.11b). Measurements are recorded as volt in data logger and
converted to differential pressure values in Pascal. The properties of the DPT can be

seen in Appendix A, Table A3.

a) Differential pressure measurement b)) HK Instruments DPT

Figure 4.15. Differential pressure measurement system

4.8.3 Velocity Measurement between Double Skin Facades

Delta Ohm HD 4V3T S1 device placed between the double facades for velocity
measurement (Figure 4.16a) is used in order to perform velocity measurements
following the flow are fully developed. Prob of the measurement system shown in
Figure 4.16b is linked to the data logger with the bottom one from those two small sized
apparatuses mounted on the wall and velocity measurements are performed by
positioning its probe in the other photograph within the cavity and by manually
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positioning from the outside of the experimental setup. The properties of the Delta Ohm
HD 4V3T S1 device is shown in Appendix A, Table A4.

a) Probe of the velocity measurement b) Velocity measurement device connection

Figure 4.16. Velocity measurement system

4.8.4 Temperature Measurements

T-type thermocouples and PT100 probes are used for temperature measurements
at different surface and environments of the experimental setup. One T-type
thermocouple and one PT100 probe measures the temperature of the laboratory air
where the experimental setup is in. In the experimental setup, PT 100 probes are used
for temperature measurements of the indoor environment as well as inlet-outlet
temperatures of heating-cooling water bath. T-type thermocouples are used in other
parts. Accordingly, when the cavity cross section in Figure 4.17 is considered, different

view directions are given.
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Primary Facade Secondary Facade

INNER OUTER

double glass I 1 single glass

4/12/4 mm CaVIty Alr (4 mm)
(CA)
<! Primary Primary Secondary Secondary

Facade Facade Facade Facade
Inner Glass Outer Glass Inner Glass Outer Glass
(PFIG) (PFOG) SFIG) SFOG)

Figure 4.17. Surfaces on the Double Skin Facade

Eight thermocouples are placed inside the cavity in order to determine variation
of the air temperature. Thermocouple layout is shown in Figure 4.18 and numbered
from CA1 to CAS.

9 9
CA7 CA8 CAS CAB
® ® ©®@ @
e Ip
N8 N
®@ ® 3 A
A A 4 :
——— L i i
N8| (N8
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@ ® @
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(e} (e |
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a) Cavity plan b) A-A section c) B-B section

Figure 4.18. Layout of thermocouples inside the cavity (in cm)

Air temperature inside the environment simulating the outdoor environment is
measured with two thermocouples which are numbered as D1 and D3 in Figure 4.19 at
2 different points. Air temperature in the section simulating the indoor environment is
measured at 3 different points (All, Al2 and Al3 in Figure 4.19) and also inner surface
temperatures of this environment is measured and recorded. Here, representation coded
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with AT is related with the top surface. In Figure 4.20, temperature measurement points
placed on the other two sides of the room can be seen (coded as IW and IL).
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Experimental setup cooling serpentine
indoor environment D2
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Figure 4.19. Temperature measurement points at indoor and outdoor simulation rooms
of experimental set up (in cm)
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Figure 4.20. Temperature measurement points at indoor simulation room

Six T-type thermocouples are placed at each two different surfaces in order to
measure inner surface temperatures of the double facade. These thermocouples are
coded in Figure 4.21 from PFOGL1 to 6 for the portion of the cavity facing the inner
room and from SFIG1 to 6 for the portion of the cavity facing the outer room.
Measurements are also taken with two probes at each surface of these two glass surfaces

of the double facade facing the portions simulating the indoor environment and
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simulating the outdoor environment (PFIG1 and 2 and SFOG1 and 2). Also, heat
transferred from aluminum frames on which glasses are fitted is determined by
performing temperature measurements at inner and outer surfaces of these components
(AlY, AAIY, AADY and ADY). Probes are either covered with aluminum foils (in air
temperature measurements) or coated with a special paste with a high thermal
conductivity (at the surfaces) against thermal radiation. Cavity inlet (Al) and outlet
(AO) fluid temperatures are also measured with different probes. All T-type
thermocouples and PT100 probes are linked to the data logger. These connections and

data logger is shown in Figure 4.13.
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Figure 4.21. Temperature measurement points on cavity surfaces

(cont. on next page)
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Experimental studies were conducted on the experimental setup at different

times and under different conditions. Table 4.1 defines general specifications related

with all experimental studies

Table 4.1. Experimental study list

1 2 3 4 |5 |6| 7 8 9 10 11
+* Code Time NC | FC | S| TS Flow SS AP cavity
1 | Case3-1 11/09/2014 - N O[N] - | low - - 25cm
2 | Case3-2 11/09/2014 - v [ V] - | medium |- - 25cm
3 | Case3-3 11/09/2014 - v [ V] - | high - - 25cm
4 | Case3-4 11-12/09/2014 | - Vo[V - | low - - 32.5cm
5 | Case3-5 11-12/09/2014 | - Vo[ V] - | medium | - - 32.5cm
6 | Case3-6 11-12/09/2014 | - Vo [] - | high - - 32.5cm
7 | Case3-7 12/09/2014 - N O[N] - | low - - 40 cm
8 | Case3-8 12/09/2014 - v [ V] - | medium |- - 40 cm
9 | Case3-9 12/09/2014 - v [V - | high - - 40 cm
10 | Case4-10 17/09/2014 - Vo[V - | low 4 lamp - 35cm
11 | Case4-11 17/09/2014 - Vo[V - | medium | 4lamp - 35cm
(cont. on next page)
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Table 4.1. (cont.

# Code Time NC | FC | S| TS Flow SS AP cavity
12 | Case4-12 17/09/2014 - v [ V] - | high 4 lamp - 35cm
13 | Case4-13 18/09/2014 - N[V - | low 8 lamp - 35cm
14 | Case4-14 18/09/2014 - v [ V] - | medium | 8lamp - 35cm
15 | Case4-15 18/09/2014 - v [ ¥] - | high 8 lamp - 35cm
16 | Case4-16 23/09/2014 - VO[N] - | low 4 lamp - 25 cm
17 | Case4-17 23/09/2014 - Vo[ V] - | medium | 4lamp - 25 cm
18 | Case4-18 23/09/2014 - v [ V] - | high 4 lamp - 25cm
19 | Case4-19 23/09/2014 - N[V - | low 8 lamp - 25cm
20 | Case4-20 23/09/2014 - v [ V] - | medium | 8lamp - 25cm
21 | Case4-21 23/09/2014 - v [ ¥] - | high 8 lamp - 25 cm
22 | Case4-22 25/09/2014 - N O[N] - | low 4 lamp - 25 cm
23 | Case4-23 25/09/2014 - Vo[ V] - | medium | 4lamp - 25 cm
24 | Cased-24 25/09/2014 - v [ V] - | high 4 lamp - 25cm
25 | Case4-25 26/09/2014 - Vo[V - | low 4 lamp - 35cm
26 | Case4-26 26/09/2014 - Vo[ V] - | medium | 4lamp - 35cm
27 | Case4-27 26/09/2014 - v [ V] - [ high 4 lamp - 35cm
28 | Casel-S1 19/11/2014 - VA - | low - small | 25cm
29 | Casel-S2 19/11/2014 - Vo[V - | medium | - small | 25cm
30 | Casel-S3 19/11/2014 - N V| - | high - small | 25 cm
31 | Casel-S4 20/11/2014 - NIV - [ low 4 lamp small | 25cm
32 | Casel-S5 20/11/2014 - N V| - | medium | 4lamp small | 25 cm
33 | Casel-S6 20/11/2014 - v [ V] - [ high 4 lamp small | 25cm
34 | Casel-S7 21/11/2014 - N O[N] - | low 8 lamp small | 25cm
35 | Casel-S8 21/11/2014 - v [ V] - | medium | 8lamp small | 25cm
36 | Casel-S9 21/11/2014 - v [ V] - | high 8 lamp small | 25cm
37 | Casel-B1 23-24/11/2014 | - NIV - [ low - big 25cm
38 | Casel-B2 23-24/11/2014 | - N O[N] - | medium | - big 25cm
39 | Casel-B3 23-24/11/2014 | - v [ V] - [ high - big 25 cm
40 | Casel-B4 24/11/2014 - N O[N] - | low 4 lamp big 25 cm
41 | Casel-B5 24/11/2014 - Vo[ V] - | medium | 4lamp big 25 cm
42 | Casel-B6 24/11/2014 - v [ V] - | high 4 lamp big 25cm
43 | Casel-B7 25/11/2014 - NIV - [ low 8 lamp big 25cm
44 | Casel-B8 25/11/2014 - N [V - | medium | 8 lamp big 25cm
45 | Casel-B9 25/11/2014 - v [ - | high 8 lamp big 25cm
46 | Case5-46 03/12/2014 N - [V - - 2 lamp - 25cm
47 | Case5-47 03-04/12/2014 | - [N - - 4 lamp - 25cm
48 | Case5-48 10/12/2014 N - [N - - 6 lamp - 25 cm
49 | Case5-49 04/12/2014 N - [N - - 8 lamp - 25 cm
50 | Case5-50 11/12/2014 NEEEIEEEE 10 lamp | - 25 cm
51 | Case5-51 04/12/2014 N - [N - - 12 lamp | - 25cm
52 | Case2-1 09/12/2014 N - [N - - - - 25cm
53 | Case2-2 01/12/2014 N - [N - - - - 25cm
54 | Case2-3 09/12/2014 N - V] - - - - 25 cm
55 | Case2-4 12/12/2014 N - [N - - - - 25 cm
56 | Case2-5 15/12/2014 NEEEIEEEE - - 25 cm
57 | Case2-6 16/12/2014 N BN - - 25cm
58 | Case2-7 17/12/2014 N BN - - 25cm
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Accordingly, the first column and the second column are the coding used in
relation to numbering and experiments, respectively. Dates of experiments are shown
in the third column. It is specified if the study is natural (NC) or forced convection (FC)
in the fourth and fifth columns. It is specified whether the experiment is steady state
(SS) or transient (TS) in the sixth and seventh columns. 3 distinct air mass flows created
by the fan for the air flows through the cavity are named in the eighth column. It is
given in the ninth column how many lamps from a total of 12 are used in the
experiments where the solar simulator (SS) is used in order to achieve different heat
flux values. In the tenth column, information is given about two different perforated
sheets with various hole diameters used to create a pressure drop in the cavity. Values
regarding cavity depth are given in the eleventh and the last column.

Experiments given in Table 4.1 can be grouped under 4 main titles. According to

this, by considering the chronology, following operations are carried out respectively:

1. In the first part from one to nine (Case 3), by actuating the air channel without
using the solar simulator, experimental studies are carried out at different air flow rates

for various cavity depth values.

2. The second part includes the one with the solar simulator, which is numbered
from 10 to 27 (Case 4), and experimental studies are carried out at various cavity depth

values for different air flow rates depending on the lamp configurations.

3. In the experimental studies from 28 to 45 (Case 1), in order to create a
pressure drop in the cavity, two distinct perforated metal sheets are used and

experiments are performed with and without the solar simulator.

4. Following these three parts where the air channel is active and which are
forced convection, the cavity is blocked for entry of air flow and, first of all,
experiments from 46 to 58 are performed for the natural convection under the steady
state condition by using solar simulator numbered from 46 to 51 (Case 5), and without

solar simulator numbered from 52 to 58 (Case 2).

In each experimental study, the whole system is activated in order to equilibrate
at the desired conditions and following the thermal equilibrium is reached,

measurements are performed at the steady state.
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4.10. Calibration Process

Calibrations of each one of all PT-100 probes and thermocouples used in the
experimental setup are performed in calibration laboratories of Izmir Chamber of
Mechanical Engineers (KALMEM).

PT-100 and thermocouple samples placed in the calibration bath are given in
Figure 4.22. These placements are made depending on the certain rules. All PT-100
probes and thermocouples to be calibrated are placed in such a way that they are at least
1 cm above the ground of the liquid bath tank and it is performed carefully that at least
1 cm is left between the cable connected with the calibrated multimeter displaying
temperature values and calibrated PT-100 probes and thermocouples.

a) Calibration system b) PT-100 and thermocouples in calibration bath

Figure 4.22. Calibration device

Calibration process consists of PT-100 and thermocouples placed in the
calibration bath and required to be calibrated and a multimeter which enables reading
these values (Figure 4.22). Alcohol at a temperature up to 24°C is put in the calibration
bath and, then for higher set temperature values, alcohol is emptied as it is volatile and
it is replaced with water. After all calibration process is completed.

Based on the results of experimental measurements, when the temperatures
obtained from the experiments are taken into account, reference temperature intervals
are specified and deviation of values of these specified set temperature values read on
PT-100 and thermocouple with respect to reference set temperature values are
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determined and calibrated (Tables 4.2 and 4.3). In Table 4.2, PT-100 reference and
measurement values in 3-9 channel in the data logger and in Table 4.3, thermocouple

reference and measurement values in 2-9 channel in the data logger are given. It can be

seen that a higher deviation is present in PT-100 probe compared to the thermocouples.

A deviation curve of y=1.004x-2.1431 is seen in PT-100 probe while a deviation curve

of y=0.9954x-0.0219 is calculated for the selected thermocouple. It means that a

reference temperature value such as 4.06 °C can be read as 4.13 °C, which is

approximately the same value, with the thermocouple while a higher deviation is seen in

PT-100 probe since a value of 6.18 °C is read, which is a quite different value. Figures

4.23 and 4.24 contain graphs relating to them.

Table 4.2. PT-100 reference and measurement values in 3-9 channel (in °C) in the data

logger
Channel | reference measurement
3-9 4.06 6.18
7.96 10.06
11.95 14.04
15.97 18.04
20.00 22.08
24.00 26.03
28.01 30.03
31.92 33.92

Table 4.3. Thermocouple reference and measurement values in 2-9 channel (in °C) in

the data logger

Channel | reference measurement
2-9 4.06 4.13
7.96 7.99
11.95 12.07
15.97 16.07
20.00 20.00
24.00 24.15
28.01 28.23
31.92 32.07
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Figure 4.23.Calibration curve of temperature values in 3-9 (PT-100) channel in the data
logger
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Figure 4.24. Calibration curve of temperature values in 2-9 (thermocouple) channel in
the data logger

Flow rate measurements of heating-cooling bath are performed with a variable
cross-section flow meter. Calibration of this measurement system is also performed
classically by specifying the flow mass for a specified time period. Process performed
in accordance with this is shown in Table 4.4.
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Table 4.4. Calibration of the flowmeter

Water temperature 19°C  density 998.2 kgim® flow meter: 350 litre/saat
Miaus::sen:fnt time[s] volume[cc] liter raI:IecE\II)Ih]
1 42.11 4200 4.2 359.1
2 42.39 4290 4.29 364.3
3 42.34 4295 4.295 365.2
4 46.25 4695 4.695 365.4
5 43.44 4420 4.42 366.3
6 36.3 3680 3.68 365.0
7 36.3 3680 3.68 365.0
8 32.07 3290 3.29 369.3
9 31.15 3195 3.195 369.2
10 38.94 3990 3,99 368.9 Mass flow
[Ka/s]
Avg. 365.8 0.101

Differential pressure measurement systems are self-calibrated and, in case

pressure values are same at the two openings where the pressure difference is measured

and no pressure generating effect is available, measurement system is set to zero.

Air velocity measurement system for the present study performed according to

the calibration certificate are calibrated. Similarly, pyranometer system is also used as

calibrated. Firstly, the position of the pyranometer is determined. For that, two different

measurements have been conducted in the points set forth in the Figure 4.25 over the

glass surface by changing the distance between the outer glass surface and two glass

surfaces to the solar simulator. The results have been set forth in the Table 4.5.
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Figure 4.25. Radiation measuring points on the outer glass surface

The distance between the outer glass and inner glass that is mobile in the first
measurement is minimum 15 cm. In the second measurement, outer glass has been
approached more to the solar simulator and the distance between the two glasses
increased to 40 cm (Table 4.5). For the measurement end of the pyranometer during the
measuring is in the front by 13 cm, the measurements get ahead by 13 cm from the
specified distance. The change of heat flow over the glass surface has been specified by
measuring from two different distances and the position over the outer glass surface of
the pyranometer by calculating the average heat flux for both situations (Figure 4.25).
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Table 4.5. Measurement results of heat flux

Measurement | Measurement | Measurement
points 1 2
1 387.4 464.8
2 433.6 538.6
3 437.1 539.1
4 393.9 474.3
5 475.8 546.7
6 544.2 631.6
7 551.7 647.2
8 495.9 577.8
9 520.1 624.6
10 577.2 717.0
11 581.1 716.5
12 567.9 633.6
13 487.9 554.7
14 496.3 639.6
15 480.7 646.7
16 450.3 569.8
17 370.8 442.2
18 423.6 515.5
19 426.6 523.1
20 392.9 484.9

When we consider the outer glass surface for the first measurement, the average

radiation value coming to pyranometer is 474.8 W/m?. The standard deviation value is

66.8 W/m?. While average radiation value that comes to pyranometer for the second

measurement is 574.5 W/m?, the standard deviation value is found 80.1 W/m?. Even

though standard deviations and average heat flux values over the glass surface are

different for two measurements, it has been found that pyranometer should be located

under the 55 cm of the upper glass surface and right at the middle axis (Figure 4.25).

This point reflects the average heat flux values for the both measurement. The heat flux

distribution curves on the surface of the both measurement have been shown in Figure

4.26.
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Figure 4.26. Heat flux distribution curves for the first and second measurement

The measurements have been carried out with pyranometer in all experiments
that solar simulator has been used except for this preliminary study. It is required to
calibrate the values read since measurement point of pyranometer is in front of the glass
surface. For that purpose, an experiment has been carried out for the two different cavity
gap composed of 25cm and 35cm each and measurement has been conducted for the
two different lamp configurations used in the experiments. According to that, first
experiment has been shown in the Figure 4.27 for the 25cm cavity. According to the
time, stable heat flux is for the operation of the 4 lamps after approximately 2000
seconds and after approximately 6500 seconds, 8 lamps have been operated. Similar
measurement has been shown for the 35cm in the Figure 4.28. The reason why these

values are relatively high is for pyranometer is closer to the solar simulator.
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Figure 4. 28. Heat flux for 35 cm cavity

The average values obtained according to the results of the Figure 4.27 and 28
have been compared with the values measured in the other experiments. According to
that, the calibration of the measurement carried out in the experiments has been realized
(Table 4.6).
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Table 4.6. Calibration due to the position of the pyranometer

4 lamp 8 lamp

Cavity depth 25cm 35cm 25cm 35cm
Real condition 175.0 186.5 322.7 350.7
Experiment 184.8 200.9 337.7 365.6

4.11. Uncertainty Analysis

The experimental uncertainty calculations have been carried out in the scope of
the method followed by the Holman (2011) and Tokug et al (2015). According to that,
the uncertainty of each device measured according to that will affect the total
uncertainty of the value (R) obtained with the use of these devices. If R value is
expressed depending on the independent variables of X1, X, X3... xn given in Equation
4.1:

R=R (Xl, X2, X3...xn) (41)

If we define the ar as the uncertainty of the value calculated, we obtained Equation 4.2

formulas in consideration of the uncertainty of the all independent variables.

OR = [(a—R(Dl)z + (:—Zmz)z + -+ (a—R(Dn)Z] (4.2)

The uncertainty analysis of the amount of the energy transferred to or taken from
the system from the double skin facade for the experimental works in the steady-state
condition and the amount of the energy transferred to or taken from the inner
environment through water used in the heating and cooling bath have been conducted.
According to that, the amount of energy transferred to or taken to the system by the air

or water has been defined in Equation 4.3:

Q = mc,AT (4.3)

The uncertainty in relation to the Equation 4.3 has been due to the
thermophysical properties of the air and water (p and c;), velocity of the air (Va), cross
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section that the air passes (A.), volumetric flow rate of the water (V,,) and the difference

of in and out of the fluids (ATy). According to that, parameters that affect the heat

transfer have been defined separately for air and water in the Equations 4.4 and 4.5:

Qa = f(pa’ Cpar Va:Ac: ATa)

Qw = f(pw' Cow» VW‘ ATW)

(4.4)

(4.5)

The uncertainty value of each independent property has been given in the Table

4.7. According to that the uncertainty of the energy transfer rate values to be calculated

depending on the parameters defined in the Equations 4.4 and 4.5 for air and water has

been specified with the solution of the partial differential equation in the Equation 4.2.

According to that total uncertainty in the energy transfer velocity of the air and water

has been calculated in consideration of the values in the Table 4.7 as 5.4 % and 2.5 %

respectively. Furthermore, the uncertainty in relation to the differential pressure meter

has been defined as +%1.5+1Pa. The uncertainty of the pyranometer has been given as

7.00pV/Wm'.

Table 4.7. The uncertainty value of each independent property used in the experimental
studies (Holman, 2011)

Variables Value Uncertainty Comment

Air density, p, 1.184kg/m® @25°C | +%0.02 uncertainties in the
thermophysical properties of

Specific heat of air, Cp, 1007J/kg K @25°C | £%0.3 the selected heat transfer fluid

Air velocity, V, 0.1-10 m/s +%5 uncertainty from the
volumetric flow measurements

Sectional area which the air | 0.37-0.66m” +%2 uncertainty from the

passes, A. measurement of sectional area
which the air passes

Air temperature difference, | 0-100°C +0.034°C uncertainty from the

AT, measurements with
thermocouples

Water density, py, 997 kg/m’ @25°C | +%0.02 uncertainties in the
thermophysical properties of

Specific heat of water, c,, | 4180 J/kg K @25°C | £%0.3 the selected heat transfer fluid

(cont.on next page)
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Table 4.7. (cont.)

Variables Value Uncertainty Comment

volumetric flow rate of | 10-1000 I/h +%2.5 uncertainty from the

water, V,, volumetric flow measurements

Water temperature 0-100°C +0.018°C uncertainty from the

difference, AT,, measurements with Pt-100
probes

In calculation of the uncertainty values for the thermocouples and Pt-100 probes
in Table 4.7, the total uncertainty has been evaluated together with the uncertainty of the
devices used in consideration of the calibration proceeding. According to that, the

uncertainty values for Pt-100 probes can be calculated by using Equation 4.6.

\/(Tef’;”"o)z + (chgz)z + (ref:"”)2 +St? + B, = £0.018°C (4.6)

The maximum resolution for refPt100 value for Pt-100 probe used as a reference
in the calibration in Equation has been taken as 0.02°C (0.01°C for 0°C and 0.02°C for
100°C). Test device, the resolution of Hioki LR 8401-20, T, is maximum 0.01°C for
Pt-100 probes (this value is 0.1°C for thermocouples). The resolution value of the
reference multimeter used in the calibration, refmm, is 0.0024°C. Standard deviation, St,
1s maximum 0.01°C and bath stability, By, is taken as 0.01°C. According to Equation

4.6, uncertainty value for thermocouples has been also calculated as +0.034°C.

121



CHAPTER 5

EXPERIMENTAL AND NUMERICAL ANALYSIS

In this thesis five main case studies were constituted based on different
parameters which play a decisive role on the energy performance of DSF systems.

These parameters were summarized in Table 5.1.

Table 5.1. General parameters used in the case studies

4 NC FC Flow Solar Simulator AP Cavity width
low |medium| high| - [2 |4 | 6| 8 [10|12]3mm|5mm]| 25| 32.5| 35 | 40
Case 1 - v v v v V|- V]| -|V]|-]- v v v - -
Case 2 \ - - - - v
Case 3 - v v v v - - v v - |V
Case 4 - v v v v -l -V - V] -] - v v
Case 5 v - - - - S|V V|V]|V|V]V v -

5.1. Case 1: Experimental investigation of the pressure loss through the

DSF by using perforated plates

The aim of this study is to analyze the effect of perforated elements on pressure
drop in a double skin facade cavity. This cavity separates the exterior and interior space
as thermally controllable. The temperatures of the surfaces facing cavity and exterior
and interior spaces have been determined experimentally. The behavior of the double
skin facade system with perforated elements is examined under different airflow
conditions. Two distinct perforated plates having different circular hole dimensions are
positioned in the double skin facade cavity in order to create a pressure drop in the
cavity. The effect of these elements on pressure drop and air flow were experimentally
analyzed. Moreover, temperature changes in the cavity for different working conditions
were examined according to the experimental results from the measurements. The
results show the surface and air temperature distributions in the cavity and pressure
drops under three different air flow rates and two different perforated plates. The

dependence of the dimensionless pressure drop coefficient, Eu, versus Reynolds number

122



Is investigated experimentally for different geometric characteristic of the perforated

plates.

5.1.1. Experimental setup

General view of the experimental setup in the laboratory can be seen in Figures
4.1. and 4.2 in Chapter 4. Moreover, general plan of experimental setup can be also seen
in Figure 4.3. All information related to technical information related to experimental

set up is described in Chapter 4.

5.1.2. Perforated plates

Two different kind of perforated plates shown in Figure 5.1 are placed
individually in the cavity. Plates’ thickness is 2mm each, holes are arranged staggered
form through the perforated plates, and diameter of them are 5mm and 3mm called big
and small holes in Figure 5.2, respectively. The plates configuration is also
characterized by different pitches between hole centers and the dimensions are given in

mm in Figure 5.2. The other characteristic dimensions are also given in Table 5.2.

Figure 5.1. Two different perforated plates.
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Figure 5.2. Plans and dimensions of perforated plates (in mm)

Table 5.2. Characteristics of the perforated plates

10
257,

Perforated plates

Perforated plates

Geometric definition with with
big holes small holes
hole diameter 5mm 3 mm
maximum distance between two adjacent 14 mm 9 mm
rr;1oi|neis;num distance between two adjacent 8 mm 5mm
holes
thickness of plate/hole diameter 0.40 0.67
number of holes 5140 16235
area of total holes 1008.98 cm? 1146.19 cm?
area of plate 3820 cm? 3880 cm?
porosity 0.264 0.295
plate net area/area of total holes 2.79 2.38
equivalent porosity ratio 0.51 0.54
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5.1.3. Experimental results and discussions

Perforated plates shown in Figure 5.3 were placed in the cavity of the DSF in the
experimental setup. In here, dimensions of circular holes on the plate, 5mm were greater
than the other plate used and as shown by the experimental results (Figures 5.4, 5.5),
pressure drop generated by it was lower. After finishing nine experimental studies with
big hole plate, small hole (3mm) plate was used another nine experiments under steady
state conditions. General view of the perforated plates and their dimensions were seen
in Figures 5.1 and 5.2. Detailed geometric configurations of the plates were also given
in Table 5.2.

Figure 5.3. Layout of perforated plates in the cavity of DSF

Totally 18 experimental measurements were conducted by using two different
size perforated plates in this study. The experimental setup was run for each test and
steady-state conditions were waited before measurements were taken. Temperature
values at each point in the experimental setup mentioned in Figures 4.18 and 4.19 were
recorded at 2 seconds intervals. All system was thermal equilibrium in the beginning,
and after that different temperatures were created inside of the indoor and outdoor
environments by using a constant temperature water bath and a refrigeration-based
cooling system, respectively, as shown in Figures 4.1 and 4.3. Solar simulator system
was also run in the some of the experiments. These different temperatures for two
environments become stable after a while. The temperature values which were in the

indoor environment reflected the average value of 3 thermocouples (Al1-3 in Figure
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4.19). Thermocouples AO1 and 2 (Figure 4.19) gave the average temperature values of
the exterior environment.

The average temperature distribution on the two different height (mentioned b,
bottom and t, top) section of the cavity after steady state condition were given in
Figures 5.4 and 5.5 for the six experiments on the big (mentioned B1, 4 and 7 in Figure
5.4) and small (mentioned S3, 6 and 9 in Figure 5.5) hole perforated plates individually.
Average temperature values of the cavity air at two levels for each measurement were
given in the middle and the temperatures on the two sides referred to the average
surface temperatures. All measurements were obtained by using two thermocouples at
different depth at the same level. Heat transfer occurred due to these temperature
differences from two surfaces to the air because of heated surfaces by solar radiation at
the experiments numbered B4, 7 and S6, 9. High solar radiation created bigger
temperature changes relatively at the B7 and S9. On the other hand, heat transferred
from relatively hot air (cavity air inlet temperature is a small quantity bigger than the
outside temperature: 24.98°C>24.32°C for B1; 27.31°C>26.69°C for S3 given in Table

5.3) to the surfaces at no solar radiation situations at the experiments B1 and S3.

26

Temperature [°C]

~ ___' - 4= B7 1
-_—

0 5 10 15 20 25
Cavity depth [cm]

Figure 5.4. Temperature distributions in the cavity at the bottom (b) and top (t) levels
for three experiments (1, 4 and 7) on big (B) hole perforated plate.
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Figure 5.5. Temperature distributions in the cavity at the bottom (b) and top (t) levels
for three experiments (3, 6 and 9) on big (S) hole perforated plate.

All the temperature measurements with the heat radiation values at the steady
state condition were given in Table 5.3. Air flow rate at three different levels mentioned
low, medium and high; and the relative size of perforated plate’s hole could be seen in
the first two columns of the table. Third column was about the number of experiment.
Solar radiation values at fourth column were created by solar simulator (numbered V1 in
Figures 4.1 and 4.3) and measured by the pyranometer shown in Figure 4.14 separately.
The other columns were about the average temperature values measured by

thermocouples and probes mentioned in Figure 4.19.
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Table 5.3. Experimental results

= . In Out PFOG SFIG Cav. Cavity (CA)
Wl ey | pa [°C] °C] °C] [°C]
Rad avg avg avg avg avg avg avg avg | et | 2VE avg avg avg
ad. (AI1-3) | (AO1-2) | (1-2) | (3-9) | (5-6) | (1-2) | (3-4) | (5-6) nle (1-3) | 24 | (5-7) | (6-8)
o Bl 0 12.86 24.32 2271 21.43 | 21.23 | 24.22 | 23.65 | 23.58 | 2498 | 24.75 | 24.74 | 24.61 | 24.50
c g
_;In g2( B4 | 195.55 11.32 14.24 941 11.80 | 11.79 | 10.98 | 13.13 | 13.53 7.31 7.45 7.75 7.91 8.53
- =1 &
é M B7 | 32229 18.92 23.08 16.85 | 20.65 | 20.20 | 20.34 | 23.12 | 23.13 | 12.39 | 13.41 | 13.65 | 14.10 | 15.07
E % ~| Sl 0 13.39 24.55 2303 21.85 | 2143 | 2453 | 24.01 | 23.84 | 25.22 | 25.07 | 25.07 | 24.91 | 24.82
= g
a g2 S4 | 200.71 12.40 15.87 10,77 1 12.95 | 13.20 | 12.27 | 14.08 | 14.81 8.90 9.01 9.30 9.46 098
(7]
E S7 | 328.17 19.52 24.46 18.01 | 21.56 | 21.64 | 21.58 | 24.00 | 2444 | 13.43 | 14.51 | 15.07 | 15.28 | 16.13
o B2 0 12.90 2521 2380 2248 | 2224 | 2519 | 2460 | 2448 | 2588 | 25.77 | 25.75 | 25.61 | 25.25
c g
E fm =21 BS 191.10 10.93 12.66 9.30 11.13 | 11.03 | 10.13 | 11.77 | 12.25 8.03 7.94 8.16 8.26 8.68
e W
g M B8 | 328.77 18.94 21.49 17.03 | 20.07 | 19.52 | 1920 | 21.74 | 2199 | 13.96 | 14.52 | 1469 | 15.03 | 15.77
:E % | 82 0 13.56 25.62 2428 | 23.08 | 22.58 | 25.60 | 25.00 | 2490 | 26.30 | 26.15 | 26.14 | 26.03 | 25.93
[-F) = a
= ﬁ 82| S5 195.60 11.97 14.63 11.03 )1 12.67 | 12,75 | 11.91 | 13.27 | 13.95 ( 9.90 Q.82 10,03 | 10.12 | 10.49
(7]
.:E S8 | 330.25 19.48 23.02 18.18 | 20.91 | 20.75 | 20.50 | 22.46 | 23.09 | 15.25 | 15.82 | 16.22 | 16.31 | 16.97
o B3 0 13.20 26.22 2491 | 23.65 | 23.35 | 26.22 | 25.68 | 25.56 | 26.84 | 26.74 | 26.72 | 26.61 | 26.50
c g
_;In g2 B6| 198.28 10.42 10.30 8.83 10,36 | 10.19 | 9.27 10.38 | 10.93 7.79 7.68 7.86 7.93 8.24
'; - &
=|° M B9 | 337.80 19.15 19.33 17.19 1 19.78 | 19.20 | 18.86 | 20.78 | 21.14 | 1464 | 15.10 | 15.23 | 15.48 | 16.08
=]
éﬂ % | S3 0 14.11 26.69 2544 | 24.29 | 23.79 | 26.77 | 26.30 | 26.10 | 27.31 | 27.24 | 27.23 | 27.10 | 27.03
= g
a g2 S6 | 197.84 11.39 12.77 11.11 ) 1240 | 12,36 | 11.65 | 1247 | 13.15 | 10.32 | 10.21 | 10.38 | 10.43 | 10.69
(7]
.:E 59 | 326.45 19.17 20.44 18.25 | 20.57 | 20.32 | 19.85 | 21.33 | 22.00 | 15.80 | 16.20 | 16.51 | 16.57 | 17.09




For the small hole perforated plate, time dependent behavior of pressure drops
obtained with respect to different flow rates applied in the experimental studies
numbered S1 to S3 were shown in Figure 5.6 for the case following the experiment
come at steady state. System firstly reached the steady-state condition thermally after
8000 s for the first experiment called S1. The empty areas shown in Figures 5.6 and 5.7

were about unsteady condition between recorded measurement data.
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Figure 5.6. Pressure drop on small hole perforated plate for three distinct flow rates for
the experiments numbered S1, S2 and S3.

Pressure drop in large hole perforated plate was given Figure 5.7. Pressure drop
with respect to Figure 5.6 somewhat decreased in Figure 5.7 due to large holes. Mean
values showed this decrease more clearly. Pressure drop also increased instinctively by

an increase in the flow rate values for each cases that can be seen in Figures 5.6 and 5.7.
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Figure 5.7. Pressure drop on big hole perforated plate for three distinct flow rates for the
experiments numbered B1, B2 and B3.

Experimental results, variation of pressure drop induced by using distinct
perforated plates with the mass flow rate were given in Table 5.4. In here, mass flow
rate was calculated by averaging steady-state pressure drop values measured and
recorded in circular duct for each case and then using mean value of velocity obtained
from Bernoulli equation. Density of air was used separately for the value corresponding
to the relevant temperature. Duct system and the pressure drop measurement used for
the calculation of the mass flow rate in the duct were shown in Figure 4.9 and Figure
4.11b, respectively. Calculated mass flow rate values with average velocity induced by
measured pressure drop values were given in the columns together at the duct section.
Cavity’s columns were about the calculations of the cavity air in DSF. Average velocity
values at the cavity were determined using mass flow rates in the duct and obtained
lower values because of increasing cross section area of the cavity. Reynolds numbers,
Re, were calculated by using these velocity values with hydraulic diameter and

kinematic viscosity of air:

VDp

Re = L2n (5.1)

where V, Dy and v were defined as velocity, hydraulic diameter and kinematic
viscosity of air. Euler numbers, Eu, dimensionless pressure drop coefficients, were used

in the definition of the flow in the perforated plate applications and defined as;
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Eu

AP

- 0v2

(5.2)

where AP was defined as pressure drop between downstream and upstream. In

here, AP was measured by the differential pressure measurement system shown in

Figure 4.11b. So, Eu numbers were calculated using measured pressure drop (AP) and

average velocity (V) values with air density (p) in Equation 5.2.

Table 5.4. Air flow measurements in the duct and the variation of pressure drop induced

by using distinct perforated plates in the cavity

Duct Cavity
#
AP [Pa] [V [m/s] | [Kg/s] | V [m/s] | Re [-] | AP [Pa] | Eu [-]
’g B1| 8.590 3.81 0.352 0.78 |20510| 0.784 | 2.188
Lo
@ B4| 7.382 3.43 0.336 0.70 |20529| 0.831 | 2.705
o
ey
(_% g B7| 6.879 3.35 0.322 0.68 |19388| 0.122 | 0.425
[re—
; ~—
S g S11|10.371 | 4.19 0.386 0.84 |22509| 2.061 |4.932
™
% S4| 9414 3.88 0.378 0.78 |23008| 2.219 |5.855
=
g S7| 6.877 3.35 0.321 0.67 |19280| 1.488 |5.362
)
g B2| 22.098 | 6.12 0.563 1.25 |32747| 2.251 | 2.448
Lo
o |B5]20.239 | 5.68 0.556 1.16 |33884| 1.880 |2.229
z| 2
E ',% B8| 21.156 | 5.88 0.562 1.20 |33679| 1.584 |1.802
3 ~~
§ g S2 | 24364 | 6.43 0.591 1.29 |34390| 3.705 | 3.766
|
% S5| 21.755 | 5.91 0.574 1.19 |34830| 3.778 | 4.309
=
S |s8|21232| 590 | 0562 | 1.18 |33611| 3.215 |3.754
[95)
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Table 5.4. (cont.)

Duct Cavity
#
AP [Pa] |V [m/s] | [Kg/s] | V [m/s] | Re [-] | AP [Pa] | Eu [-]
g B3| 37.756 | 8.01 0.735 1.63 |42653| 3.415 |2.172
Lo
@ |B6| 37.656 | 7.75 0.758 1.58 |46222| 3.465 |2.213
o
<
E g B9| 37.965 | 7.88 0.753 1.61 |41778| 3.415 | 2.159
s E
T £ [S3]39.392| 819 0.750 1.65 |43541| 5599 |3.522
™
< |S6/|37.802 | 7.79 0.756 1.57 |45850| 6.301 |4.136
=
é S9| 35.659 | 7.65 0.728 1.53 |43461| 5.129 | 3.564
[99)

Graphical representation for the values given in Table 5.4 was cited in Figure5.8.

Pressure drops induced by using distinct perforated plates versus different mass flow

rates could be seen for the experimental results mentioned different markers in the

Figure 5.8. Pressure drop generated by small hole plate was significantly higher than the

big one and it could be clearly seen that the difference become to be bigger with the

increase in mass flow rate. The pressure drop values depended to a power function of

the mass flow rate values. The lines were drawn using average (mentioned A in Figure

5.8) values and defined as;

AP = 0.694¢2831m

APy = 0.144¢%353m

(5.3)

(5.4)

where the equations numbered 5.3 and 5.4 were derived for the small (S) and big

(B) hole perforated plates, respectively. R? values were calculated as 0.9998 and 0.9797,

respectively.
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Figure 5.8. Variation of pressure drop induced by using distinct perforated plates and
flow rate

The changes of Eu as a function of Re given in Table 5.4 was given in Figure 5.9
for two perforated plates. Pressure drop dimensionless coefficient, Eu, was stabilized
after first three experiments for each hole case. Average Eu numbers were calculated
considered this second part of the straight lines on the Figure 5.9. This values were

given in Table 5.5 with the other values in the literature (Weber et al. 2000).
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Figure 5.9. Dimensionless pressure loss coefficients versus Reynolds numbers.

In this study, the dimensionless parameters found that thickness of the plate

divided by hole diameter were measured as 0.40 and 0.67, respectively. But, equivalent
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porosity ratios were calculated as 0.51 and 0.54 close each other. These values were
very effective of the dimensionless pressure loss coefficient, Eu numbers of the big and
small hole perforated plates were calculated as 2.2 and 3.8, respectively. These values

could be acceptable considering Weber et al. (2000)’s study.

Table 5.5. Effect of the hole geometric parameters upon the dimensionless pressure loss
coefficient, Eu (Malavasi et al, 2012).

thickness of the ]
number of holes equivalent
plate/hole ) ) Eu [-]
) [number] porosity ratio [-]
diameter [-]
Current study 0.40 5140 0.51 2.2
Current study 0.67 16235 0.54 3.8
3052 21.0
Weber et al. (2000) 0.48 0.48
7103 18.8
1948 10.8
Weber et al. (2000) 0.32 0.57
4534 9.9
3048 2.4
Weber et al. (2000) 0.32 0.71
7093 3.2

Two distinct perforated plates were installed inside the DSF’s cavity for
investigating of the pressure drop effect experimentally under different working
conditions. Different kind of solar shading devices, plants and the perforated elements
installed in the corridor type DSF were the different type of pressure loss elements in
the cavity. Here, that pressure loss effect was created by using two different perforated
elements and findings and major conclusions can be described as:

e Pressure drops created by perforated plates and temperature distributions created
by water and refrigeration based systems with a solar simulator in the cavity of

DSF were examined based on experimental measurements. All experimental

results with the surface and air temperature distributions in the cavity and

pressure drops under three different air flow rates and two distinct perforated
plates having different geometric configurations were fully described in the
study.

e There is no significant relation between the solar radiation effect along the
dimensionless pressure drop coefficient. Solar radiation affected the surface
temperature values of the cavity.
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e Two correlations included the pressure drop and the mass flow rate values were
constructed to evaluate the pressure loss in the DSF’s cavity under mentioned
working conditions of the study.

e Big diameter perforated plate created lower pressure drop relatively compering
with the small one.

e The dimensionless pressure drop coefficient, Eu, versus Reynolds number were
determined experimentally for different geometric characteristic of the
perforated plates. Eu numbers is insensivity of the Re numbers after 30000
approximately as mentioned.

e Results from the 18 experimental studies under steady-state conditions were
collected to create an extended data set for the validation of numerical studies. A
porous media approximation can be useful to predict the air flow characteristics
in the cavity for future studies.

5.2. Case 2: Experimental and numerical investigation of natural

convection in a double skin facade by using CFD tool

In this study, airflow and heat transfer in a rectangular cavity that simulates a
double skin facade and includes natural convection were examined numerically and
experimentally. A full-scale experimental setup was built, and the aspect ratio of the
cavity was 8.64. The numerical model was validated based on existing experimental
studies in the literature, and the results were examined in relation to the flow and heat
transfer in the cavity. a correlation based on both Rayleigh and Nusselt numbers was

determined for an airproof double skin facade
5.2.1. Experimental setup

A general view of the experimental setup part used in this case study is shown in
Figure 5.10. The experimental study included flow and heat transfer analysis for the

buffer zone condition of the double skin facade (B) between the indoor (A) and outdoor

(C) environmental conditions.
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Jl

Figure 5.10. General view of the experimental setup

The Experimental Setup shown as A in Figures 5.10 and 5.11, which is 1.5 m in
width, 3 m in length and 3 m in height, was manufactured using 10-cm-thick

polyurethane thermal insulation panels.
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Figure 5.11. Plan view of the experimental setup

The Indoor and Outdoor Environment Simulation Setup were shown in Figures
5.10 and 5.11. The cavity as shown B was highly insulated against heat transfer. Thus,
the outdoor and indoor environment simulation setup dimensions decreased from 3 m in
height and 1.5 m in width to 2.16 m in height and 1.5 m in width. The cavity was

closed, and only natural convection was considered. The difference in the dimensions is
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related to the additional insulation. The insulation provided one-dimensional heat
transfer through only the glass.

Cavity height and the positions of the thermocouples were changed due to the
insulation in the cavity. The cavity was enclosed for evaluating natural flow conditions.
Temperature measurements at different points of the experimental setup were taken
with the T-type thermocouples mentioned Figure 5.12
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Figure 5.12. Layout of the thermocouples in the cavity

5.2.2. Experimental results

In this study, seven experimental measurements were taken. At the start of each
test, the experimental setup was run for a different time period at steady state conditions
before the measurements were taken. For the first experimental result, the changes in
the average temperatures on the interior surfaces of the cavity are shown in Figure 5.13.
Accordingly, the system that was thermally stable in the beginning, based on the
different temperatures on the interior and exterior, became stable after some time.
Because the part that simulates the exterior environment was relatively colder, a
temperature difference existed between the two interior surfaces of the cavity. The
temperature values on the interior of the surface facing the exterior space of the cavity

reflect the average value of the six thermocouples (SFIG1-6) after the temperature
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stabilized. Thermocouples PFOG1-6 give the average temperature values of the interior

of the surface faci

ng the interior cavity space.
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Figure 5.13. Variation of temperature in the cavity surfaces for the first experiment

The surface temperature averages given in Figure 5.13 come from six

thermocouples and are used in the calculation of the Rayleigh numbers (Ra). Along the

interior glass surfaces of the cavity, temperature changes occur. This change is shown in

Figure 5.14. Each point refers to the average of two thermocouples placed at the same

height of the cavity. As shown in Figure 5.14, the temperature values increase

depending on the height. The figure also shows the linear equality that clearly reflects

this change. In the numerical study, as a boundary condition, these changes in the

temperature were considered, and these linear equations were used.
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Figure 5.14. Variation of temperature in both interior surfaces along the cavity height
for the first experiment
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For the first experimental results, to show the oscillation of the temperature
values due to the activation of the cooling and heating system after the steady state
condition, the average temperature changes on the interior surfaces of the cavity are
shown in Figure 5.15. As shown in Figure 5.15, the temperatures were calculated in a
very stable way, and the standard deviation for both of the temperature averages is only
0.1°C.
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Figure 5.15. Variation of temperatures in both inner surfaces along the cavity height for
the first experiment

For the first experimental study, another time-dependent temperature change
after the steady state condition is shown in Figure 5.16. With the effect of natural
convection, the high temperature air is located at the top. “CA1-4” shows the average
temperature of the four thermocouples at the bottom, whereas “CAS5-8” is the average

temperature of the top four thermocouples.
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Figure 5.16. Variation of air temperature in the cavity for the first experiment

In the first experimental study, the average temperature ranges of the two
different height sections of the cavity after the steady state condition are shown in
Figure 5.17. The two points in the middle give the air temperature, and the temperatures
on the sides refer to the average surface temperatures measured by two thermocouples
each. Heat transfer occurs due to these temperature differences between the air and the
surface. Additionally, the change in the air temperature depending on the height can be

observed.
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Figure 5.17. Variation of temperature in the cavity for the first experiment
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5.2.3. Numerical Study

5.2.3.1. Meshing and solution method

A finite volume—based solver (ANSYS-FLUENT v14.5) was used to predict the
velocity and temperature distributions inside the three-dimensional cavity. A
preliminary mesh independency survey revealed that a total of 1.3*10° control volumes
is optimum considering both the computational time and accuracy. To capture the high
gradients near the solid surfaces, the mesh intensity increased close to the walls. Figure
5.18 shows the mesh structure of the cavity on the x-y and y-z planes.

(@) x-y plane general view (b) y-z plane close view
Figure 5.18. Grid configurations
The following assumptions were considered in the current study:
* The fluid is Newtonian and incompressible.
» The flow is steady, fully turbulent and three dimensional.
» The thermo-physical properties of the air were assumed to be constant except for
the density. The Boussinesq approximation was used to account for the

buoyancy term in the momentum equation.

» Viscous dissipation and radiation effects were neglected.

These simplifications reduce the governing equations into following forms:

Mass
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Here velocity, pressure and temperature are defined as time-averaged.

(5.9)

Turbulence can be determined for each computational node in the domain in terms of
the local turbulence kinetic energy (k) and the diffusion rate (),

k2
lut :pC,u_ (510)
&

To resolve the turbulence energy and diffusion rate terms, the Realizable k-
epsilon turbulence model was used. In comparison to the classical k-epsilon method, the
realizable model is more successful and accurate for the problems with flow separation,
re-attachment and complicated secondary flows (ANSYS Theory Guide, 2009). In the
realizable k-epsilon method, the following additional equations are resolved to evaluate
the Kkinetic energy and the dissipation rate,
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The details of the terms and constants that are given in the governing equations
can be found in the theory book (ANSYS Theory Guide, 2009). The SIMPLE algorithm
of Patankar (1980) was used to solve the pressure-velocity coupling. In the
decomposition of the pressure term, the PRESTO method was used, whereas for the
other transport equations, the QUICK (Leonard and Mokhtari, 1990) scheme was
applied. In the analyses, for the all of the transport parameters, the convergence criterion

has been defined as 10™.

5.2.3.2. The validation of the solution method

To validate the current solution methodology, a similar experimental study from
the literature was resolved, and the comparative results are presented. King (1989)
carried out experimental measurements for natural convection flow inside a tall cavity
with dimensions of H=2.5 m, W=0.5 m and L=1.0 m. In the experimental study, the hot
and cold surfaces were kept at the temperatures of Ty=77.2°C and Tc=31.4°C,
respectively. According to the geometric and boundary conditions, the corresponding
Ra number is calculated as 4.6x10™. In the experimental setup, the temperature values
inside the cavity were measured by a thermocouple traversing mechanism. A Laser
Doppler Anemometer (LDA) system was used to capture the velocity variations near the
cavity walls. The temperature measurement sensors have an accuracy of 0.2 K, and the
uncertainty of the velocity measurements is 0.02 m/s. This comprehensive experimental
study by King (1989) is preferred by various researchers for validating natural
convection simulations inside tall cavities (King, 1989 and Lau et al. 2012).

The velocity profile and variation of the Nusselt number on the hot surface is
compared with the reference study in Figure 5.19. Here, both experimental and
numerical data were obtained on a mid-surface of z=L/2 and y=H/2. The comparison
shows that the numerical results have a similar tendency as the experimental

measurements. To validate the predicted velocity field and temperature distributions
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inside the cavity, another set of comparisons was conducted based on the numerical

results from Lau et al. (2012). Lau et al. (2012) conducted an analysis based on time-

dependent Large-Eddy-Simulation (LES) as the turbulence model. Although steady

state RANS (Reynolds-Averaged Navier Stokes) equations were solved in the current

model, similar variations can be seen in Figure 5.20.
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5.2.3.3. Numerical model

In Figure 5.21, the reduced geometry of the test room is shown with the
boundary conditions. The height, width and depth of the test room were H=2.16 m,
W=0.25 m and L=1.18 m. The aspect ratio (W/H) of the cavity was 0.116. Apart from
the side surfaces that had constant temperatures of Ty and Tg, all of the surfaces are

regarded as adiabatic.
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Figure 5.21. Test room geometry and boundary conditions

In the experimental studies, along the three lines indicated on the side surfaces
of the cavity (y=0.43 m, 1.08 m and 1.73 m), the temperature values were measured
with thermocouples, and the temperature changes were determined for each experiment.
The experimental measurement results and the corresponding Rayleigh numbers are
presented in Table 5.6. According to the boundary conditions given in Table 5.6, the
Rayleigh number ranges from 8.59*10° to 1.41*10%. Here, the Rayleigh number is
defined as

Ra, :%(TH -T.)H? (5.13)

145



where the average temperature values Ty and T were determined using the
measured surface temperatures SFIG1 to 6 (for Ty) and PFOG1 to 6 (for T¢). The
Rayleigh numbers calculated using Equation 5.13 increase with increasing temperature

values, as shown in Table 5.6.

Table 5.6. Experimental measurement values and calculated Rayleigh numbers

PFOG SFIG
Experiment#
Tl,zavg T3,4avg Ts,eavg T1,2avg T3,4avg T5,6avg Tc Tw Ra

1 -0.16 2.74 6.25 6.82 9.25 12.00 294 9.36 8.59E+09
2 0.79 3.71 7.35 8.51 11.30 14.22 3.95 11.34 9.74E+09
3 0.89 4.38 8.95 8.96 12.06 1620 4.74 1241 1.00E+10
4 1.46 4.80 8.29 10.63 13.67 17.62 485 1397 1.16E+10
5 1.60 5.22 8.90 11.42 14.78 19.32 524 1517 1.25E+10
6 1.97 5.76 9.58 12.48 16.08 21.15 577 16.57 1.34E+10
7 2.94 7.03 11.13 14.12 17.91 23.48 7.03 1850 141E+10

5.2.3.4. Results and Discussions

According to the boundary conditions given in Table 5.6, the Rayleigh number
ranges from 8.59*10° to 1.41*10™. In Figure 5.22, the velocity variations along the
cavity width are shown at y=1.73 m for the different experimental conditions. Although
the temperature difference inside the cavity changes in each experiment, the velocity
variation maintained almost constant at the center of the cavity from 0.05 m to 10.20 m.
On the other hand, the air close to the cold and hot surfaces was affected by the
buoyancy forces that are caused by the density differences induced by the temperature
gradients. Figure 5.22 shows that similar velocity variations were obtained at the cold
and hot surfaces along the streamwise direction for different Ra numbers and that the
highest Ra number (for the last numerical experiment) was more than double that of the

first numerical experiment.
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Figure 5.22. Velocity variations inside the cavity for different numerical experiments at

y=1.73m

The isotherms on the z=L/2 plane are shown in Figure 5.23. Because the
Rayleigh number varies in a relatively narrow range, there is not a significant difference
in the temperature ranges. However, as the surface temperatures increase along the flow

direction, the air temperature also increases, and the hot zones in the cavity expand.
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Figure 5.23. Temperature variations on the z = L/2 plane for different Ra numbers

In Figure 5.24, the temperature variations inside the cavity are compared with
the experimental measurements at the height of y=1.73 m. Different surface
temperatures were tested in the experiments, and different temperature-location slopes
were created in the cavity. When the dimensionless temperature values are taken into
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account, it is seen that, similar to the velocity ranges, the temperature ranges are
identical in form. It is clear that the temperature variations have similar tendencies for
each experiment but that they are shifted by varying the Rayleigh number. The
temperature measurements from the experiments are also shown in Figure 5.24 by solid
markers. The experimental results match the numerical results well. The largest
difference was less than 1°C for the comparisons between the numerical and
experimental results. These differences could be mainly caused by the measurement
point uncertainties for the y-direction as well as for the x- and z—directions, as shown in
Figure 5.21.
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Figure 5.24 The temperature distributions along the cavity width for different numerical
experiments at y=1.73 m

Variations of the heat fluxes along the cavity height at two separate surfaces can
be seen in Figure 5.25 for different Ra numbers. The heat flux values increase with
increasing Rayleigh number and reach the maximum and minimum values at the top

and bottom of the cavity, respectively.
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Figure 5.25. Variations of the heat fluxes along the cavity height at the cold and hot
surfaces for different numerical experiments

The Nusselt numbers were also evaluated using the mean heat flux values on the
hot surface of the cavity through Equation 5.14,

qr w
NuH = E ? (5.14)

The Nusselt number distributions at the hot surface along the cavity height are
shown in Figure 5.26. The average Nusselt number increased with increasing Rayleigh
number and reached the maximum value at the top of the cavity. Because of the
restricted heat transfer at the bottom of the cavity, the Nusselt numbers start from the
minimum values; throughout the cavity, there is no large difference between the Nusselt

values as there was for the Rayleigh numbers.
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Figure 5.26. Variations of the Nusselt numbers at the hot surface along the cavity height
for different numerical experiments

The average Nusselt numbers for each experimental case are given in Table 5.7
for the hot surface of the cavity. The Nusselt number increases with buoyancy forces
that are created by the temperature differences of the surface and air, which is induced
by the density gradients.

Table 5.7. Average Nusselt numbers at the hot surface of the cavity for each
experimental case

Exp. Number #1 #2 #3 #4 #5 #6 #7

Nusselt numbers |142.6 |147.7 | 152.5 [156.5|160.9 | 165.2 | 168.8

These non-dimensional variables are introduced in the governing equations, and
the velocity and temperature variations in the cavity arise in terms of the Nusselt and
Rayleigh numbers. The results can be generalized by a correlation to predict the heat
transfer rate using the Nusselt number for the double skin facade operating with the
airproof condition and a Rayleigh number of approximately 10™°. Thus, the Nusselt

number is a power function of the Rayleigh number,

Nu = C-Ra" (5.15)
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The Rayleigh and Nusselt numbers given in Tables 5.6 and 5.7 were used in a
regression analysis to evaluate the indices C and m in Equation 5.15; these values were
calculated to be 0.082 and 0.325, respectively. Therefore, the correlation for the airproof

cavity investigated in this study can be given as,
Nu = 0.082-Ra%** (5.16)
The Nusselt and Rayleigh numbers for each case were drawn with the power

function, as shown in Figure 5.27. The coefficient of determination, R?, was found to be
0.982, and the data fit well.
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Figure 5.27. Nusselt numbers as a function of Rayleigh numbers for the experimental
case

In this study, numerical and experimental studies were conducted to investigate
the flow and heat transfer characteristics inside a double skin facade. A numerical
model was developed to simulate the steady state natural convection inside a tall cavity.
The comparative results show that the current model can successfully predict the
velocity field and temperature variations inside the domain. The following conclusions
can be obtained from the current study:

e The velocity field variations showed that increasing the temperature difference to
approximately 65% did not cause a large difference in the working conditions.
e Even though the velocity field remained constant, the heat transfer increased by

approximately 20% by increasing the temperature difference from 7K to 11.8K.
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e A correlation was developed to predict the Nusselt numbers with the Rayleigh

number ranging from 8.59*10° to 1.41*10"° for an airproof double skin facade.

5.3. Case 3: Experimental and numerical investigation of forced

convection in a double skin facade by using CFD tool

Flow and heat transfer behaviors of the air channel which is between the two glass
facades in the test room with double skin facade which was designed in the box window
type and set up for measurements in the laboratory environment was evaluated by
making its numerical modelling in the ANYSY-CFD environment and analysis under
different working conditions. In this chapter, by using data from the experimental
studies, the verification of the numerical studies was conducted and the air movements
in the channel between the two glass facades and thermal interactions were examined

numerically in detail.

5.3.1. Experimental Study

The channel geometry in the test room which has double skin facade whose
numerical study was conducted is shown in Figure 5.28. The height and width of the
channel geomety are respectively; H = 2.90 m ve L = 1.40 m. The depth of the cavity
was W = 0.25-0.325 and 0.40 m and studied for three different situations. In order to
adjust the depth of the cavity, limitless-geared mechanisms which were trigerred by
electric motors from bottom and top were used to adjust the desired span (Figure 5.28.)
The depth of the cavity was checked by measuring from the points which are close to
the four corners of the cavity and the middle point of the cavity and for each situation,
the maximum value of deviation was detected as =2mm as a result of the measurements

which were taken with the lazermeter.
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Figure 5.28. The mechanism which is used to adjust the depth of the cavity and the
cavity air inlet vent.

In the exterior glass, there are air entrance and exit spans which lies along the
width of the cavity at the height of 0.2m and which can be opened and closed when it is
necessary (Figure 5.29.) In the numerical study, the glass and aluminium elements
which surround the cavity were not modelled, only the air in the cavity was modelled.
In this channel which has three different depths of cavity in between two glass surfaces,

the effects of the different air flow rates will be analysed in detail in the further sections.
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Figure 5.29. Model geometry

In this numerical model, the air flow mode which is named as the exterior air
curtain in the literature, in which the air entrance and exit spans in the interior glass are
closed and the air interaction in the cavity is only provided by the air entrance and exit
spans on the exterior glass facade surface was analysed. Apart from the interior and
exterior glass surfaces, all the other surfaces were accepted as adiabatic. For the
temperatures of the surfaces of the interior and exterior glass which face the cavity, the
results which were acquired from the experimental studies were used. For this, using the
averages of the two temperature measurements which were taken from three different
height levels, the temperature changes along the whole surface were defined as the limit
condition for the surfaces of the interior and exterior facades of the DSF which faces the
cavity. Through the vent on the bottom surface of the exterior glass facade, the air flow
is taken uniformly into the channel and it is disposed to the atmosphere pressure
through the vent in the top of the exterior facade. In the experimental study, perforated
plate was placed on air inlet in order to provide uniform velocity distribution. Air inlet
velocities can be found in Table 5.8 for various cavity depths and mass flow rates. All
experimental measurements reflect the average of long term measurements taken after

all system reached to thermal equilibrium. While cavity depth is 25cm in experiment 1,
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2 and 3, it is 32.5cm in the experiment 4,5,6 and 40cm in the experiment 7,8 9. T inlet
defines the air inlet temperature to cavity, while V inlet defines air inlet velocity. Six T-
type thermocouples were placed on two different surfaces to measure the inner surface
temperatures of the double skin facade. These thermocouples are numbered in Table 5.8
from Ty.avg (the average of the two thermocouple at the 0.80 m level) to Tseavg (the
average of the two thermocouples at the 2.10 m level) for primary facade outer glass
(PFOG) for the portion of the primary facade facing the cavity and from T1 2avg 10 Ts gavg
for the portion of the secondary facade inner glass (SFIG) facing the cavity. Under these
different working conditions, the velocity and temperature changes in the channel were
examined numerically in detail and using the temperature distrubution, the changes of
the heat transfer rate which occurs from the unit surface area along the cavity height
were acquired. Using these changes in the heat flux, depending on the flow
(dimensionless number of Re), a correlation which gives the changes in the

dimensionless number of Nu were produced.

Table 5.8. Experimental results (CFD inputs)

°C m/s PFOG (°C) SFIG (°C)
Exp.#

Tinlet Vinlet Tl,Zavg T3,4avg T5,6avg Tl,2avg T3,4avg T5,6avg
1 4.40 1.250 6.28 8.41 9.45 3.79 441 4.73
2 4.52 1.810 5.84 7.83 8.6 3.53 4.01 431
3 3.34 2.340 4.53 6.45 7.13 2.3 2.56 2.89
4 571 1.230 7.45 9.22 10.41 4.95 5.44 5.78
5 5.03 1.670 6.31 7.98 9.06 3.84 411 4.49
6 3.78 2.150 5.03 6.76 7.76 2.66 2.78 3.2
7 6.40 1.400 8.3 10.14 11.34 5.53 5.95 6.33
8 6.36 1.920 7.86 9.58 10.58 5.15 5.29 5.63
9 580 2350 | 7.18 8.84 9.76 4.75 46 4.92

Considering the Experiment 1, which shows low flow rate with the cavity depth
of 25 cm, it can be seen that while the average temperature of the indoor environment is
21.45 °C, the average temperature of the outdoor environment is 4.70 °C. While the
average temperature of the measurements which were taken from the middle point of
the surface of the primary facade which faces the indoor envrionment (primary facade
indoor glass, PFIG) is 15.07 °C, the average of the measurements which were taken
from the middle point of the surface of the primary facade which faces the cavity (1.45
m level) is 8.41 °C. While the average temperature of the measurements which were

taken from the middle point of the surface of the secondary facade which faces the
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cavity is 4.41 °C, the average temperature of the measurements which were taken from
the middle point of the surface of the secondary facade which faces the outdoor
environment is 4.17 °C (Figure 5.30a). In the Experiment 3, which shows high flow rate
with the cavity depth of 25 cm, while the average temperature of the indoor
environment is 20.48 °C, the average temperature of the outdoor environment is 2.23
°C. Also, while the average temperature of the measurements which were taken from
the primary facade outdoor glass, Primary facade indoor glass (PFIG) is 13.57 °C, it is
seen that the average temperature of the measurements which were taken from the
middle point of the surface of the primary facade which faces the cavity (1.45m level) is
6.45 °C. While the average temperature of the measurements which were taken from the
middle point of the surface of the secondary face which faces the cavity is 2.56 °C, the
average of the temperature of the measurements which were taken from the middle
point of the surface of the secondary facade which faces the outdoor environment is
1.74 °C (Figure 5.30c). It has been observed that in the Experiment 1, for the indoor
environment temperature, the standard deviation value is in the interval of 0.05-0.1 °C,
for the glass surface temperatures it is in the interval of 0.09-0.16 °C, for the cavity air
temperature it is in the interval of 0.12-0.18 °C and for the outdoor environment, it is in
the interval of 0.16-0.2 °C. Furthermore, in the Experiment 2, for the indoor
environment temperature, the standard deviation value is in the interval of 0.27-0.37 °C,
for the glass surface temperatures it is in the interval of 0.08-0.12 °C, for the cavity air
temperature it is in the interval of 0.10-0.12 °C and for the outdoor environment, it is in
the interval of 0.16-0.2 °C. And in the Experiment 3, for the indoor environment
temperature, the standard deviation value is in the interval of 0.05-0.12 °C, for the glass
surface temperatures it is in the interval of 0.07-0.12 °C, for the cavity air temperature it
is in the interval of 0.08-0.11 °C and for the outdoor environment, it is in the interval of
0.13-0.22 °C.
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Figure 5.30. Variation of temperature from indoor environment to the outdoor
environment for the 25 cm cavity width condition (Expl, Exp2 and Exp3)

When we look at the Experiment 4, which has low flow rate with the cavity
depth of 32.5 cm, we see that while the average temperature of the indoor environment

is 21.65 °C, the average temperature of the outdoor environment is 5.37 °C. While the
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average of the temperature of the measurements which were taken from the middle
point of the primary facade outdoor glass, Primary facade indoor glass (PFIG) is 15.55
°C, it is seen that the average temperature of the measurements which were taken from
the middle point of the surface of the primary facade which faces the cavity (1.45m
level) is 9.22 °C. Also, while the average temperature of the measurements which were
taken from the middle point of the surface of the secondary facade which faces the
cavity is 5.44 °C, the average temperature of the measurements which were taken from
the middle point of the surface of the secondary facade which faces the outdoor
environment is 5.03 °C (Figure 5.31a). When we consider the Experiment 4, which has
high flow rate with the cavity depth of 32.5 cm, while the average temperature of the
indoor environment is 20.85 °C, the average temperature of the outdoor environment is
1.95 °C. While the average of the temperature of the measurements which were taken
from the middle point of the primary facade outdoor glass, Primary facade indoor glass
(PFIG) is 14.00 °C, it is seen that the average temperature of the measurements which
were taken from the middle point of the surface of the primary facade which faces the
cavity (1.45m level) is 6.76 °C. And, while the average temperature of the
measurements which were taken from the middle point of the surface of the secondary
facade which faces the cavity is 2.78 °C, the average temperature of the measurements
which were taken from the middle point of the surface of the secondary facade which

faces the outdoor environment is 1.74 °C (Figure 5.31c).
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Figure 5.31. Variation of temperature from indoor environment to the outdoor
environment for the 32.5 cm cavity width condition (Exp4, Exp5 and
Exp6)

When we look at the Experiment 7, which has low flow rate with the cavity
depth of 40 cm, we see that while the average temperature of the indoor environment is

22.09 °C, the average temperature of the outdoor environment is 5.59 °C. While the
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average of the temperature of the measurements which were taken from the middle
point of the primary facade outdoor glass, Primary facade indoor glass (PFIG) is 16.29
°C, it is seen that the average temperature of the measurements which were taken from
the middle point of the surface of the primary facade which faces the cavity (1.45m
level) is 10.14 °C. While the average temperature of the measurements which were
taken from the middle point of the surface of the secondary facade which faces the
cavity is 5.95 °C, the average temperature of the measurements which were taken from
the middle point of the surface of the secondary facade which faces the outdoor
environment is 5.49 °C (Figure 5.32a). When we consider the Experiment 9, which has
high flow rate with the cavity depth of 40 cm, while the average temperature of the
indoor environment is 21.56 °C, the average temperature of the outdoor environment is
3.60 °C. While the average of the temperature of the measurements which were taken
from the middle point of the primary facade outdoor glass, Primary facade indoor glass
(PFIG) is 15.36 °C, it is seen that the average temperature of the measurements which
were taken from the middle point of the surface of the primary facade which faces the
cavity (1.45m level) is 8.84 °C. And, while the average temperature of the
measurements which were taken from the middle point of the surface of the secondary
facade which faces the cavity is 4.60 °C, the average temperature of the measurements
which were taken from the middle point of the surface of the secondary facade which

faces the outdoor environment is 3.56 °C (Figure 5.32c).
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Figure 5.32 Variation of temperature from indoor environment to the outdoor

environment for the 32.5 cm cavity width condition (Exp7, Exp7 and
Exp9)

With the increase in the velocity of the liquid which enters the cavity, for all of

these three experiments in the cavity, it is observed that there are decreases in the
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surface temperatures of the primary and secondary facades in all of the experiments.
Due to the heat transfer which is from the interior environment to the cavity,
temperatures along the cavity and in its air flow increase on both of the surfaces (Table

1). This increase is more visible in the primary facade (Figure 5.30, 5.31, 5.32)

5.3.2. Numerical Study

By taking a longitudinal section along the channel height and depth in the
middle of the width of the double skin air cavity, the numerical results in this
longitudinal section were examined (Figure 5.29). A line route which lies along the
cavityl depth and at the height of 1.45 m, the middle point of this longitidunal section,
was determined. Determining two horizonal line routes 0.65 m above and below this
line route, the temperature changes on these line routes were compared with the
experimental results. While determining these horizonal line routes on this longitudinal
section, in order to observe the stable condition more clearly, it was given attention that
these horizontal line routes are as far as possible from the air entrance and exit
directions. Velocity profiles have been acquired numerically for the different heights of
the section which has been placed in the middle zone of the cavity and the numerical
velocity distrubution in the 260 cm above of the floor was compared with the
experimental measurement results. Calculations were conducted in the ANSYS-
FLUENT environment, which is based on the approach of the control volumes, by
forming the three dimensional numerical model of the geometry in the ANSYS
environment (ANSYS, 2009.) Accordingly, for the numerical solution, these were

accepted:

e The flow is steady, fully turbulent and three dimensional.

e In the numerical solution, the approach of realizable k-epsilon turbiilans
model was used.

e In the solution of the governing equations, SIMPLE solution algorithm
was applied.

¢ In the separation of the term of pressure, Standard method was used,

e For the other transport equations, Second Order Upwind separation

scheme was applied.
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The governing equations in the Case 2 were exactly reused, only the y-

momentum equation was redefined like below:

0 0 0 0y 0%v 0%*v 0%v
&(puv) + @(va) + &(PWU) =" + (e + ue) Iaxz + 3y7 + az2] (5.17)

In the model, there are 2473800 mesh elements in the hexahedra type. It has
been observed that while the minimum mesh volume is 1.305582e-08 m3, the
maximum mesh volume is 1.646515e-06 m3. The total volume is 1.015000e+00 m3 tiir.
In order to analyse the changes which occured where the air entrance and exit vents are
located more precisely, the number of meshes in these zones were increased (Figure
5.33.) It has also been observed that the convergence criterion was approximately at 10

levels in all of the conducted analyses.

XN
S

ALY
AN

STATS

|
I
[
[

a) x-y plane general view b) 3D view of air inlet

Figure 5.33. Grid configurations

5.3.3. Numerical Results

Depending on the parameters which are given in Table 5.7, the numerical studies
were conducted. In the further chapters in order, firstly by comparing the velocity and
temperature values which were acquired from the experimental measurements with the
numerical results, validation was conducted. Then, the distributions of velocity in the
cavity were examined and streamlines for different working conditions were obtained.
And later, the dimensionless heat transfer corelations which were acquired from these

results were discussed in the end.
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5.3.3.1. Velocity changes on the horizontal lines which are in the
middle of the channel: cavity 25 cm

As a result of the study which was conducted under the condtion that the cavity
depth was 25 cm, velocity changes at various lengths on the longitudinal section were
compared with the velocity values at 2.6 m height of the cavity which was
experimentally measured (Figures 5.34-5.36.) It is seen that the measurements which
were taken at the 2.60 m height of the cavity in the experimental setup along the cavity
depth on the horizontal line are very coherent with the results of the simulations.
Depending on the surface temperature, it is observed that there are more effects of the
buoyancy in the section which is close to the interior glass surface, whereas there are
less effects of the buoyancy in the section which is close to the exterior glass surface. At
low velocities, there are more effects of buoyancy and that shows the effect of natural
convection. However, here the actual driving force comes from the forced flow. When
we look at all of the models which have low, mid and high flow rates, it is seen that the
velocity values increase as it gets closer to the interior glass surface. Forced flow, which
is oriented through the cavity height right after the cavity entrance provides that the air
is lifted mostly by PF with the effect of the 90° turn here and creates reverse flows in
the SF side. Also, we see that as we go further from the section (0.125 m) which is close
to the middle point of the cavity depth, the velocity values decrease and forced flows
appear at the cavity height of 0.8 m. As the flow continues above to its situation of fully
developled flow, it gets affected by the section of the cavity exit. In this way, for all of
the working conditions, air flow is in the entrence region hydrodynamically and
thermally. In the turbulent flow, fully developed flow hydrodynamically and thermally
begins after approximately 10 times of the hydrolic diameter. In the conducted
experimental studies, only for the first condition (that the cavity depth is 25 cm) the
beginning of the fully developed flow appears in the section which is close to the exit
zone and due to the exiting effect, its flow form changes. Therefore, in all of the studies
which were conducted here, the experimental and numerical analyses of the flow

conditions in the entrance region were conducted.

165



Figure 5.34.

Figure 5.35.

Figure 5.36.
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5.3.3.2. Velocity changes on the horizontal lines which are in the
middle of the channel:: Caviy 32.5 cm

As a result of the study which was conducted under the condtion that the cavity
depth was 32.5 cm, velocity changes at various lengths on the longitudinal section were
compared with the velocity values at 2.6 m height of the cavity which was
experimentally measured (Figures 5.37-5.39.) When we look at all of the models which
have low, mid and high flow rates, it is seen that the velocity values increase as it gets
closer to the interior glass surface. As we go further from the section which is close to
the middle point of the cavity depth, the velocity values decrease. At 0.8 and 1.4 m
heights of the cavity in the simulation results, it is observed that there are reverse flows.
Also, it is seen that in the experimental setup at 2.60 m height of the cavity the
measurements which were taken along the cavity depth are coherent with the simulation

results.
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Figure 5.37. Velocity profiles and experimental measurement results at different cavity
heights (Cavity: 32.5 cm, low flow)
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5.3.3.3. Velocity changes on the horizontal lines which are in the
middle of the channel: Cavity 40 cm

Velocity changes which are on different heights along the cavity depth were

examined for the condition that the cavity depth is 40 cm. Simulation results were used

to draw the velocity profiles at different heights of the cavity and the velocity

simulation results at 2.6 m of the cavity were compared with the experimental velocity

measurements (Figure 5.40-42.) When we look at all of the models which have low,
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medium and high flow rates, here it is also seen that the velocity values increase as it
gets closer to the interior glass surface. It is observed that as we go further from the
section which is close to the middle point of the cavity depth to the exterior glass
surface, the velocity values decrease and reverse flows appear in the simulation results
at 0.8 and 1.4 m height of the cavity. With the measurements which were taken along
the cavity depth on the horizontal line at 2.60 m height of the cavity in the experimental
setup, the simulation results are seen in the figure. It has been observed that from the
middle point of the cavity depth, measurement results are more coherent with the
simulation results. Furthermore, it is observed in the simulation results that flow is

separated from the PF surface with the existence of the exit effect.

2.00

1.50

=
o
S

\klocity (m/s)

0.00 ~
0000 0050 0100 0150 0200 0250 0300 -:D.?SO-_ 0400
-

-0.50
Cavity width (0.4 m)

® Exp. =+ =08m ====14m ceccce 2m

26m

Figure 5.40. Velocity profiles and experimental measurement results at different cavity
heights (Cavity: 40 cm, low flow)
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Figure 5.42. Velocity profiles and experimental measurement results at different cavity
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5.3.3.4. Temperature changes on the top horizontal line which is

located in the middle of the channel

In Figures 5.43-5.45, for different working conditions, temperature changes on

the flow and glass surfaces (primary and secondary facade surfaces) are examined. The

surface temperature of the primary facade is higher than the air entrance temperature

and the surface temperature of the secondary facade in all models. For the air

temperature in the cavity, measurements which were taken with thermocouples at two
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levels were compared with the simulation results. While on the exterior glass surface
where the air entrance vent is placed in the low-flow-rate models numbered 1, 4 and 7 a
decrease in the temperature values is observed, in the models numbered 2, 5 and 8
which have mid flow rate and high-flow-rate models numbered 3, 6 and 9 there occurs a
slight increase of the temperature value on the exterior glass surface and it is seen that
towards the interior glass surface there are temperature increases. When measurement
and simulation results are compared, it is observed that model and measurement results
generally behave coherently with each other. Also, while there is a difference at levels
of 0.3-0.5 °C in the cavity air temperature for the measurements and simulations at 25

cm cavity depth, for the cavity depths of 32.5 and 40 cm temperature differences at
levels of 0.2-0.3 °C in the cavity air were observed.
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Figure 5.43. Numerical temperature profiles and their comparison with the experimental
results (Cavity: 25 cm, three different flow rates)
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5.3.3.5. Distributions of velocity on the vertical section in the middle of
the channel: Cavity 25 cm

For the cavity depth of 25 cm, distribution of different velocity values on the
longitudinal section is given in Figure 5.46. Since the interior surface temperature is
high, velocities with a low effect of buoyancy are observed in the interior surface. As
the velocity increases, the buoyancy loses its effect against the inertia forces. Due to the
conditions of entrance and exit to the cavity, the flow mostly rises along the PF surface,
maintains at lower values on the SF surface and reverse flows occur. This shows the
importance of the design of air vent size in DSF. There are applications in which the
flow is directed to the cavity in the entrance and this negative effect is reduced.
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Figure 5.46. Distributions of velocity on the vertical section (Cavity: 25 cm)
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5.3.3.6. Distributions of velocity on the vertical section in the middle of
the channel: Cavity 32.5 cm

For the condition that the cavity depth is 32.5 cm, depending on different mass
flow values, the distribution of the velocities in the longitudinal section which is placed
in the middle of the channel is seen in Figure 5.47 In low velocity values, the region in
the top section of the cavity with low velocity naturally spans a larger area comparing to
the other parts which have relatively higher velocity. Here also the flow increases
mostly along the PF.
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Figure 5.47. Velocity distributions in the vertical section: Cavity: 32.5 cm

5.3.3.7. Distributions of velocity on the vertical section in the middle of

the channel: Cavity 40 cm

For the condition that the cavity depth is 40 cm, depending on different velocity
values, the distribution of the velocities on the longitudinal section which is placed in
the middle of the channel is seen in Figure 5.48. Due to mostly the conditions of

entrance and exit to the cavity, and the condition of low mass flow rate and the
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difference between the temperatures of the entrance of the air and the interior glass
surface is relatively high, the flow reaches high velocity values in the zones which are
close to the interior glass surface. This effect becomes more visible on the interior glass
surface, especially close to its bottom (approximately 1/3 of the cavity height) with the
effect of the air entrance vent and this similar effect is also seen on the exterior glass

surface where air is sweeped close to the air exit vent.
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Figure 5.48. Velocity distributions on the vertical section: Cavity 40 cm

5.3.3.8. Velocity Streamlines in the vertical section in the middle of the
channel: Cavity 25 cm

Streamline graphics which were acquired for the numerical studies in which the
entrance to the cavity velocity values when the cavity depth is 25 cm respectively 1.25,
1.81 and 2.34 m/s are seen in Figure 5.49. Where the liquid is taken inside from the
bottom vent, there occurs a circulation zone in the top section of the vent which is close
to the exterior surface. In this circulation zone, negative velocity values occur.
Removing this effect is important in terms of the design of the DSF. Therefore, it is also
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important how to choose the appropriate flow rate as much as the design of the air inlet

and outlet vent design.

1.25 m/s 1.81 m/s 2.34 m/s

Figure 5.49. Streamlines in the velocity field through the DSF’s cavity for different
mass flow rates (Cavity: 25 cm)

5.3.3.9. Velocity Streamlines in the vertical section in the middle of the
channel: Cavity 32.5 cm

When the cavity depth is 32.5 cm and accepting that the velocity values
uniformly enter the cavity, streamline graphics which were acquired from the numerical
studies for three different mass flow rate values are seen in Figure 5.50. Here there are
three different entrance to the cavity velocity value were taken as 1.23, 1.67 and 2.15
m/s. Where the liquid is taken into the cavity through the bottom vent, there occurs a
circulation zone in the top section of the vent which is close to the exterior surface (to
the secondary facade.) This circulation zone takes the form of a larger loop as the width
of the cavity increases. Reverse flows occur in this zone and reverse flow velocity

values which occur in a larger zone increase in parallel to the cavity width.
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1.23 m/s 1.67 m/s 2.15m/s

Figure 5.50. Streamlines in the velocity field through the DSF’s cavity for different
mass flow rates (Cavity: 32.5 cm)

5.3.3.10. Velocity Streamlines in the vertical section in the middle of
the channel: Cavity 40 cm

When the cavity depth is 40 cm and accepting that the velocity values uniformly
enter the cavity, streamline graphics which were acquired from the numerical studies for
three different mass flow rate values which are respectively 1.40, 1.92 and 2.35 m/s are
seen Figure 5.51. The circulation zone which occurs in the top section of the vent which
is close to the exterior surface (to the secondary facade) where the liquid is taken into
the cavity through the bottom vent here covers a larger area comparing to the other
cavity depths. Also, as the width of the cavity increases, loops occur in the corners
facing the air entrance and exit vents. As the velocity increases, this effect becomes
more visible. Therefore, as it was emphasized before, in the DSF design, it is equally
important that there should be a slight transition without sharp turns on the corners
where these reverse flows occur with the effect of the cavity entrance and exit vent on

the flow.
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1.40 m/s 1.92 m/s 2.35m/s

Figure 5.51. Streamlines in the velocity field through the DSF’s cavity for different
mass flow rates (Cavity:40 cm)

5.3.3.11. The average pressure drop on the vertical section in the
middle of the channel: Cavity 25 cm

As it is seen from the velocity distributions in the cavity and streamlines, air
entrance and exit vents have an important effect on the velocity field. However, sharp
turns here cause visible pressure drops. This increases the required fan capacity and also
the energy consumption. Also, it increases the possibility of apperance of voice and
vibration as the material loses its time-dependent features. In the cavity depths of 25,
32.5 and 40 cm, pressure change curves along the cavity which were acquired for nine
different numerical experiments are seen in Figures 5.52-5.54. Here as the cavity width
increases, pressure drop decreases and depending on the increase of the velocity in the

cavity, pressure drops increase.
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Figure 5.52. Pressure drops: cavity: 25 cm
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Figure 5.53. Pressure drop: Cavity :32.5
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Figure 5.54. Pressure drop: Cavity :40 cm
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5.3.3.12. Temperature distributions on the vertical section in the
middle of the cavity: Cavity 25cm

As it is seen in Figure 5.55, in the section which is close to the air exit vent there
are higher temperature gradients. With the increase in the velocity, while the zone
where the temperature gradients are located in the top region gets dense in the corner in
the interior glass facade, it significantly decreases in the exterior glass facade where the
exit vent is located. Because the liquid which comes with high velocities sweeps a
larger area in the air exit vent and disposes. As there is relatively more difference
between the surface temperature of the cavity and the liquid, it is observed that
temperature gradients get dense as they are close to the surface of the interior glass
facade. However, in the section which is close to the SF surface the temperatures of the
liquid and surface temperatures are very close to each other and the temperature change
is more limited. It is seen that temperature gradients increase with the velocity increase
in the top section of the air exit vent which is located in the exterior glass facade. In low
velocities, these temperature gradients are dense in the corner which faces the air exit
vent and on the ceiling. In high flow rate, as the heat convection coefficient value
increases, heat transfer from the PF surface to the cavity liquid and this shows how
much important the selection of the flow rate in the applications in which the flow is
provided with using fan is. Here in parallel to this relatively high entrance velocity,
reaching to higher velocity values as the flow mostly proceeds through the PF surface
after entering the entrance vent also has increased the heat transfer. This shows the
importance of the cavity entrance design in the DSF. There are applications in which the
flow is directed to the cavity in the entrance and this negative effect is reduced. Along
the cavity height in the primary facade, in parallel to the occurring heat transfer, while
there is more temperature change, it was observed that this temperature change is
smaller in the secondary facade. This happens as the temperature difference between the
cavity air entrance temperature value and the average surface temperature of the
secondary facade is closer. For instance, in the Figure in the model in which there is the
liquid which enterns the cavity with the velocity of 1.25 m/s, while the average surface
temperature of the primary facade is 8.04 °C, the average surface temperature of the
secondary facade is 4.31 °C. It was observed that the entrance temperature of the air
which enters the cavity was 4.40 °C, which is a close value to the surface temperature of
the secondary facade (Table 5.8.)
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Figure 5.55. Temperature distributions through the DSF’s cavity for different mass flow
rates (Cavity: 25 cm)

5.3.3.13. Temperature distributions on the vertical section in the
middle of the cavity: Cavity 32.5 cm

Two of the parameters that affect the heat transfer are surface temperature and
convection coefficient. Heat convection coefficient increases with an increase in the
velocity of the fluid flowing over a solid surface. Thus, temperature gradients tend to
increase in parallel with heat transfer on primary facade (PF) especially at the top part
of the cavity. (Figure 5.56). On the other hand, slight temperature gradients can be seen
on the secondary facade above the air inlet, then they decrease. The average temperature
of secondary facade is slightly lower than the air inlet temperatures while the average
surface temperature of primary facade is prominently higher than the air inlet
temperatures. Therefore, heat transfer occurs from the primary facade to the cavity air
while heat transfer occurs from the cavity air to the secondary facade.
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Figure 5.56. Temperature distributions through the DSF’s cavity for different mass flow
rates (Cavity: 32.5 cm)

5.3.3.14. Temperature distributions on the vertical section in the
middle of the cavity: Cavity 40 cm

As observed in Figure 5.57, high temperature gradients occur on inner glass
surface and near to the air outlet. The fluid coming with a high velocity sweeps the fluid
in a wider area near to the air outlet and evacuate the fluid to the outside from the
cavity. Therefore, with velocity increase, the temperature gradients area in the top of the
cavity concentrated in the corner side of the primary facade while it decreases in
secondary facade near to the air outlet. There is a greater energy exchange in the cavity
air at high velocities. Thus, temperature gradients are more explicit in a wide area of the
cavity section. A small change occurs over a wide area in air temperature at high

velocities.
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Figure 5.57. Temperature distributions through the DSF’s cavity for different mass flow
rates (Cavity: 40 cm)

The air inlet temperatures and air inlet velocities from the experimental
measurements are given in Table 5.8. Air inlet temperatures and secondary facade
surface temperatures are quite close to each other. Considering the Experiment 1, while
air inlet temperature is 4.40 °C, the average temperature of the measurements which
were taken from the bottom point of the surface of the secondary facade facing to the
cavity (T12avg) is 3.79 °C, the average temperature of the measurements which were
taken from the middle point of the surface of the SF (T34avg) is 4.41 °C, the average
temperature of the measurements which were taken from the top point of the surface of
the SF (Tsgavg) 1S 4.73. While the average temperature of the measurements which were
taken from the bottom of the surface of the primary facade which faces the cavity
(PFOG) (T1.2avg) is 6.28 °C, the average temperature of the measurements which were
taken from the middle point of the surface of the PF (T34ay) 8.41 °C, the average
temperature of the measurements which were taken from the top point of the surface of
the PF (Ts6avg) IS 9.45. The average temperature of secondary facade is lower than the
air inlet temperatures while the average surface temperature of primary facade is higher
than the air inlet temperatures. Therefore, heat transfer occurs from the primary facade

to the cavity air while heat transfer occurs from the cavity air to the secondary facade.
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The air taken from the air inlet to the cavity at high velocities is vented quickly from the
air outlet on the top surface of the secondary facade. Thus, the temperature values have
not increased enoughly. In contrast, higher temperature differences are observed
between the air inlet and air oulet at low velocities. There is more heat transfer at low
velocities. For instance, considering the Experiment 1 and 3, which shows low flow rate
and high flow rate respectively (1.250 m/s and 2.340 m/s) with the cavity depth of 25
cm, it can be seen that while the temperature difference between the air inlet and outlet
is 0.27 K at low flow rates, while the temperature difference between the air inlet and
outlet is 0.12 K. Temperature variation and heat transfer in models decrease with
velocity increase. Considering the Experiment 9, which has 2.35 m/s air inlet velocity
with the cavity depth of 40 cm, the average temperature of primary facade (PF) is 8.59
°C while the average temperature of secondary facade is 4.76 °C. Moreover, considering
Experiment 3, which has 2.34 m/s air inlet velocity similar with Experiment 9 except
the cavity depth, while the average temperature of primary facade 6.04 °C, the average
temperature of secondary facade is 2.58 °C.

In all experiments, mass and energy balance is controlled and it is observed that
they are conserved in each experiment. Considering the Experiment 1, while the air
mass flow entering to the cavity is 0.4420498 kg in a second, it is 0.44204962 kg in the
air outlet (In Table 5.8 and 5.9). The equality of entering and releasing air is acceptable
level and mass and energy are conserved. The difference between air outlet and air inlet
shows the enery exchange in fluid. While heat transfer from primary facade (PF) is
shown as wall_inside, it is shown as wall_outside in secondary facade. Therefore, total

energy balance is provided (Table 5.9)

Table 5.9. CFD outputs of heat and mass transfer rates for Experiment 1

Mass Flow Rate {kg/s)
outflow -0.44204962
velocity inlet 0.4420498
Net 1.7881393e-07

Total Heat Transfer Rate (w)
outflow 9045 5723
velocity_inlet -9164.7666
wall inside 119.9007%
wall izole -8
wall_outside -1.0167923
Net -0.31038666
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Obtained results from the nine numerical experiments were shown in Table 5.10.
In Table 5.10, obtained results according to the boundary condition defined in
simulations were observed for each condition given in Table 5.8. The experiment
numbers were given in the first column and in the second column the average
temperature of the air in the air outlet section of the cavity was given in Kelvin (K).
Heat transfers between primary and secondary facade and the air energy change of the
cavity were given in the next four columns showing the energy balance of cavity.
Energy balance was provided for each case. Pressure drop in the cavity are shown in
subsequent columns. Pressure values in air inlets are high-order in each of the high flow
cavity depth models and the pressure increase with velocity increase. The pressure at the
outlet vent is equal to atmospheric pressure. In the last column, entering and releasing

mass flow rates to the cavity is given and it is observed that mass is conserved in each

condition.
Table 5.10. CFD outputs and energy/mass balance
Exp. K QW) Pascal t-inlet (kg/s)
Toutiet PF SF Aair AE AP i 10 A

1 277.82 | 119.900 -1.017 118573 -0.310 | 1.753 0.44204980 0.44204962 1.788E-07
2 277.83 | 124700 19.994 104285 -0.421 | 3.152 0.64110140 0.64110191 -5.364E-07
3 276.62 | 142.023 -30.802 110551 -0.670 | 4.608 0.83308649  0.83308619 2.980E-07
4 279.06 94.339 -7.224 86773 -0.342 | 1.878 0.43359959 0.43359985 -2.682E-07
5 278.30 98.098 -25.357 72265 -0477 | 2.635 0.59128022  0.59128016 5.960E-08
6 277.05 | 120.811 -29.322 90900 -0.589 | 3.867 0.76466095 0.76466018 7.749E-07
7 279.73 | 100.283 -10.254 89612 -0.418 | 1.937 0.49215615 0.49215606 8.941E-08
8 279.63 | 108.603 -26.712 81.446 -0.445 | 2.780 | 0.67640877  0.67640847 2.980E-07
9 279.14 | 116.771 -34.663 81458 -0.650 | 3.565 | 0.83000046  0.83000070 -2.384E-07

The Nusselt number distributions at the hot surface along the cavity height are
shown in Figures 5.58-5.60. The average Nusselt numbers increased with increasing
Reynolds numbers and reached the maximum value at the top of the cavity. Because of
the restricted heat transfer at the bottom of the cavity, the Nusselt numbers start from
the minimum values; throughout the cavity, there is no large difference between the
Nusselt values as there was for the Reynold numbers. As described before, heat transfer
increase with high temperature changes slightly above from the air inlet. Therefore,
firstly a sudden increase is shown in Nu numbers, then low difference is observed.

Similar with air inlet, unsteady condition observed in air outlet and a sudden decrease
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was observed in Nusselt numbers. Due to the flow was entry region along the cavity in
all working conditions, the slope of temperature gradient on primary facade (PF)
decrease along the cavity height. In paralel convection coefficient and Nu numbers
decrease. While fluid was thermally fully developed towards to the end of cavity, (the
condition of Nu constant) it released from the cavity. While it was observed for 25 cm
cavity width that the Nu number stayed constant towards the end of the cavity, it was
still fully entry region especially on the 40 cm cavity width and Nu number continue

changing.

186



25
— D1
E 2.0
=
= -
5 Lt TR
= :
: \
-} — .
),
- ettt
"Hl:::w’uuvu---———

- = ¢ 50 100 150 200 250

Nusselt number

Variations of the Nusselt numbers at the hot surface along the cavity height

Figure 5.58.
for different flow rates (cavity width: 25 cm)
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Figure 5.59. Variations of the Nusselt numbers at the hot surface along the cavity height
for different flow rates (cavity width 32.5 cm)
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Figure 5.60. Variations of the Nusselt numbers at the hot surface along the cavity height

for different flow rates (cavity width 40 cm)
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The average Nusselt numbers for each experimental case were given in Table
5.11 for the PF surface of the cavity. There Nusselt numbers were acquired by
calculating the average value for the 2 m portion of the cavity, which is from 0.5 m to
2.5 m without considering the values at the entrance and exit. The Nusselt number
increases with inertia forces that are induced by the pressure differences created by an
air fan system (or can be a wind driven effect). Flow is turbulent in the all numerical
experiments as shown in Reynolds’ numbers which is defined in Equation 5.1.

Velocity values were calculated for each situation separately (because inlet cross
section area is not equal to the cavity’s cross section area). The hydraulic diameter is

described here:

Dh=4A/P (5.18)

where A is the cavity’s cross section area, and P is the wetted perimeter of it. Nusselt

number is also defined as;

NU:hDh/kf (5.19)

All thermophysical properties were selected using average air (for Re numbers)

and film (for Nu numbers) temperatures in the cavity.

Table 5.11. Average Nusselt and Reynold numbers at the PF surface of the cavity for
each experimental case

Exp.

Number #1 #2 #3 #4 #5 #6 #7 #8 #9
Re 30190 43720 56530 28150 38540 49650 31010 42520 52050
Nu 134.290 | 169.451 | 206.593 | 148.167 | 177.884 | 220.385 | 184.099 | 231.377 | 272.104

These non-dimensional variables are introduced in the governing equations, and
the velocity and temperature variations in the cavity arise in terms of the Nusselt and
Reynolds numbers. The results can be generalized by a correlation to predict the heat
transfer rate using the Nusselt number for the double skin facade operating with the
external air channal condition and a Reynolds number of approximately 25000 to

55000. Thus, the Nusselt number is a power function of the Reynolds number.
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Nu = C-Re" (5.20)

The Reynolds and Nusselt numbers given in Table 5.11 were used in a
regression analysis to evaluate the indices C and m in Equation 1; these values were
calculated to be 0.1168 and 0.6826 for cavity width 25 cm, experimental cases 1,2 and
3; 0.1184 and 0.695 for the cavity width 32.5 cm, experimental cases 4,5, and 6; and
0.0772 and 0.7518 for the cavity width 40 cm, experimental cases 7, 8 and 9,

respectively.
Nu = 0.1168-Re®®®®  (cavity width: 25 cm, dimensionless length: 0.1)  (5.21)
Nu = 0.1184-Re®®®®  (cavity width: 32.5 cm dimensionless length: 0.13) (5.22)
Nu = 0.0772-Re®™*®  (cavity width: 40 cm dimensionless length: 0.16)  5.23)
y g

The Nusselt and Reynolds numbers for each case were drawn with the power
function, as shown in Figures 5.61-5.63. The coefficient of determination, R? was

found to be nearly 1, and the data fit well.
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Figure 5.61. Nusselt numbers as a function of Reynolds numbers for the experimental
cases1,2and 3
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Figure 5.63. Nusselt numbers as a function of Reynolds numbers for the experimental
cases 7,8and 9

By calculating the averages of the low, mid and high flow rates of the all of the
cavity depths, for the Reynolds and Nusselt numbers regression analysis was conducted
and a general equation was acquired (Figure). In this way, this equation also includes
the value of characteristic length (W/H). Therefore, the correlation for the external air

channel condition investigated in this study can be given as,

Nu = 0.1101-Re® 7% (5.24)

Here the coefficient of determination, R?, was found to nearly 1, and the data fit well as

shown in Figure 5.64.
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Numerical and experimental studies were conducted to investigate the flow and
heat transfer characteristics through the double skin facade with an external air flow
mode in this study. A numerical model was developed to simulate the steady state
forced convection inside a DSF cavity. The comparative results show that the current
model can successfully predict the velocity field and temperature variations inside the

domain. The following conclusions can be obtained from the current study:

e Flow through the DSF cavity were in the thermal and hydrodynamic entrance region
for almost all numerical experiments.

e Design of cross section area of air inlet and outlet is significant. Because, high
pressure drop and heat transfer values can be observed at this sections.

e A correlation was developed to predict the Nusselt numbers with the Reynolds
number ranging from 28000 to 56000 for a double skin facade with an external
airflow mode. Moreover, the correlations could be used for different characteristic

length which was between 0.1 to 0.16.
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5.4. Case 4: Experimental and numerical investigation of forced
convection in a double skin facade by using nodal network

approach

In this study, temperature change of the fluid in the cavity according to different
cavity depths, different mass flow rates and different solar radiation values and
temperature changes of the primary and secondary facades’ surfaces which face the
cavity have been examined by calculating along the height of the cavity. Average values
of the room temperature, the exterior environment temperature, air entrance
temperature, velocity and solar load are given in Table 5.12. This values reflect the
average of the measurements which have been taken every 2 seconds depending on time
after the whole sytem reaches the thermal balance. In the cavity, exterior air curtain air
flow mode has been used. In other words, the air which is taken through the bottom

outlet of the double skin facade system is disposed through the top outlet to the outside.

5.4.1. Experimental inputs

Figure 5.65 includes the schematic representation of a limited zone of the DSF,
in which the experimental and numberical studies have been conducted. Here PF
defines the primary double skinned glazed facade (primary facade,) SF the secondary
single glazed facade (secondary facade,) and CA (cavity air) the air inside of the cavity.
Tairin Shows the temperature of the air which enters the limited zone where the
numerical analysis would be conducted, whereas Tir out Shows the temperature of the air
which exists from this limited zone. In this way, depending on the heat transfer in the
cavity, the air temperature in the cavity changes. Tpr represents the temperature of the
surface of the primary facade which faces the cavity and Tsg represents the average
temperature of the surface of the secondary facade which faces the cavity. Furthermore,
Tin shows the average interior temperature of the experiment room, whereas T,; Shows
the average value of the exterior environment temperature. h;, defines the indoor heat
transfer coeeficient, hoy the outdoor heat transfer coeeficient, h;pr the primary facade
heat transfer coeeficient and h;sg the secondary facade heat transfer coeeficient. h,

shows the radiant heat transfer coeeficient which is used to define the thermal radiation

192



on the facing surfaces of the primary and secondary facades. Also, the solar radiation

which comes to the system is defined as lsoqr.

Table 5.12. Experimental inputs

Isolar

Exp. | ) | Tax(C) | Tw(C) | TuwCC) | V(W) | y(m) | CA | P SF
0.80 9.60 12.07 13.55
1.45 13.98 15.00
10 195.9 1551 15.03 9.36 0.711 510 1011 1412 1561
0.80 11.11 12.68 13.55
1.45 14.16 1451
11 197.26 14.63 14.78 11.08 0.990 510 1143 1411 15.20
0.80 10.91 12.25 12.62
1.45 13.58 13.20
12 188.09 12.24 14.64 10.95 1.255 210 1115 1348 14.00
0.80 18.38 22.55 26.43
1.45 25.56 27.99
13 365.4 27.36 24.97 17.02 0.769 510 19.16 5 29 28.40
0.80 19.23 22.40 25.04
1.45 25.09 26.42
14 362.82 25.50 25.18 18.38 1.028 510 1977 24,62 26.97
0.80 18.95 21.69 23.68
1.45 24.20 24.66
15 364.64 22.32 25.19 18.23 1.316 510 1937 53.65 2537
0.80 10.56 12.27 13.74
1.45 14.03 14.85
16 176.65 16.37 15.27 10.29 1.086 510 1097 1404 1491
0.80 11.67 12.82 13.64
1.45 14.25 14.43
17 174.08 15.28 15.40 11.69 1.621 510 11.90 1214 1448
0.80 11.88 12.82 13.34
1.45 14.11 13.87
18 180.75 13.82 15.37 11.89 2.108 510 12.05 13.91 13.98
0.80 18.39 20.91 24.53
1.45 23.66 25.75
19 330.75 26.23 23.61 17.06 1.405 510 188d 3.20 2529
0.80 17.84 20.02 22.82
1.45 22.62 23.83
20 331.54 24.23 23.72 16.88 1.694 510 1820 510 2358
0.80 18.15 19.90 22.13
1.45 22.27 22.85
21 334.86 22.14 23.66 17.38 2.124 510 1839 51.65 2566
0.80 8.73 12.44 1231
1.45 15.33 13.79
22 170.908 14.62 26.67 8.30 1.134 210 932 1572 14.03
0.80 9.47 12.16 11.74
1.45 14.74 12.85
23 176.484 13.30 26.55 9.32 1.704 510 983 1497 13.09
0.80 9.85 12.07 11.51
1.45 14.43 12.28
24 178.677 11.88 26.28 9.85 2.156 510 1011 1451 1255
0.80 10.47 15.11 14.88
1.45 17.99 16.39
25 196.831 16.39 28.28 10.13 0.690 10 1114 1848 16.92
0.80 11.54 15.09 14,51
1.45 17.65 15.65
26 192.406 15.44 28.26 11.41 0.908 510 1198 1702 16.19
0.80 11.46 14.44 13.52
1.45 16.79 14.27
27 196.831 12.90 28.00 11.38 1.170 510 1180 16.93 14.92
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Figure 5.65. Schematic view of DSF

5.4.2. Nodal Network Approach

For the DSF in Figure 5.65, nodal energy analysis has been conducted like below.
For this purpose, DSF has been examined by dividing it into three main zones. These
are Primary Facade (PF), Secondary Facade (SF) and Cavity Air (CA.) In the related
graphics, the cavity air temperature is shown as Tg, whereas the surface temperature of
the primary facade is shown as Tpe and the secondary facade temperature is shown as

Tse. Energy balance is set up for these temperature nodes. These are:

Energy balance for Secondary Facade (SF)
Lsorar %sp= Usp(Tsp — Toyt) + hisp(Tsp — Tgir) + hy(Tsp — Tpp) (5.25)

Energy balance for Cavity air (CA)

. dT qir
mCP dy = hi,PFL(TPF - TCliT‘) + hi,SFL(TSF - Tair) (526)

Energy balance for Primary Facade (PF)

IsolarTSF Xprp= UPF(TPF - Tin) + hi,PF(TPF - Tair) + hr‘ (TPF - TSF) (527)

With the solution of this equation set with three unknowns (Equations. 5.25, 5.26
and 5.27,) together with the change in the air temperature in the cavity, the temperature

values of the interior surface of the DSF which faces the cavity can be calculated. For
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this solution, firstly, interior surface temperatures of DSF depending on the cavity air
temperature is shown in Equations 5.28 and 5.29 below (Eicker, 2003):

(Bxsp+hyTspXpp)Isoiar+hrUprTin+BUspTout(Bhisp+hrhipp)T ()
AB—h,?

Tor(y) = (5.28)

(ATspXpp+hrXsp)lsoiar+AUpFTin+hrUspTout+(ARi ppt+hrhisp)T ()
AB—h,?

Tor(y) =

(5.29)

Equation 5.28 and 5.29 are used to describe Tpr and Tse as a function of cavity air
temperature, T. In order to calculate Tpr and Tsr values along the height of the cavity,
first, cavity air temperature, the change in T along the height of the cavity have been
solved depending on the separation of the variables (Eicker, 2003). The result is given
in Equation (5.30):

C1Tin+C2Tout+C3lsolar
Cy

() =1 —e™?) + Tintece ™™ (5.30)

Here C1, C2, C3 and C4 values and Z parameter are defined like below (Eicker, 2003):

hisphyUpp+hi prAUpF
Cl — 1,SF'tr léPF (5.31)
AB—h,

Here A and B are defined in Equation 5.8 and 5.9 like this below:

A= USF + hi,SF + hr (532)
B = UPF + hi,PF + hr (533)
__ hiprhyUsp+hispBUsk

C, = pr (5.34)

C. = hi sphyTspXpp+hi spBXsp+hi prhyXsp+hi prATSEXpF
3 AB—h,?

(5.35)

195



2 2
(2hisphiprhy+hisp’B+h;pp°A)

Cyo =hisp+ hipr — AB—n,2 (5.36)
— G
Z= - (5.37)

The coefficients C1 to C4 are related to the convective heat transfer coefficients
and thermal radiation in the cavity, and the heat transfer coefficients to the indoor and to
the outdoor surfaces. Solar radiation value and radiation features of both of these
glasses are also used in calculating these values (C; to C,). As these coefficients are
temperature dependent, Tpg, Tseand Trare determined iteratively.

Figure 5.66 includes the nodal representation of the DSF in Figure 5.65 and it is
used in calculations of the equations which are given in Equations 5.25,5.26 and 5.27.

PF CAVITY SF
s e Nan
INDOOR _I_/h N OUTDOOR
M/\M\ Isolm
._/\N\/\/\/\_/\/\/\/\_/VW\/\/\_MW/ Mo AMAA
‘ 1/hi Lgtes L L oo T 1/hiee 1/hisr Tsris Latas out
Tia PFOG
glas k air k glass k glas
thepAT

Figure 5.66. Nodal model of DSF

The parameters and thermophysical data which are used here are defined in detail
respectively below.

SE

The values which are given in Equation (5.25) are seen in Table 5.12. Here the
transmissivity coefficient (tsg) are accepted as 0.71 and the absorption coefficient (asg)
as 0.12 and the heat conductivity coefficient of the glass (Kgiass) is taken as 0.92W/m°C
(Cengel, 2011). The vaule of outdoor convective heat transfer coefficient (hoy;) has been

calculated depending on the velocity as it is given in Equation 5.38 (Liu and Harris,
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2007) In this way, the value of the overall heat transfer coefficient of the secondary

facade (Usr) has been calculated like below in Equation (5.37):

USF:< - — >_1 (5.37)

kglass hout

hout =742« Vout + 2.98 (538)

In calculating the secondary facade convective heat transfer coefficient (hisg),
the Equation 5.24 which we acquired as a result of the CFD analyses in Case 5.3. has

been used:
Nu = 0.1101 % Re®7035 (5.24)

Reynolds number calculation is defined in Equation 5.25. In there the v value is
defined for each condition depending on the temperature. Depending on the geometry,

the Dy, value has been calculated like below.

Dn=4A./P (5.18)

By using the mass flow rate which was experimentally measured, the average V value
has been calculated by using equation. Here the change of the density of the air

depending on the temperature has been considered.

h = pAV (5.39)
Nusselt number is calculated like:
Ny = LisrPn (5.40)
ky
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Here the conductivity coefficient of the air has been defined for each condition
depending on the ks temperature. From here, h; sp value is calculated.

To calculate the radiative heat transfer coefficient, the following equation below
Is used (Saadon et al., 2016). Emissivity coefficient of both primary facade (PF) and
secondary facade (SF) are equal to 0.9 (Cengel, 2011). Temperature values are given in
K in Equation (5.41).

3
h. =40 (TPF;’TSF) <L1L> (5.41)

€PF €PF

The values which have been acquired by using all these equations are given

together with the other values below in Table 5.13.

Cavity
In Equation 5.26, the equation of the cavity energy balance, the y direction

shows the height of the cavity. Accordingly, the value of dZ—;‘/" gives the change of the

air of the cavity along the height of the cavity. c, is the specific heat of air and it has
been defined depending on the change in the temperature of the air. Here the average
convection coefficient for the interior surface of the cavity in the primary facade has
been regarded as the equal with the other surface (hipr=hist= hca). These values can be
seen in Table 5.13.

The transmissivity coefficient (tpg) Which has been expressed in the Equation 3
has been accepted as 0.83 and the value of the absorption coefficient (apr) as 0.22. For

PF, the overall heat transfer coefficient is given in Equation 5.42.:

Upp = [i+( L *2)+La—”]_1 (5.42)

hin kglass kair

In the calculation of hj,, experimental data have been used. Accordingly, the

energy balance for the double glass:
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UDG (TPFIG - TPFOG) = hin(TPFIG - Tin) (543)

Here Upg is the overall hear transfer coefficient of the double glass and it is

calculated as in Equation 5.44:

L

+ LL) (5.44)

kglass kair

UDG 2(2*

Here the change of Kk, depending on the temperature has been considered. All
the numerical analysis mentioned above were done under steady state conditions. After
validation explained below time dependent analysis was studied for two different

climates of Turkey, namely Istanbul and izmir.

5.4.3. Discussion and Results of Steady-State Study

In the calculation of the outdoor convective heat transfer coefficient, hgy,
experimental data have been also used for the time dependent analysis. Accordingly, the
average velocity of the air in the unit which simulates the exterior environment has been
calculated approximately from the mass balance in the Equation (5.26). Here the chance
of the density of the air depending on the temperature has been considered and the value
of hoyt has been defined depending on the velocity in Equation (5.38) (Liu and Harris,
2007). All the calculated parameters explained above are shown in Table 5.13.
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Table 5.13. Convection and radiation coefficients and related Nusselt and Reynolds

numbers
Exp. # hot | i | N Re Nu i pr & of Nea&
W/m?C - - W/m?C
10 4.619 6.10 3.79 | 283899 | 1494 6.42
11 5.262 3.83 441 | 390626 | 187.1 8.07
12 5.873 6.17 437 | 49587.8 | 2213 9.54
13 4.753 1.34 501 | 28990.8 | 1517 6.69
14 5.350 2.19 496 | 385755 | 185.4 8.21
15 6.013 3.97 489 | 494809 | 2209 9.76
16 4.768 7.91 441 | 324586 | 1642 9.37
17 5.649 7.03 441 | 481128 | 2166 12.41
18 6.451 7.51 439 | 625241 | 260.4 14.93
19 5.293 1.98 490 | 400093 | 190.2 11.12
20 5.769 4.21 4.83 | 484000 | 2175 12.70
21 6.477 5.07 480 | 606048 | 25458 14.89
22 4.847 2.79 442 | 342520 | 1705 9.68
23 5.786 2.83 438 | 51287.7 | 2266 12.80
24 6.530 2.81 436 | 647556 | 267.0 15.20
25 4.570 2.77 454 | 273014 | 1454 6.26
26 5.073 2.82 452 | 357276 | 1757 7.59
27 5.677 2.86 446 | 46068.7 | 210.1 9.08

Together with the change in the temperature of the liquid, along the cavity on the
surfaces of the primary facade (PF) and secondary facade (SF) which faces the cavity,
the comparisons of the values of the temperature which have been calculated by using
the nodal network model with the experimental measurement results are shown below
for the different working conditions. It is seen that the air temperature (T¢) in the cavity
at two points which have been acquired from the experimental measurement results are
very coherent with the numerical results which are shown with straight lines in the
figures (Figures 5.67-5.72). When the surface temperatures are compared depending on
the experimental measurement and nodal network results, it is seen that the temperature
are very coherent with the measurements in the middle of the glass surfaces. However,
it is seen that the model behaves more incompatibly with the measurements at the
bottom and top levels where the measurements have been taken. The reason of this is
that the liquid temperature measurements in this zone are taken in a zone which is
relatively closer to the air inlets and outlets. While this difference is more visible in the
measurements which are close to the entrance zone, in the section which is close to the
exit zone, it is possible to observe relative coherence. This difference especially in the
entrance zone occurs due to the fact that it is not fully developed yet and is affected by

the entrance conditions. Therefore, heat transfer calculations have been conducted by
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taking half meters of intervals from the bottom and top of this point based on the
measurements in the middle zone. Also, using unit length in the horizontal section, the
values of the heat transfer which have occured from the unit surface area have been

given as the result.
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Figure 5.67. Temperatures by measurements and nodal model
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In Figure 5.67, when the cavity is 35 cm, numerical and experimental results for
three different mass flow rates are given. In these experimental studies, 4 lamps of the
solar simulator was left open and the average solar radiation values which have been
calibrated have been acquired. These studies in the Figure 5.67 are related to the
experimental results numbered 10, 11 and 12, which are given in the Table 5.12.

In Figure 5.68, numerical and experimental results for different mass flow rates
when the cavity is 35 cm can be seen. In these experiments, 8 lamps of the solar
simulator were left open and in Table 5.12, the calibrated average solar radiation values
of these experiments which have been coded as the numbers of 13, 14 and 15 are seen.
Also in Figure 5.69, numerical and experimental results for different mass flow rates
when the cavity is 35 cm are given. In these experimental studies, 4 lamps of the solar
simulator were left open and in Table 5.12, the average solar radiation values of these
experiments which have been coded as the numbers of 16, 17 and 18. And, in Figure
5.70, numerical and experimental results for three different mass flow rates when the
cavity is 25 cm can be seen. 8 lamps of the solar simulator were left open in these
experimental studies and the calibrated average solar radiation values which can be seen
in Table 5.12 have been acquired. These studies in Figure 5.70 are related to the
experimental results numbered 19, 20 and 21.

In Figure 5.71, the numerical and experimental results for three different mass
flow rates when the cavity is 25 cm and the indoor environment of the test room
temperature is high are seen. In these experimental studies, 4 lamps of the solar
simulator were left open and the calibrated average solar radiation values which are
given in Table 5.12 have been acquired. These studies in Figure 5.71 are related to the
experimental results which are numbered as 22, 23 and 24. Furthermore, the numerical
and experimental results for three different mass flow rates when the cavity is 35 cm
and the indoor environment of the test room temperature is high are seen in Figure 5.72.
Again, in these experimental studies, 4 lamps of the solar simulator were left open and
the calibrated average solar radiation values which are given in Table 5.12 have been
acquired. These studies in Figure 5.71 are related to the experimental results which are
numbered as 25, 26 and 27.
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Figure 5.68. Temperatures by measurements and nodal model
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Figure 5.69. Temperatures by measurements and nodal model
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Figure 5.70. Temperatures by measurements and nodal model
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5.4.4. Discussion and Results of Unsteady Study

Using all of the parameters in the nodal network model which was prepared for
the steady state condition, the nodal network model for the average climate data for
Istanbul province was operated again. By using the monthly average daily
meteorological data of Istanbul province in January and July (temperature, wind, solar
radiation) depending on the placement of the double skin facade on the all cardinal
points and intercardinal points, its energy performance is given by comparing it to the
single skin facade. The interior environment temperature for January was accepted as
20°C and for July as 24°C. For the other working conditions, using the same value
intervals in the previous model, the value of the mass flow rate was accepted as 0.5 kg/s
and the cavity width as 30 cm. Different from the previous model, for istanbul example,
for the all of the nodal network models, the indoor heat transfer coefficient was taken as
1/0.13. (Eicker, 2001). However, the value of the outdoor heat transfer coefficient was
calculated as in the Equation 5.45 (Liu and Harris, 2007). Here V. is the value of the
wind velocity which is taken from the meteorological data.

hout = 6.31 * Vout + 3.32 (545)

The temperature of entrance to the cavity of the air, Tiye Was considered to be
equal to the exterior environment temperature (Toy) in the nodal network models which
were prepared for Istanbul province. As the temperature of the entrance to the cavity
was measured in the previous model, it was used instead of the exterior environment
temperature. However, in the experimental study, small temperature differences were
measured for each condition (Table 5.12.) Similar temperature distribution was
obtained for the DSF cavity according to the Istanbul data in the time-dependent
numerical analysis. In Figure, temperature distribution was given for north and south
facades at 12 am from the time dependent analysis by using monthly average daily data
on january for Istanbul. Dashed lines defines the south facade (vertical axes on left side)
while straight lines define north facade (vertical axes on right side). Temperature
changes in the DSF cavity was displayed with fine lines on both facades. As it was seen
in Figure 5.73, south facade has more heat gains due to the solar raidation effects and

more teperature differences occur between the surfaces.
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Figure 5.73. Temperature distribution for north and south facade on January at 12 am.

Using these calculations, in order to calculate the heat transfer rate per unit area

from DSF due to the temperature difference, Equation 5.46 was used:

q= UPF(TPFOG - Tin) (5-46)

By using monthly average daily data for Istanbul, Figure 5.74 and 5.75 were
drawn respectively for January and July. As it is seen in Figure 5.74, due to the
temperature difference, all day, for each direction, heat loss (heating load) values
occurred for the DSF application and since the solar radiation was present during
daytime, heat losses from the south facade relatively decreased. In July, although the
average exterior temperature was below 24°C at nighttime, thanks to the DSF
application, heat loss/gain do not occur and thanks to the thermal inertia of the DSF,
positive values were seen around 9 pm-11 pm. A similar effect of thermal inertia and
the heat flux values in the east and west directions formed different curves despite the

symmetrical solar radiation effect.
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Figure 5.74. Heat transfer rate per unit area due to temperature difference for DSF using
monthly average daily climatic data in January for Istanbul.
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Figure 5.75. Heat transfer rate per unit area due to temperature difference for DSF using
monthly average daily climatic data in July for Istanbul.
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In order to compare DSF with SSF, a similar nodal network approach was also
used for SSF. Similarly, the monthly average daily meteorology data for Istanbul were
used for SSF. The schematic model of the single skin facade which will be used for the

purpose of comparison and its nodal network illustration are seen in Figure 5.76.
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Figure 5.76. Schematic view and nodal model of Single Skin Facade (SSF)

According to the nodal network in Figure 5.76, the energy balance is given in

Equation 5.47 below:

Isolar Xgsp= USSF (TSSFIG - Tout) + hin(TSSFIG - Tin) (5'47)

Here the wvalues of Iy and Toi were taken from the CMSAF
(http://re.jrc.ec.europa.eu/pvgis/appsd/pvest.php)  and  general  directorate  of
meteorology ((http://www.mgm.gov.tr/) references as monthly average daily solar
radiation and exterior environment temperature values for January and July. The value

of the Usse overall heat transfer is calculated as

|1 L Lair|
Ussp = |7—+ *2 |+ (5.48)
h kair

out kglass

In this way, using the temperature values Tsspic Which are acquired from the Equation

5. 47, the heat flux values due to SSF are calculated by using the Equation 5.49:
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q = hin (TSSFIG - Tin) (5.49)

Accordingly, the heat transfer rate per unit area due to the temperature difference
from SSF were drawn in Figure 5.77 and 5.78 respectively by using the monthly
average daily data for Istanbul for January and July. In Figure 5.78, due to the relatively
low temperature values, although the heat loss values at nighttime continued below
20°C thanks to the presence of the solar radiation during daytime, there were positive
values as heat gain as the temperature of the glass increased. With the effect of the solar
beam which came perpendicular to the glass surface, the SSF on the south facade
received more thermal energy comparing to the other directions. However, at nighttime,
heat losses from each direction is equal as there is no effect of solar radiation. Also, the
total thermal energy per unit in July reached very high values with the effect of the solar
radiation (Figure 5.78.) Heat losses which occured as the exterior environment average
temperature values at night were below 24°C, with the effect of the solar radiation
during daytime were transformed into heat gain. Heat gain (cooling load) from the SSF
on the east and west facades are higher than the other facades as the sun rays come more

perpendicular to the surface.

Time (h)

--------- N §8F ———§ $8F =----F §8F — —W SST

Figure 5.77. Heat transfer rate per unit area due to temperature difference for SSF using
monthly average daily climatic data in January for Istanbul
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Figure 5.78. Heat transfer rate per unit area due to temperature difference for SSF using
monthly average daily climatic data in July for Istanbul

After the heat loss/gain graphics due to the temperature difference, heat gains
thanks to the solar radiation effect for the DSF and SSF applications are givein in
Figures 5.79-5.82 by using the monthly average daily data for January and July. Here
the radiation features of glass were considered the same for each condition.
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Figure 5.79. Heat gain from the solar radiation transmitted from DSF by using monthly
average daily data of January in Istanbul for different directions
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Figure 5.80. Heat gain from the solar radiation transmitted from SSF by using monthly
average daily data of January in Istanbul for different directions

While using DSF decreased the heat gain from sun in winter in comparison to
SSF and the heating load was affected negatively (Figures 5.79-5.80), it reduced the
heat gain of the solar radiation in summer and contributed positively to the cooling load

(Figures 5.81-5.82). The decrease in the cooling load is significantly larger than the

disadvantage of the heating load.
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Figure 5.81. Heat gain from the solar radiation transmitted from DSF by using monthly
average daily data of July in Istanbul for different directions
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Figure 5.82. Heat gain from the solar radiation transmitted from SSF by using monthly
average daily data of July in Istanbul for different directions

Another important result which was acquired in the nodal network energy
analysis is that the change of the energy of the air in the DSF cavity. While this energy
gain in winter can be used for preheating purposes in HVAC system, if the required
temperature levels are reached, it can be directly released inside (Figure 3.6e and 3.6f).
In Figure 5.83, at the length of the cavity (and considering the width of the unit cavity)
the rate of increasing of the energy level of the air is given depending on different
directions by using January data of Istanbul. For these working conditions, these rate of
increasing values at the energy rate of the air is at a significant level when the heat loss-
gain values in the previous graphics are considered. Therefore, using this energy in
terms of reducing the heating load in winter will provide a significant contribution. The
rate of increase at the thermal energy of the air in the DSF cavity on the south facade is
higher comparing to the other directions, as it is expected.
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Figure 5.83. Air energy rate gain per unit area of DSF through the cavity by using
monthly average daily data of January in Istanbul for different directions

Using the monthly average daily data for Istanbul for July, the change of the
thermal energy of the air in the DSF cavity is significantly higher than the January
values (Figure 5.84.) It is very important to dispose this energy from the cavity to
outside (Figure 3.6b). Or, an application in which this thermal energy can be used (such
as an absorption cooling system) can be integrated to the building, a significant gain can
be acquired.
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Figure 5.84. Air energy rate gain per unit area of DSF through the cavity by using
monthly average daily data of July in Istanbul for different directions

The daily changes in all these heat transfer rate values, as daily total energy
transfer for Istanbul, for winter (considering January when the exterior environment
temperature is lowest) and for summer (considering July when the exterior environment

temperature is highest) are given in Figures 5.85 and 5.86 for different directions in the
form of Wh/(m?day.)
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Figure 5.85. Heat transfer comparision of DSF and SSF for different orientation and
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3500
3000

2500

1500
1000
- I I | I

S S S <¢ <¢ <¢ <¢ S s s <¢ $S S S
§F S F S FTF S SSFSF S S
,6:9 ~/ Q:? Sz <§f? <7 <$ﬁ9 Q7 «ggfo Qg;,/ <s <§$ cébf? C§9/ <§ J <§ s

Orientation & Facade Type
B summer gain  ®winter gain

Q (Wh/m2day)

o

Figure 5.86. Heat transfer comparision of DSF and SSF for different orientation and
season in Istanbul (for 8h-18h)

When we examine Figure 5.85, it is seen that for the double skin facade system

in which the air flow mode is used, considering all of the directions, the double skin
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facade system offers more advantages than the single skin facade in summer. For
instance, while in a double skin facade system which is installed on the south facade,
thee is an average of daily 1892 Wh/m? heat gain, this value is calculated in a traditional
single skin facade system as 2516.86 Wh/m? in the nodal model. In this case, it is seen
that the double skin facade system is more advantageous than the traditional single skin
facade system. Considering all of the double skin facade systems, it is seen that heat
gain for the lowest summer month is acquired from the double skin facade which is
located on the north direction. However, when the traditional single skin facade (SSF)
and double skin facade (DSF) conditions are compared in all directions, it is observed
that this advantage is more significant in the south, east and west directions comparing
to the single skin facade. Considering the cardinal points, it is seen that using DSF in
the north direction, the cooling load decreases 16% comparing to the single skin facade,
using DSF in the south direction, the cooling load decreases 24%, and using DSF in
both east and west facades, the cooling load decreases 26%. While examining the DSF
on the intercardinal points, it is found that comparing to the single skin facade, for the
DSF on the NorthEast (NE) and NorthWest (NW), there is a 23% decrease in the
cooling load, and for the DSF on the SouthEast (SE) and SouthWest (SW), there is a
26% decrease in the cooling load. These findings have been acquired with the nodal
model in which the exterior air curtain of the cavity were ventilated with the air flow
mode. As there is significance heat gain at the liquid temperature in the cavity, it is
important that the cavity is ventilated and this gain is disposed out of the cavity.

For winter, the double skin facade system in which this exterior air curtain flow
mode is used is disadvantageous on all directions comparing to the single skin facade.
For instance, while here is a heat gain of 920 W/m2 in the double skin facade system
which is installed on the south facade, it is calculated that there is a heat gain of 1534.75
W/m2 in the traditional single skin facade system in the nodal model. However, the
disadvantage which occurs in winter is relatively lower comparing to the advantage in
summer conditions. It is required to use the energy which is gained from the heated air
and relate it to an AHU system. In summer, the cavity should be ventilated. As it is seen
in the model, the exterior air curtain flow mode is an appropriate air flow mode for
summer time.

The daily changes in all these heat transfer rates, as daily total energy transfer
for Izmir, for winter (considering January when the exterior environment temperature is

lowest) and for summer (considering July when the exterior environment temperature is
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highest) are also given in Figure 5.87 for different directions in the form of
Wh/(m?day). These values given total heat transfer are found to be significantly higher

than Istanbul’s values given in Figure 5.87.
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Figure 5.87. Heat transfer comparision of DSF and SSF for different orientation and
season in Izmir

In this study, firstly the nodal network approach which was described by using
the results obtained from the experiments was compared for that working conditions.
This nodal energy balance approach was used for Istanbul and Izmir’s climatic
condition after reaching acceptable results for the external airflow mode in the cavity.
Heating and cooling loads in DSF for Istanbul and Izmir were analyzed and compared
with single skin facade (SSF). In the nodal model, thermophysical parameters of the
materials from the experiments were used.

Convective heat transfer coefficients inside the both cavity surfaces were
determined by using the correlation obtained from the CFD analysis. In general, while
the usage of DSF showed unfavorable results rather than SSF both Izmir and Istanbul
for the external airflow mode in cavity in winter, it showed good energy performance in
summer in both Izmir and Istanbul. On the other hand, a considerable energy gain was

observed in the cavity during the airflow. Extracting of this energy to the outside in

220



summer season and linking the heated air with HVAC and indoor environment in winter

season is significant in terms of energy efficiency of DSF.

55. Case 5: Experimental and numerical investigation of natural
convection in a double skin facade by using nodal network

approach

In this study, the cavity is blocked for entry/exit of air flow as an airproof double
skin facade. Six experiments from 46 to 51 (Table 4.1) are performed for the natural
convection under the steady state condition. The cavity depth is taken as 25 cm for all
experiments. In each experiment, the whole system is activated in order to equilibrate

thermally at the desired conditions.

5.5.1. Experimental results

Temperature changes of the fluid in the cavity and temperature changes of the
primary and secondary facades’ surfaces which face to the cavity have been examined
along the height of the cavity according to different lamp configuration, different solar
radiation values.

Average values of the indoor temperature, the exterior environment temperature,
solar load, primary (PF) and secondary facade (SF) temperatures facing to the cavity
and cavity air (CA) temperatures are given in Table 5.14. This values reflect the average
of the measurements which have been taken every 2 seconds depending on time after
the whole sytem reaches the thermal balance. Ti, shows the average temperature of the
air in the indoor environment of the expermental test room, whereas T,y shows the
temperature of the air in the outdoor environment of the test room. Tprog represents the
temperature of the surface of the primary facade which faces the cavity and Tsri
represents the average temperature of the surface of the secondary facade which faces
the cavity. Moreover, the solar radiation which comes to the system is defined as lsojar.
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Table 5.14. Experimental measurements

Isolar

TOUt

Tin

y

CA

PFOG (°C)

Avg.

SFIG (°C)

Avg.

(W/im2)

6%}

6%

(m)

6%

Tl,Zavg T3,4avg T5,6avg

Trr

Tl,Zavg

T3,4avg T5,6avg

46

101

41

15.93

0.43

31.34

1.08

1.73

37.04

28.08 | 30.24 | 31.57

29.96

34.50

37.62 | 39.55

37.22

47

176

12.17

14.16

0.43

14.95

1.08

1.73

20.06

15.34 | 17.37 | 19.49

16.36

12.44

15.09 | 19.65

15.73

48

259

18.05

16.74

0.43

21.61

1.08

1.73

27.53

2142 | 2413 | 25.87

22.78

1941

22.22 | 27.45

23.03

49

350

20.93

2191

0.43

271.25

1.08

1.73

34.09

27.06 | 30.06 | 32.13

28.56

2421

27.65 | 33.54

28.47

50

394

24.58

20.79

0.43

37.55

1.08

1.73

42,92

36.55 | 39.76 | 40.41

38.16

35.35

37.54 | 42.20

38.36

51

495

35.86

30.48

0.43

41.94

1.08

1.73

50.15

40.83 | 44.98 | 46.95

42.91

39.68

43.04 | 50.09

4427

For the first experimental result, the changes in the average temperatures on the

interior surfaces of the cavity are shown in Figure 5.88. Accordingly, the system that

was thermally stable in the beginning, based on the different temperatures on the

interior and exterior, became stable after some time. The temperature values on the

exterior surface facing the cavity reflect the average value of the six thermocouples

(SFIG1-6). Thermocouples PFOG1-6 give the average temperature values of the

interior surface facing the cavity space.

—

/

V —SFIG1-6
e PFOG1-6
0 5000 10000 15000 20000 25000 30000 35000

t(s)

Figure 5.88. Variation of temperature in the cavity surfaces for the first experiment
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Along the interior glass surfaces of the cavity, temperature changes occur. These
changes are shown in Figure 5.89. Each point refers to the average of two
thermocouples placed at the same height of the cavity. As shown in Figure 5.89, the
temperature values increase depending on the height. The figure also shows the linear
equality that clearly reflects this change. In the numerical study, as a boundary
condition, these changes in the temperature were considered, and the average values

were used using these linear equations.

41.00

32.00
40.00 v =3.8846x+33.028 31.50 v =2.6846x+27.064
R2=0.9818 / R2=o.9815/
39.00 LUy 4
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34.00 ‘ ‘ ‘ 27.50 : : : ‘
0.00 0.50 1.00 1.50 2.00 000 050 100 150 200
H (m) H (m)
a) Secondary facade inner glass (SFOG) b) Primary facade outer glass
(PFOG)

Figure 5.89. Variation of temperature in both interior surfaces along the cavity height
for the first experiment

For the first experimental results, to show the oscillation of the temperature
values due to the activation of the cooling and heating system after the steady state
condition, the average temperature changes on the interior surfaces of the cavity are
shown in Figure 5.90. As shown in Figure 5.90, the temperatures were calculated in a
very stable way, and the standard deviations are 0.11°C for PFOG while 0.15°C for
SFIG.
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Figure 5.90. Variation of temperatures in both inner surfaces along the cavity height for
the first experiment (Exp.1)

For the first experimental study, another time-dependent temperature changes
after the steady state condition is shown in Figure 5.91. With the effect of natural
convection, the high temperature air is located at the top. “CA1-4” shows the average
temperature of the four thermocouples at the bottom, whereas “CA5-8” is the average
temperature of the top four thermocouples. The standard deviation is 0.12°C for the

cavity air (CA).

S ——CAL4

28.00

25.00
20000 21000 22000 23000 24000 25000
t (s)

Figure 5.91. Variation of air temperature in the cavity for the first experiment
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The average temperature ranges of the two different height sections of the
cavity, average temperature of air in the indoor and outdoor environments of the
experimental test room after the steady state condition are shown in Figures 5.92 and
5.93. The two points in the middle give the air temperature, and the temperatures on the
sides facing to cavity refer to the average surface temperatures measured by two
thermocouples on each level (0.80m, 1.45m and 2.10 m height). The point on the
primary facade inner surface and secondary facade outer surface give the average
surface temperatures measured by two thermocouples each in the middle of the glass
surfaces. The point indoor give the average indoor temperature measured by three
thermocouples and the point outdoor give the average outdoor temperature measured by
two thermocouples. Heat transfer occurs due to these temperature differences between
the air and the surface and also artificial solar radiaiton. Additionally, the change in the

air temperature in the cavity depending on the height can be observed.
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Figure 5.92. Variation of the temperature from the indoor to the outdoor environment
for the Experiments numbered 1, 3 and 5
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Figure 5.93. Variation of the temperature from the indoor to the outdoor environment
for the Experiments numbered 2, 4 and 6

5.5.2. Thermal Balance of the Experimental System

Thermal balance control of the experimental system was realized for the DSF
having natural convection and variation of the solar simulator lamps. Heat transfer rates
which withdrawn from the system with the aid of constant temperature water bath could
be observed in Table 5.15 for each of six experiments. According to that, water
temperature values entered and got out from the constant temperature water bath and
volumetric flow rate values were measured. Thermophysical properties were defined
according to the average of the water temperature and heat transfer rates was displayed

in the last caloumn in Table 5.15.

Table 5.15. Heat transfer rate values using constant temperature water bath

mass

Exp.# | Tin_wat. | Tout_wat. | flow rate density flowrate Cp Q
C °C °C I/h kg/m3 kals J/kg°C w
1 7.28 8.36 350 999.80 0.097203 | 4198.80 440.8
2 6.46 7.38 360 999.82 0.099982 | 4200.70 386.4
3 7.08 8.18 360 999.79 0.099979 | 4199.20 461.8
4 11.01 12.27 360 999.50 0.099950 | 4191.05 527.8
5 13.61 15.15 355 999.17 0.098529 | 4186.12 635.2
6 16.18 17.84 360 998.70 0.099870 | 4183.80 693.6
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Heat transfer rates withdrawn from the indoor environment given in Table 5.16
must be balanced with the energy rate entered to the system. Heat transfer between
indoor environment of experimental setup and laboratory were calculated (with
inflration). The energy transfer rates entered to the system from the DSF were
caluculated by considreing the solar and conduction/convection effects and illustrated in
Table 5.16 in detail. The total heat gain entered to the system was given in last column.
When obtained results were compared with given values in Table 5.16, it was observed
that the results were comparable except the first experiment. Except the first
experiment differences in percent 4, 1,7,10 and 4 were calculated respectively. In the
first experiment the difference reached to the 35 %. Recording errror was possible in the
measurement of the constant temperature water bath. Moreover, errors from some

assumptions influenced the solution. These assumptions:

e convective resistance values were taken as 0.13 m2°C/W on both inner and outer
surfaces of indoor environment.

e Heat resistance of metal profiles on the indoor environment wall were neglected.

e Thermal radiation effects coud not be considered.

e Although the DSF cavity was well isolated, an amount of heat transfer could be
occured.

e Thermophysical properties of glass were not measured. They were taken from
the references.

e Heat transfer with infltration from the indoor environment door accepted
approximately.

e The calculation of surface area of indoor environment was realized based on

outer dimensions. The effect of the corners was not considerd.
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Table 5.16. Heat loss/gain values from/to the indoor environment.

Exp Tin | TPFOG| U_PF | Aglass | Qglass | tse TPe Iglass Tin Tlab U Awall | Qwall | a RHzZ | Qinf | Qtot
# °C °C W/m2°C m2 w w °C °C W/m2°C | m2 W m [ m3/h W w
1 |1593| 29,96 1,065 | 2,5488 | 38,1 | 0,83 | 0,71 151,7 15,93 | 23,84 | 0,32081 | 31,5 799 |56|120| 0,14 74 | 277,22
2 |14,16| 16,36 0,102 | 2,5488 0,6 083 | 0,71 264,4 14,16 | 23,83 | 0,32081 | 31,5 97,7 |56 |120| 0,14 91 | 371,7
3 116,74 22,78 0,760 | 2,5488 | 11,7 | 0,83 | 0,71 389,0 16,74 | 22,74 |0,32081 | 315 60,6 |56 |120| 0,14 56 | 467,0
4 12191 28,56 0,746 | 2,5488 | 126 | 0,83 | 0,71 5257 21,91 | 24,26 | 0,32081 | 315 23,7 |56|120| 014 2,2 | 564,3
5 120,79 | 38,16 1,741 | 255488 | 77,1 | 083 | 0,71 591,8 20,79 | 2358 | 0,32081 | 31,5 282 |56|120| 014 2,6 | 699,7
6 130,48 | 4291 0,987 | 2,5488 | 31,3 0,83 0,71 743,5 30,48 | 25,85 | 0,32081 | 315 -46,8 |56 | 1,20 0,14 -44 | 723,6




5.5.3. Nodal Network Approach and the numerical results

Figure 5.94 includes the schematic representation of a limited zone of the DSF,
in which the experimental studies have been conducted. Here PF defines the primary
double skinned glazed facade (primary facade,) SF the secondary single glazed facade

(secondary facade) and CA (cavity air) the air inside of the cavity.

PF SF
_______________________ //-:, Isnlnr
hin’, hca hca _ N hom -
™N _/’ A
CA
Indoor ~ ) A " 4 Outdoor
'-rin TFI' T.‘\l Tml

Figure 5.94. Schematic view of DSF

Figure 5.95 includes the nodal network representation of the DSF in Figure 5.94.
Energy balance is set up for these temperature nodes.
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Figure 5.95. Nodal model of DSF

Energy balance can be written separetley based on the thermal resistance

diagram shown in Figure 5.95:
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Energy balance for Secondary Facade (SF)

Lsorar %sp= Usp(Tsp — Tout) + heq(Tsp — Teq) + e (Tsp — Tpr)

Energy balance for Cavity air (CA)

dTcq
dt

pWe, = h¢q (TPF - Tca) + heq (TSF - Tca)

Enerqy balance for Primary Facade (PF)

LsotarTsr Xpr= Upp(Tpp — Tin) + heq(Tpp — Teq) + hy(Tpr — Tsr)

(5.50)

(5.51)

(5.52)

With the solution of this equation set with three unknowns (Equations 5.50-52)

together with the change by time in the air temperature in the cavity, the temperature

values of the interior surface of the DSF which faces the cavity can be calculated. Since

the experimental studies are done under steady state condition, time dependent

temperature value in the Equation 5.51 is zero. So these equations can be solved by

matrix algoritm as;

A - hca - hr TSF X 1
hca —2 hca hca Tca =0
—h,  —hee B ITprl 1X;

where A, B, X; and X, parameter are defined respectively as below:

A=USF+hca+hr

B=UPF+hca+hr

X1 = asplsorar + UspTout

(5.53)

(5.54)

(5.55)

(5.56)
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X2 = appTsplsoiar — UprTin .(5.57)

The coefficients given above are related to the convective heat transfer
coefficients and thermal radiation in the cavity, and the heat transfer coefficients to the
indoor and to the outdoor surfaces. Solar radiation value and the radiation features of
both of these glasses are also used in calculating these values. As these coefficients are
temperature dependent, Tpr, Tse and Te are determined using thermophysical
parameters under temperature consideration. The parameters and thermophysical data

which are used here are defined in detail respectively below.

SE

The values which are given in Equation (5.50) are seen in Table 5.16. Here the
transmissivity coefficient (zsg) are accepted as 0.71 and the absorption coefficient (asg)
as 0.12 and the heat conductivity coefficient of the glass (Kgiass) is taken as 0.92W/m°C
(Cengel, 2011). The vaule of outdoor convective heat transfer coefficient (hyyt) has been
assumed that 1/0.13 W/m?°C. In this way, the value of the overall heat transfer
coefficient of the secondary facade (Usg) has been calculated like below in Equation
(5.37):

USF=< L + ! >_ (5.37)

kglass hout

houe = 1/0.13 (5.58)

In this study, the cavity is closed and analyzed as free convection in a
rectangulare enclosure. In calculating the cavity facades’ convective heat transfer
coefficient (hc,), the Equation (5.59) has been used based on the reference; MacGregor
and Emery (1969):

Nu = 0.46 * Rai/3 (5.59)

where Ra number is calculated like below:
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_ 9B (Tsr — TPF)L3
va

Ra, (5.13)

Here £, vand « values are defined for each condition depending on the film temperature
calculated using average values of Tpr and Tsg plus T¢, and the value is divided by two.

So Nusselt number is calculated like:

Nu = (5.60)

Here the conductivity coefficient of the air has been defined for each condition
depending on the ks temperature. From here, hg, value is calculated, and the all values

are given in Table 5.17:

Table 5.17. Heat transfer convective coefficients, h, in the cavity’s surfaces namely SF

and PF
Film 'I_'her[nfal kipemgtic Ra NU Thermal Convect.
Exp. # temper. diffusivity viscosity conduct. Coeff.
Ti, K o, mAs? v, m¥s - - ki W/m°C W/rrlri%" c
46 307.04 0.00002262 0.00001645 9740297 98.24 0.02654 10.43
47 289.93 0.00002032 0.00001486 1103066 47.53 0.02489 4.73
48 296.89 0.00002124 0.0000155 392059 33.67 0.02542 3.42
49 302.74 0.00002203 0.00001604 128955 23.24 0.02585 2.40
50 312.40 0.00002336 0.00001695 247839 28.89 0.02656 3.07
51 317.97 0.00002413 0.00001748 1554342 53.29 0.02698 5.75

To calculate the radiative heat transfer coefficient, the following equation below
is used (Saadon et al., 2016). Emissivity coefficient of both primary facade (PF) and
secondary facade (SF) are equal to 0.9 (Cengel, 2011). Temperature values are given in
K in Equation (5.41).
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Tpr + Tsp\° 1
hr=4a( il SF) — (5.41)

Epr  EpF

The values which have been acquired by using the Equation 5.41 are given
together as; 4.09, 3.81, 3.79, 3,79, 3.79 and 3,84 W/m’K, respectively for the
experiments numbered 46 to 51.

Cavity

AdTeq

In Equation 5.51, accordingly, the value of ”

gives the change of the air of

the cavity along the time. So this value is considered using time dependent boundary
conditions. If the analysis is steady state, time dependent temperature is zero as the
experimental studies here. c, is the specific heat of air and it has been defined
depending on the change in the temperature of the air. Here the average convection
coefficient for the interior surface of the cavity in the primary facade has been regarded

as the equal with the other surface. These values can be seen in Table 5.17.

PF

The transmissivity coefficient (zpr) which has been expressed in the Equation
5.52 has been accepted as 0.83 and the value of the absorption coefficient (opg) as 0.22.

For PF, the overall heat transfer coefficient is given in Equation 5.61.

-1
Upp = li + < L, 2) + L“”l (5.61)
hin kglass kair

In the calculation of h;j,, experimental data have been used and the results are

given in Table 5.18. Accordingly, the energy balance for the double glass:
Upc(Tpric — Tprog) = hin(Tprig — Tin) (5.43)

Here Upg is the overall hear transfer coefficient of the double glass and it is calculated

as in Equation 5.44:
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Table 5.18. Heat transfer convective coefficients, h;, in the inside’s surface

UDG =<2*

L

kglass

+ Lair)
kair

Here the change of ki depending on the temperature has been considered.

Tin Trroc Teric Ubc q Upr Pin

°C °C °C W/m**C | Wim® | W/m*°C | W/m*C
15.93 29.96 22.83 2.10 14.94 1.06 2.17
14.16 16.36 16.25 2.04 0.22 0.10 0.11
16.74 22.78 20.56 2.07 4.59 0.76 1.20
2191 28.56 26.20 2.10 4.96 0.75 1.16
20,79 38.16 23.92 2.12 30.24 1.74 9.66
30.48 42.91 37.27 2.18 12.27 0.99 1.81

(5.44)

Together with the change in the temperature of the cavity air and the surface
temperatures of the primary facade (PF) and secondary facade (SF) which faces the
cavity, the comparisons of the values of the temperature which have been calculated by
using the nodal network model with the experimental measurement results are shown
below for the different working conditions. It is seen that the air temperature (T¢,) in the
cavity at two points which have been acquired from the half of the experimental
measurement results are coherent with the numerical results which are shown with
markers in the figures (Figures 5.96-5.101). When the surface temperatures are
compared depending on the experimental measurement and nodal network results, it is
seen that the temperature are not coherent with the measurements in the middle of the
glass surfaces. This difference especially the experiments numbered 49 and 51can be
seen prominently due to the fact that it is not symetric solar radiation effect through the

facade surfaces mentioned in the calibration section.
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Figure 5.96. Temperatures measurements (denoted by M) versus nodal network model
results (denoted by N) for the experiment numbered 46
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Figure 5.97. Temperatures measurements (denoted by M) versus nodal network model
results (denoted by N) for the experiment numbered 47
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Figure 5.98. Temperatures measurements (denoted by M) versus nodal network model
results (denoted by N) for the experiment numbered 48
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Figure 5.99. Temperatures measurements (denoted by M) versus nodal network model
results (denoted by N) for the experiment numbered 49
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Figure 5.100. Temperatures measurements (denoted by M) versus nodal network model
results (denoted by N) for the experiment numbered 50
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Figure 5.101. Temperatures measurements (denoted by M) versus nodal network model
results (denoted by N) for the experiment numbered 51

5.5.4. Discussion and Results of Unsteady Study

In this case, time dependent analyses are realized for buffer zone cavity
condition by using monthly average of January and July daily climatic data in Ankara.

DSF and SSF are compared. The results were given below. Firstly, Equation 5.53 is

237



modified and Equation 5.62 is organized. Therefore, the change in the cavity air level is
observed.

A - hca - hr TSF X1 dT.
hea  —2heq  heq Tca] = |pWe, d;a (5.62)
—hy  —he B Tpr X,

Heat transfer due to the temperature difference from time dependent analyses is
given in Figure 5.102 for DSF and SSF in January. Besides, heat transfer due to the
solar radiation for DSF and SSF is illustrated in Figure 5.103.
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Heat flux {(W/m2)
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Figure 5.102. Heat transfer rate per unit area due to temperature difference for DSF and

SSF using monthly average of January daily climatic data in Ankara for
south direction
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Figure 5.103. Heat gain from the solar radiation transmitted from DSF and SSF by
using monthly average daily data of January in Ankara for south direction
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Heat transfer due to the temperature difference from time dependent analyses is
given in Figure 5.104 for DSF and SSF in July. Besides, heat transfer due to the solar
radiation for DSF and SSF is illustrated in Figure 5.105.
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Figure 5.104. Heat transfer rate per unit area due to temperature difference for DSF and
SSF using monthly average of July daily climatic data in Ankara for
south direction
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Figure 5.105. Heat gain from the solar radiation transmitted from DSF and SSF by
using monthly average daily data of July in Ankara for south different
directions
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The total heating and cooling load based on orientations for DSF and SSF is
given in Figure 5.106 and 5.107 for January and July. While heat gains occur in January
from south direction, heat losses occur in January from North direction.

In July, significant heat gains occur from East and West directions due to the
solar radiation effects.
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Figure 5.106. Heat transfer comparision of DSF and SSF for different orientation in
Ankara for January
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Figure 5.107. Heat transfer comparision of DSF and SSF for different orientation in
Ankara for July

240



Buffer zone air flow mode can be used in Ankara in winter period in the north
and south facades. It is meaningless to use DSF in east and west directions, because it
causes significant overheating problems in summer period. In order to prevent excessive
heating in the cavity, the heated air definitely should be evacuated. Buffer zone mode is
not appropriate to use in the east and west facades.

For Ankara, usage of the buffer zone does not make any difference in east and
west in terms of heat gain; however, it reduces heat losses in the north facade
approximately 15%. Also, it causes an approximately 10% decrease in heat gain in the
south facade. In the south facade, for Ankara, both DSF and SSF causes a significant
heat gain. In summer period, in east and west directions, for both DSF and SSF heat
gains are considerably high. Therefore, application of the buffer zone is not appropriate

for east and west direction.
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CHAPTER 6

CONCLUSIONS

In this study, airflow and heat transfer in a double skin facade (DSF) cavity were
examined numerically and experimentally under natural and forced flow conditions. For
this purpose, an experimental setup was constructed in the building physics laboratory
in the Department of Architecture in IZTECH. Experiments were performed for two
different DSF’s airflow modes, namely buffer zone (natural flow) and external air
channel (forced flow). These experiments were conducted with and without a solar
simulator.

The case studies in the thesis were divided into the five groups. In the first case
study (Case 1), in order to create a pressure drop in the cavity, two distinct perforated
metal sheets were used and the experiments were performed with and without the solar
simulator. Air inlets in the upper and lower area of the exterior single glass facade
which was also linked to the fan, were opened and two distinguished perforated plates
were installed inside of the DSF’s cavity for creating pressure drop. Fluid velocity,
temperature and solar radiation were measured with pressure loss measurement in the
cavity for simulating different kind of elements which cause the pressure drop. This
case was evaluated experimentally. In the second case study (Case 2), air inlets in the
upper and lower area of the exterior single glass facade were closed. Cavity was
designed as airproof. For different interior and exterior temperature levels, temperature
distributions occurring with natural convection in the closed cavity were measured.
Case 2 was examined both experimentally and numerically. In the third case (Case 3),
experiments were carried out at different air flow rates for various cavity depth values
by actuating the air channel without using the solar simulator. This case was examined
both experimentally and numerically. In the fourth case (Case 4), the case included the
one with the solar simulator and the experiments were carried out at various cavity
depth values for different air flow rates depending on the lamp configurations obtained
different solar radiation loads. In this case, nodal network approach was used with the
experimental results. After the validation, the energy performance of DSF applications
for different orientations and climatic zones in Turkey (for Istanbul and izmir climatic

conditions) were investigated and compared with the single skin facade (SSF).
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Following these four cases, in the last case, the cavity was blocked for entry and exit of
the air flow and the experiments were performed for the natural convection under the
steady state condition with using the solar simulator. After that, the energy performance
of DSF applications for different orientations were also investigated and compared with
the SSF applications for Ankara’s climatic conditions. In each experimental study, the
whole system was activated in order to equilibrate at the desired conditions and
following the thermal equilibrium was reached, measurements were performed at the
steady state conditions.

In Case 1, pressure drops created by the perforated plates and temperature
distributions created by using the conditioned water and the refrigeration based cooling
system separately with and without a solar simulator in the cavity of DSF were
examined based on experimental measurements. All experimental results with the
surfaces and the air temperature distributions in the cavity and pressure drops under
three different air flow rates and two distinct perforated plates having different
geometric configurations were fully described in the study. The dimensionless pressure
drop coefficient, Eu, versus Reynolds number were determined experimentally for
different geometric characteristic of the perforated plates. Eu numbers were independent
of the Re numbers after 30000 approximately. Results from the 18 experimental studies
under steady-state conditions were collected to create an extended data set for the
validation of potential numerical studies. A porous media approximation can be useful
to predict the air flow characteristics in the cavity for future studies.

Perforated elements, plants and shading devices which are used for different
purposes in the cavity create significant pressure drop. Due to the friction effect which
is created by these perforated elements, buoyancy forces can be insufficient in the
natural convection applications; or as it is in this study, it causes increasing of the
necessary fan capacity which is required in forced convection. With this study in which
this aspect is firstly focused on, dimensionless pressure drop has been defined under
certain conditions. Furthermore, in this study and in other cases a large data set has been
formed. These data sets can be used to verify then numerical studies. Correlations which
have been acquired for the forced flow conditions can be used for solution of the
problems which are faced in different DSF applications.

In the Case 2, numerical and experimental studies were conducted to investigate
the flow and heat transfer characteristics inside a double skin facade as an enclosed

cavity. A numerical model was developed to simulate the steady state natural
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convection inside a tall cavity. The comparative results showed that the current model
could successfully predict the velocity field and the temperature variations inside the
domain. The velocity field variations showed that increasing the temperature difference
to approximately 65% did not cause a large difference in the working conditions. Even
though the velocity field remained constant, the heat transfer increased by
approximately 20% by increasing the temperature difference from 7K to 11.8K. A
correlation was developed to predict the Nusselt numbers with the Rayleigh number
ranging from 8.59*10° to 1.41*10% for an airproof DSF.

In Case 3, numerical and experimental studies were conducted to investigate the
flow and heat transfer characteristics through the double skin facade with an external air
flow mode. A numerical model was developed to simulate the steady state forced
convection inside a DSF cavity. Flow through the DSF cavity were in the thermal and
hydrodynamic entrance region for almost all numerical experiments. Design of cross
section area of air inlet and outlet was significant. Because, high pressure drop and heat
transfer values cold be observed at the entrance regions. A correlation was developed to
predict the Nusselt numbers with the Reynolds numbers ranging from 28000 to 56000
for a DSF with an external airflow mode. The correlations could be used for different
characteristic length which was between 0.1 to 0.16.

The importance of the design of the air inlet and outlet in the cavity has been
emphasized for the external air flow mode. Especially as it is in this study, in the air
inlet where the air is taken into with a 90 degree turn, there occurs significant pressure
losses. This increases the heat transfer due to the high velocities/high convection
coefficients at the same time. Therefore, the design of the smooth entrance should be
taken into account as an important factor.

For the buffer zone and external air channel air flow mode, Istanbul, Ankara and
Izmir provinces, which demonstrate three different climate region of Turkey, have been
selected and using their climatic data, DSF applications in different directions have been
compared with SSF.

In Case 4, firstly the nodal network approach which was described by using the
results obtained from the experiments was compared for that working conditions. This
nodal energy balance approach was used for Istanbul and Izmir’s climatic condition
after reaching acceptable results for the external airflow mode in the cavity. Heating and
cooling loads in DSF for Istanbul and Izmir were analyzed and compared with single

skin facade (SSF). Convective heat transfer coefficients inside the both cavity surfaces
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were determined by using the correlation obtained from the CFD analysis in Case 3.
Double skin facade in which the external air flow mode is used is not appropriate to use
in east and west facades for the I1zmir and Istanbul provinces for solar radiation gain in
summer period. In the south facade in the winter period, while the usage of DSF creates
an approximately 30% disadvantage, in summer period, it provides approximately an
advantage of 20%. In the north facade, heating cooling loads are both low in DSF and
SSF (single skin facade) applications. Exhausting of this energy to the outside in
summer season is very important. Intake of the heated airfow linking the cavity air
connected with a HVAC system in winter season is very significant in terms of energy
efficient usage of DSF. Therefore, the energy level of the air in the cavity of DSF
significantly increases in the external air flow mode. When this energy is used for
preheating purpose in HVAC system, usage of DSF gains more meaning.

In Case 5, Buffer zone mode in Ankara can only be used north and south
directions in winter period. In summer period, the heated air in the cavity must be
evacuated in the north and south facades. Buffer zone mode is not appropriate to use in
the east and west facades because of causing significant overheating problems in
summer period. In order to prevent excessive heating in the cavity, the heated air
definitely should be evacuated. Buffer zone mode reduces heat losses in the north
facade approximately 15% and it causes an approximately 10% decrease in heat gain in
the south facade. It has been observed that glass usage in east and west is not

appropriate for all of the three climate regions namely Izmir, Istanbul and Ankara.
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APPENDIX A

MEASUREMENT DEVICES

Table Al. Characteristics of solar simulator

General Characteristics

Value

System Type

Automatic Air Ventilated - Closed Matrix type

Total Electrical Power

13kW (kilo watl)

Number of Lamp

12

Fan Automatic and can be forced to start manually
Motorized Motion 40cm up down

Lamp Power 1000W (each)

Lamp Type Metal Halide

Lamp Base E40

Average Lamp Life 9000 h

Luminaire Types

Symetric Open Luminaire

Cold Start-up Time

4 minutes (average value under normal
condition)

Hot restart waiting time

At Least 15 minutes

Main System Supply

400V Three Phase 50 hz

Voltage

Initial Lumens 85000 (each)
Colour temperature 7250K
Colour rendering index 90Ra
Structure Alluminium

Dimensions

3000mm X 1500mm X 2000mm (HxWxD)

Weight

~450Kg
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Figure Al. Fan characteristic of the system

Figure A2. Characteristics of HIOKI Data Logger

It consists of 4 units and each unit has 15 channals.The number of input

channals can be expanded maximum 60 channal. Channels 1 to 15 provide 10-ms
sampling and channels 16 to 30 provide 20-ms sampling. These channels allow you to

track waveforms not possible with earlier models. Also comes with high withstand

voltage; isolated inputs required when measuring and recording battery cell voltages

Measure and record:

m Temperature & humidity

m A variety of transducer outputs (DC voltage)

m Resistance values
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Table A2. MS-410 Characteristics of MS-410 Pyranometer

General Characteristics  Value

System Type

Automatic Air Ventilated - Closed Matrix type

Total Electrical Power 13kW (kilo watt)

Number of Lamp

12

Fan Automatic and can be forced to start manually

Motorized Motion 40cm up down

Lamp Power 1000W (each)

Lamp Type Metal Halide

Lamp Base E40

Average Lamp Life 9000 h

Luminaire Types Symetric Open Luminaire

Cold Start-up Time 4 minutes (average value under normal
condition)

Hot restart waiting time At Least 15 minutes

Main System Supply 400V Three Phase 50 hz

Voltage

Initial Lumens 85000 (each)

Colour temperature 7250K

Colour rendering index 90Ra

Structure Alluminium

Dimensions 3000mm X 1500mm X 2000mm (HXWxD)

Weight ~450Kg

Table A3. Differential pressure transmitter, DPT 2500-R8

Technical Specifications

Respone time

0.8/4 s selectable by jumper

Measuring unit

selectable by jumper (Pa, kPa,mbar,inchWWC, mmWC, psi)

Accuracy

+ 1.5% +1Pa

Electrical interface

Supply voltage:24 VAC or VDC + 10%

Power consumption: < 1.0 W (<1.5W with lout 20mA

Output signal

0...10 VDC, Load R minumum 1kQ or

4....20 mA, maximum load 500 kQ

Weight

150 g

Dimensions

90.0x71.5x36.0 mm

Temperature range

Operation -10...+50°C

Storage -20...+70°C

Ambient humidity

0to 95 % RH
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Table A4. Delta OHM HD 4V3T S1

Technical Specifications

Standard measuring range 0.2-40.0 m/s
Measurement accuracy + (0.2m/s+3%f.s.)
Response time (integration) 0.2s

selected by jumper 2s

Operating temperature electronics 0...+60°C
Operating temperature probe 0...+80°C
Compensation temperature 0...+80°C
Storage temperature -10...+70°C
Electronics protection class IP67

Sensor working conditions

Clean Air, RH<80%

Case dimensions

58x65x35
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