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Z0voyn

H mopodoa dwrpipny efetdlel 10V TEWPAUATIKO YOPOKTNPIOUO KOl TNV oplOunTiKn
HovteAoToinomn SoK®V oTotyeiwv evioyvuévov pe Yakd Aliayng @aong (YA®D). And tig
apyés g dekoetiog Tov 1980, 10 evdlopépov oyeTikd pe TV TeXvoroyia Tov YAD cuveymg
avéavetal Kot ovyvd T YAD avoapépovtol o¢ «uio omd TIG To TPONYUEVES EVEPYELNKES
TEYVOLOYIEG Y10 TNV EVIGYVOT TNG EVEPYELNKNG OMOSOTIKOTNTOS KOl TNG Plooiudtmrag Tov
KTipiovy. Qotdco, pépl Kot onuepa o SOpKd LVAIKA pe YA® tuyydvouv O16TOKTIKNG
Amo00YNG Amd TOV KATAGKELAGTIKO KAGO0. TNV mopovca dtatpiPr avoivovtal ot Adyort.

Ot mepopoTikég Kot VToAoyloTkéG néBodol mov eetdlovtal, faciloviol oTNV KOVOTONO
wéa g Avvapikng Xvokeong Métpnong Pong Ogppomrag (AXMPO). Ta kdpla opéin g
AXMPO ovvictovior oy KoOvOTNTd TG Vo avaADEL dOKIo SOMK®V VAIKOV pe YAD
OYETIKA peydAov peyélovg. Eekvovtog pe o Bacikn Beopntikny avaivon g ZVGKELNG
Métpnong Pong Ogpudmrag (EMPO) ce otatikn oAAG Kot SUVOLLKT] Agttovpyia, avaAbOnKoy
ol KUPlEG TNYEG LETPNTIKAOV GOPOALATOV Kol Ot otadikacieg Pabuovopnons. Zvykekpipéva,
TPOcOOPIoTNKE 1 CLOYETION WETAE) TOV UETPNTIKOV GOUALITOV Kol TOV PoSIKOV
GYEOUOTIKAOV KUl AEITTOVPYIKAOV TOPAUETPOV TG CUGKEVTG.

Me Bdon ™ Oeopntikn ovOALOY, KOTOGKELAGTNKE M0, UKPY GLGKELY] OOGTACEWV
200mm x 200mm. O GuVOLAGHOG TOV PIKPOV LEYEBOLG Le TN BepLonAeKTPIKY| TEXVOAOYID V10!
oV €AeYY0 ™G BeproKkpaciog TOV TAUK®OV 00NYNCE GE Liol GLCKELT] YOUNAOD KOGTOLG OALY
peyaing akpipetog. EmmpocOeta, SLVOUIKES KOl OTOTIKEG LETPNOELS UE TN VEO GLOKELN
emPePaiowcav v vYMAN akpifeld g cOUE®VA PE TIC OEOPNTIKES EKTIUNCELS.

Me ) gpfion G VEAG GLOKELTG EEETACTNKAY VEES HEBOSOL TEWPAUATIKOV YOPAKTNPIGHOD
Kot depevvnOnkay véa dopkd vikd pe YAD. Zvykekpiéva, €Eetdotnke éva vEo piypa
oKLPOOENOTOC pe  Hkpoopopidlr YAD kot éva eloppofopéc dopkd otoryeio mov
neptehdpPave pio dopukn covioa otabeporompévon oynuatog YAD®. Ot duvoptkég LETPNGELS
QVTOV TOV VAKOV KOTEOEIEOV TNV 1KOVOTNTO TNG CLOKELNG OTN UETPNGCN OVOUOLOYEVDV
UIYHATOV Kot 6TV aviAvon TG OepIiKNG COUTEPLPOPAS G PEAAOTIKEG OPLOKES CLVONKEG.

H ovokevn amodeiytmre efapeticd akpPng ko alomombnke mepartépm oe pio véa
npocéyyon povtelomoinong twv YAD®. H véa pébodog ypnotpomolel €vav aAiydpiBuo
BeAtioTtomoinong mov GLYKPIVEL TO TEWPOUOTIKA OmOTEAECUOTO TG OEpUIKNG amoKkpiong evog
dopkov otoryeiov pe YAD pe tig mpoPAéyelg evog apBuntikod poviéhov mtov PBacileton otnyv
puéBodo g eavopevng Beppoympnrtikdmroc. O akydpBupog sivar kavog vo TapExel Tic
BéLTiotee ouvaptioEls Qovopevng Bepproy@pnTikOTNTOS Yo TIG dlepyacieg TENG Ko
otepeonoinong ov YAD. Avtd Bertidvel onpavtikd Tig TPoPAEYELS TOV LOVTELOL.






Summary

This thesis addresses the experimental characterization and the numerical modeling of
building elements enhanced with Phase Change Materials. Since the early 1980s, PCM
technology has been receiving increasing attention and was often referred to be “one of the
most advanced energy technologies in enhancing the energy efficiency and sustainability of
buildings”. However, till this day PCM enhanced building materials are only hesitantly
accepted by the construction industry. The reasons are analyzed in this thesis.

The presented PCM characterization and modeling concepts are based on the innovative
concept of the dynamic heat flow meter apparatus (DHFMA). The main benefits of the
DHFMA come from its ability to test large specimens of PCM enhanced building materials.
Starting with a fundamental theoretical analysis of the DHFMA under dynamic operation, the
main sources of uncertainty and the calibration procedures are analyzed. In particular, the
relationship between the measurement error and the basic design and operational parameters
is determined.

Based on the theoretical analysis, a small size apparatus of dimensions 200mm x 200mm
was constructed. The combination of the small size with the thermoelectric technology for the
temperature control of the plate assemblies resulted in a low cost and robust device. Besides,
steady-state and dynamic measurements with the novel apparatus validated its high accuracy
in line with the theoretical estimations.

By means of the new apparatus existing and new characterization methods are investigated
and novel materials are tested. These are a self compacted concrete incorporated with PCMs
and a lightweight building component including a shape stabilized PCM wallboard. The
dynamic testing of these materials shows the ability of the device to deal with inhomogeneous
specimens. Additionally the thermal behavior can be investigated under realistic boundary
conditions.

The apparatus is proven to be highly accurate and is further utilized in a new modeling
concept. The new concept employs an optimization algorithm which compares experimental
results of the thermal response of PCM enhanced panels with predictions of a numerical
model based on the effective heat capacity method. The algorithm is capable of providing
optimum effective heat capacity curves for the melting and crystallization processes of the
PCM. This improves significantly the predictions of the model.
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chaper 1.
Chapter

Introduction

1.1 A new way for temperature regulation using the building fabric

It has been more than forty years since the National Aeronautics and Space Administration
(NASA) sponsored the first comprehensive study on Phase Change Materials (PCM). The
outcome was a report titled “Phase Change Materials Handbook™ which studied a class of
materials with the “unique ability to absorb and liberate large quantities of heat without
appreciable temperature change” [1]. Almost twenty years earlier, Dr. Maria Telkes, the “Sun
Queen”, had designed and constructed the first documented application of PCMs for the
passive solar heating of a house in Dover, Massachusetts [2]. The house contained the
Glauber’s salt PCM, placed in drums housed in spaces between the main rooms that were
ventilated with fans to move the warm air into the living space in winter. This system alone
could keep the house warm for approximately 11 sunless days.

Often described as “one of the most advanced energy technologies in enhancing the
energy efficiency and sustainability of buildings” [3] and [4], PCM technology is in itself
nothing new. The concept of using phase change materials to maintain a constant temperature
is at least as old as the ice box. However, research for the incorporation of phase change
materials into the building structure is rather recent. It was initiated at the Centre for Building
Studies of Concordia University in the late 1970s with the investigation of the incorporation
of PCMs in autoclaved concrete [5], [6] and [7]. In the 80s and 90s the studies intensified and
extended in many elements of the building fabric like gypsum boards, plaster, shadings etc.
Shortly after the turn of millennium, the cooperation of research institutes with industrial
partners resulted in various commercially available PCM building materials and components
that were followed by several demonstration projects.

Since then, the investigation of PCMs in the building fabric was subject of a wealth of
theoretical and experimental research. Yet, despite their virtues being proved and the
difficulties of producing PCMs with appropriate phase change ranges and practically infinite
phase change cycles being resolved, the momentum for widespread application has been slow
to build. PCM enhanced building materials and components still face a niche existence.
However, this does not mean that this technology failed — far from it. It just comes to show
that the superior thermal mass of PCM building components came along with a number of
challenges such as the absence of robust test methods and modeling techniques, which had
been possibly underestimated.

Now, almost 15 years after the introduction of the first commercial products, the “PCM
world” is changing. Suitable test methods for the properties of building components, which
were long overdue, become standardized. Steps are also taken to create standard model
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benchmarks that will improve the confidence of the users in the available models [8].
Furthermore, design concepts and tools, which make the earlier “trial and error approaches”
obsolete are being developed [9], [10] and [11]. The here presented work should add to the
ever increasing experience on successfully integrating PCMs into the building fabric to make
PCM technology truly “one of the most advanced energy technologies in enhancing the
energy efficiency and sustainability of buildings”

1.1.1 Defining PCMs

PCM is per definition “a material that changes its physical state (solid to liquid or vice-
versa) over a certain temperature range, used in engineering applications specifically to take
advantage of its latent heat storage properties” (ASTM C1784-13). A similar definition is
given by the German institute for quality assurance and certification: “PCM are materials
which change their state from solid to liquid or change between two different solid
crystallization states over a defined temperature range (phase transition). This process is
reversible (reproducible phase transition) and can be used for thermo-technical purposes”
[12].

The characteristic key properties of PCMs are that (i) they can absorb large amounts of
thermal energy per storage volume/mass compared to other storage materials, (ii) the storage
takes place over a small temperature difference between the storage medium and its
surroundings, (iii) the energy is stored over a period of time with minimal losses and (iv) they
can release the energy again when needed.

The above characteristics make PCMs ideal thermal storage materials for incorporation in
the building fabric where high thermal mass is required in low temperature range and where
mismatch between the availability and demand of thermal loads with respect to time and
power occurs.

1.1.2 An abstract of the history of the use of PCMs in the building fabric

Early efforts to improve the thermal comfort in buildings by utilizing the latent heat of
PCMs involved the use of inorganic materials in storage tanks and macro-capsules [13] and
[14]. 1t was quickly recognized that this approach had two significant limitations. The first is
associated with some problems inherent in inorganic PCMs such as the strong subcooling
effect and the phase segregation. This was the main reason why Telkes’s project in Dover had
finally failed (after two years of successful operation the PCM eventually settled at the bottom
of the tanks). The second is related to the low heat exchange surface of the macro-capsules
that in combination with the limited temperature differences in building applications did not
allow the PCM to fully charge and discharge. Additionally, macro - capsules have the
disadvantage that they must be protected against destruction while the building is used.

In the 1990s, in an effort to overcome the problems mentioned above, the interest started
to shift toward organic PCMs (mainly paraffins and fatty acids) [15]. Those materials had
been rejected initially because they are more expensive than most of the salt hydrates and they
have a somewhat lower heat storage capacity per unit volume. However, it was realized that
some of these materials had strong advantages such as physical and chemical stability
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combined with good thermal behavior and adjustable phase change range. Furthermore, in
order to avoid the use of macro-capsules, the method of direct incorporation and immersion
was proposed [7]. Unfortunately, PCMs that were not encapsulated were proven to interact
with the building structure and change the properties of the matrix materials. Also, leakage
could occur over the lifetime of the building material. Due to these problems, none of these
PCM enhanced building materials found its way in the wider market.

In the 2000s, advances in the technology of micro-encapsulation and the development of a
new class of PCMs, the so called shape stabilized PCMs (SS — PCMs), changed this situation.
Micro-encapsulation, whereby small, spherical particles are enclosed in a thin and high
molecular weight polymeric shell, finally solved the problems of direct incorporation and
immersion [16] and [17]. Microcapsules, with diameter in the micrometer to millimeter range,
made it possible for the PCM to be directly integrated into conventional construction
materials regardless of the phase, as the microcapsule shell prevented any interaction between
the PCM and the matrix material. The problems associated with macro-encapsulation were
also resolved because microcapsules were small enough so there was no need any more to
protect them against destruction, while the distribution of the small PCM capsules in the
building component offered a much larger heat exchange surface, so the heat transfer rate to
charge and discharge the stored heat was raised significantly.

The other solution to the problems of direct incorporation and immersion, the SS - PCMs,
that started being developed at about the same time [18], could retain their solid shape even
when the temperature was raised above the melting range. This was achieved by incorporating
on a microscopic level the PCM into a porous supporting structure. The use of paraffin waxes
into polymeric structures quickly prevailed over other solutions offering a mass percentage of
paraffin as much as 80% [19] so that the total stored energy was comparable with that of
traditional PCMs.

With the development of the microencapsulated and the shape stabilized technology, PCM
products were finally accessible for the building industry.

1.1.3 Absence of acceptance

Despite the above mentioned advances and a number of marked applications in
commercial, and public sector demonstration buildings, PCMs were only hesitantly accepted
by the building industry. This was due to a number of reasons that can be summarized as
follows:

e Although the technology of paraffinic PCMs is ready for the incorporation in the
building materials, the high cost of paraffin PCMs along with the relatively low
phase change enthalpies (150—200 MJ/m3) and high fire loads were proved to be
major barriers to their widespread acceptance.

e Paraffins are derived from crude oil, thus, their prices are sensitive to the season
and to geopolitical scenarios. In fact, crude oil prices have been on the rise in
recent years, resulting to an increase of the price of the paraffin based PCMs.

e Furthermore, both microencapsulation and the use of a polymeric supporting
structure (SS — PCMs) add to the cost of the final PCM product.
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Figure 1.1: Measurements of melting and crystallization temperatures and enthalpies of the same
PCM from different laboratories [24].

e Most recent studies show that the thermal performance of advanced integrated
PCM technologies (e.g. hydronic systems [20] and multifunctional fagade elements
[21]) can be significantly higher than the simpler PCM applications. Because these
systems are complex, they are difficult to analyze using existing whole-building
energy simulation tools.

e Architects and engineers design buildings that meet the requirements stated in
building energy codes. Most of the current national building codes do not set
standards for the required thermal mass of building envelope components [22].
The IEA “Modernising Building Energy Codes to Secure Our Global Energy
Future” is calling for this approach to be pursued in future building codes [23].

e There is still much uncertainty regarding the nominal phase change properties of
PCM building products provided by manufacturers. Melting enthalpies reported in
the literature are always lower than the values given by manufacturers. Moreover,
numerous studies dealing with the experimental characterization of PCMs with
different instruments and techniques have shown large deviations in the
measurement of the same properties. In 2012, a round robin test involving
measurements of several PCMs across several laboratories in two international
networks (IEA Annex 24 and Cost action TU0802) revealed many difficulties in
the accurate measurement of the phase change properties of PCMs (Figure 1.1)
[24].

e Though several demonstration projects have been carried out from the various
PCM manufacturers, there have been no studies to evaluate and quantify the effect
of PCMs in these projects. Although every project has been deemed to increase
energy efficiency and thermal comfort, monitoring results evaluating the beneficial
effects of PCMs were not documented and shared.

e Little research has been carried out on the expected payback time of the initial
investment for the incorporation of PCMs in the building fabric. This may be due
to several factors. The most important one being that there is still a lack of
knowledge on how PCMs actually perform in real life constructions in all sorts of
various climates [25].

e This issue could be solved with the use of dynamic building simulation for the
prediction of the performance of PCM building components. However, the
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confidence in reviewed models is too low to use them to predict the future
behavior of a building with confidence. Moreover, it was found that overall
thermal behavior of phase change materials is poorly known, which by itself
creates an intrinsic unknown in any model. Models themselves are most of time
suspicious as they are often not tested in a very stringent or exhaustive way. In
addition, it also appears that modeling parameters are somewhat too simplified to
realistically describe the complete physics needed to predict the real life
performance of PCMs added to a building [8].

1.2  Legal status — Standardization

Before the scope of the present thesis will be developed from the above stated shortcomings,
first a brief overview should be given on the latest developments in quality control and
standardization regarding PCM building products. This will show that some steps have been
done during the last few years in order to overcome some the above issues and that a lot of
work is still needed.

1.2.1 Quality control

One of the first and probably most influential research works on a European wide level
regarding phase change materials was Annex 17 “Advanced Thermal Energy Storage through
Phase Change Materials and Chemical Reactions — Feasibility Studies and Demonstration
projects” [26]. It started in 2001, carried out by a consortium of partners from ten different
countries. The objective of this Annex was to overcome technical and market barriers for the
introduction of long or short-term phase change and chemical reaction thermal energy storage
with a view to achieve energy savings and reduction of peak energy demand in building,
agricultural and industrial applications.

One of the major findings of the Annex was that the application of standard measurement
methodologies for the determination of quality and thermal characteristics of conventional
building materials is in most of the cases inappropriate for application in PCMs and PCM
components and hence one of the fundamental obstacles to PCM technologies’ wider use in
Europe. To overcome this barrier, in 2005 six companies (BASF, Rubitherm, Doerken,
EMCO, SGL, Arcadis) founded the Quality control association PCM e.V. and commissioned
the Bavarian Centre for Applied Energy Research e.V. (ZAE Bayern) and the Fraunhofer
Institute for Solar Energy Systems (ISE) to develop appropriate procedures for quality
control.

The objective was to develop quality and testing specifications for the storage materials
themselves and objects which contain the storage materials. After completion of the work, the
German Institute for Quality Assurance and Certification (RAL) introduced in April 2007
RAL-GZ 896 quality assurance and a quality mark for PCMs [12]. The main quality criteria
addressed were the stored amount of heat as a function of temperature, the cyclic
reproducibility of the storage process and the thermal conductivity of the storage materials,
which is important in determining the charging and discharging time for a storage component.

In the absence of European-wide guidance documents the Quality Assurance RAL-GZ
896 and a document titled “Further notes on the quality assurance” issued by the same
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committee provided the only available guidelines. The last update of the documents was in
2013.

1.2.2 A new ASTM international standard

After years of intensive work on an implementation of the scientific knowledge of the
recent decades on measuring PCM characteristics into a new standard, ASTM international
published C1784-13 [27]. The standard became officially available on January 2014 and it is
under the jurisdiction of ASTM Committee C16 on thermal insulation. ASTM C1784-13
“Standard Test Method for Using a Heat Flow Meter Apparatus for Measuring Thermal
Storage Properties of Phase Change Materials and Products” is in the direct responsibility of
Subcommittee C16.30 on Thermal Measurement. A minor revision of the standard was
proposed with the work item ASTM WK45032 on February 2014. The changes proposed by
WK45032 are related to technical definitions of PCM-containing composites, products and
systems. It was decided that the term PCM product encompasses PCM composites and
systems.

With this standard coming into effect, the heat flow meter apparatus (HFMA) became the
first experimental setup used in a standardized test method for the purpose of providing
meaningful classification of PCM enhanced building components. This paves the way for
further development of the HFMA and introduction of new and improved test methods, which
are addressed in this thesis.

1.3  Requirements for acceptance in the building sector

As already discussed, the acceptance of PCMs by the building industry depends mainly on
the ability of the new components and systems to improve the thermal performance and
energy efficiency of the building sufficiently to justify extra costs for additional materials,
systems and/or controls needed. However, the successful use of PCMs in buildings is a
complex issue depending on many factors such as the thermal storage characteristics of the
PCM used, the location of the PCM enhanced building component into the building fabric, the
climatic conditions, the design and orientation of the building etc. Therefore, experimental
and simulation tools are essential in order to guide scientists, architects and engineers in
choosing optimum solutions.

For the reason stated, above the experimental assessment and modeling of PCM building
components has a major impact on the successful incorporation of PCMs in the building
fabric in order to enhance the energy efficiency of buildings. The main concern of this thesis
is to address both characterization and modeling issues with the development of experimental
and numerical methodologies based on the newly developed concept of the dynamic heat flow
meter apparatus (DHFMA).

1.3.1 New and improved characterization methods

One the first challenges which researchers in the field of PCMs faced was the
experimental characterization of the materials themselves. PCMs presented some features
totally new to the field of thermal characterization of building materials such as the latent heat
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storage capability, the change of state and the large variation of thermal conductivity in a
small temperature range. Conventional test methods were incapable of dealing with these
features. Furthermore, the strong influence of temperature on the thermal properties of PCM
components introduced non-linear terms in the differential equations describing their thermal
behavior. The traditional dynamic thermal parameters of conventional building components
(e.g. decrement factor, time lag, transfer function coefficients etc.), deriving from the solution
of the linear heat transfer equations, were inappropriate for the characterization of PCM
building components.

In the early stages of PCM development, when research mainly focused on the
development and incorporation of PCMs into building materials, differential scanning
calorimetry (DSC) could provide useful information. It was utilized for selecting the PCMs,
evaluation of PCM component prototypes, investigation of the reproducibility of phase
change characteristics and long term stability of the new building materials. As Banu et al.
stated in 1998 in a research article dealing with development of a PCM impregnated
wallboard, additional testing in the component level “need only be performed when the
development of the PCM wallboard product is well advanced” [28].

Today, a wide variety of PCM enhanced building components with different dynamic
thermal properties, such as phase change range, latent heat, subcooling, and hysteresis are
well developed and available for building applications. In order to accurately predict the
energy performance of a building component containing a specific PCM, it is crucial to
precisely know the dynamic thermal properties of the component. However, as shown by
Mehling et al. [29], PCMs cannot be measured accurately enough by using standards that
have been developed for other materials. In particular, common standards for DSC can lead to
large errors when applied to PCMs. The same applies for the standards regarding the thermal
conductivity measurements (e.g. transient hot wire method). These tests do not address all the
effects associated with the phase change process.

Moreover, the values of thermal properties measured on bulk PCMs will not be
representative when PCMs are integrated into building components. The problem is caused by
the encapsulation of PCMs and combination with building materials that may change the
thermal response of the PCMs [8]. It is therefore of importance that PCM enhanced building
products are tested as components in their final ready to use form. Besides, RAL-GZ 896
defines the term “phase change material objects” to distinguish bulk PCMs from PCM
incorporated components. In the quality assurance it is explicitly stated that the properties of
PCM objects cannot be determined from samples (parts of an object) but only with the
complete object.

According to Kosny et al. [30] a solution to the above problems is the utilization of the
heat flow meter apparatus in dynamic operation (DHFMA\). Here, a flat slab specimen (panel,
board etc.) is tested in component level either as a single layer component or as part of a
multilayer configuration. Therefore, the major obstacles in the accurate measurement of
PCMs associated with the sample mass and the integration in building materials are lifted.
The construction industry provides, since the late 2000s, several PCM building products in
the form of panels. These products are for example gypsum boards and shape stabilized PCM
panels providing thermal storage capabilities. The DHFMA appears to be an attractive
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solution for the thermal assessment of these materials and also for concrete slabs, insulation
boards and plaster renders incorporating PCMs.

Starting on 2005 with the work of Schossig et al [31], thermal characterization of board
shaped PCM components utilizing the HFMA has been the topic of several studies. Various
design solutions for the DHFMA have been proposed and successfully developed for the
characterization of different PCM building components. While earlier works focused on
custom made devices ([32] and [33]), the development of the DHFMA in line with
international standards (ISO and ASTM) has received considerable attention during recent
years [34] and [35].

However, despite all the scientific attention which this technique has received, it still lacks
fundamental knowledge, with aspects regarding the design and construction of the DHFMA,
the uncertainty of heat flux measurements and the development of appropriate test methods
being probably the most important ones.

1.3.2 Accurate and validated models

As already mentioned, the analysis and optimization of envelope systems comprising
passive and/or active PCM envelope components is a difficult task. The thermal efficiency of
such systems depends on various and diverse parameters including the thermal storage
properties of the PCM, the design configuration, the integration with other sustainable energy
technologies and the interaction with the thermal response of the whole building. In this
context, whole building simulation tools can assist the optimization process to a large extent,
as long as appropriate PCM modes are integrated in those tools. Unfortunately, there are still
many issues regarding the accurate modeling of PCM behavior.

PCM models are mainly based on the conserved formulation of the equations describing
the so called Stefan problem [36]. For the numerical solution of the corresponding equations,
most of the times, simplified analytical expressions of the stored heat as a function of
temperature are used. This may lead to errors that cannot be tolerated when evaluating the
thermal performance of PCM building components [37]. Even when measured values of the
PCM properties are used (e.g. enthalpy curves measured by means of DSC) the problems
related to PCM characterization discussed in the previous paragraph may introduce large
errors in the simulations [38].

Another concern regarding the modeling of PCMs in the context of building applications
is the validation of the developed models. In 2011, a vast review, involving the survey of
more than 250 journal papers, undertaken by the group of Ecole de technologie superior
showed that the confidence in the reviewed models was too low to use them in whole building
simulation codes [39]. The authors found that researchers rely more and more on other
studies, mostly other numerical studies, to validate their own numerical results instead of
conducting appropriate experiments.

Nevertheless, there are laboratories involved in the research of PCMs for building
applications with a mature culture on experimental analytical and numerical methods. What is
needed is a holistic approach combining these elements in integral modeling concepts.
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1.4  Outline of this thesis

The work presented in this thesis covers the diverse, but nonetheless closely related topics
of the experimental and the numerical characterization of PCM enhanced building materials
which are connected in this thesis with the idea of improving the currently available methods
by treating the PCM at the component level. The initial focus on the experimental thermal
assessment of PCM building materials with the use of the heat flow meter apparatus quickly
created a self-perpetuating dynamic. The profound analysis of the HFMA for dynamic
measurements of PCM components revealed that the new method could be connected to the
solution of some modeling problems. During the course of validating the developed DHFMA
and the related experimental methods it turned out that the new approach had a number of
benefits when compared to the traditional DSC analysis. Testing of large specimens under
realistic boundary conditions could accurately capture the phase change behavior expected in
real applications. This observation led to the idea of combining the DHFMA method with an
existing validated one dimensional heat transfer code in an integral modeling concept. Model
validation, in turn, created the need for increased measuring accuracy calling for a thorough
investigation of the errors introduced during the dynamic operation of the DHFMA.

This natural development of the research interests resulted in a ternary-split thesis,
whereof the first part is focusing on the theoretical investigation of the DHFMA, the second
part covers the development and validation of a novel DHFMA and appropriate test methods
and the third part covers a new modeling approach derived from the benefits of the DHFMA.
In Figure 1.2 the framework of this thesis is presented. It is composed of six chapters
explained as follows:

Chapter 2 provides a brief introduction to PCM theory and materials. The basic terms used
throughout this thesis are given and explained. Emphasis is put on PCM enhanced wallboards
and concrete. The currently available characterization methods and suitable standardized
procedures are discussed. By means of a thorough literature review the benefits of these
methods but also their limitations regarding the thermal characterization of PCMs are
revealed.

Chapter 3 provides a thorough analysis and theoretical validation of the operation of the
heat flow meter apparatus under dynamic thermal loads. One concern of this chapter is to
analyze the main sources of uncertainty and the calibration procedure for steady state
measurements in order to identify possible sources of error in the dynamic operation. A clear
emphasis is on the heat losses/gains from the lateral surfaces of the tested specimen since they
are the main concern during the dynamic operation of the HFMA. An extensive analysis of
the edge losses in steady state operation provides the necessary knowledge for assessing the
effect of steady state calibration on the uncertainty of dynamic measurements. It will be
shown that the edge losses error during dynamic operation are comparable to that of steady
state measurements and in most of the cases can be minimized using steady state calibration
procedures.
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Figure 1.2: Outline of the thesis.

Chapter 4 describes the design, construction and operation of a prototype dynamic heat
flow meter apparatus. The plate assemblies, the control system and the data acquisition
system are explained and justified. It will be demonstrated that with the use of aluminum plate
assemblies combined with small area heat flux sensors and temperature control using the
thermoelectric heating/cooling technology, a small and robust apparatus can be built. By
means of steady state and dynamic measurements of conventional and PCM enhanced
building materials the accuracy of the new apparatus is evaluated.

Chapter 5 completes the development of the dynamic heat flow meter apparatus by
investigating and proposing new approaches and methods for the dynamic assessment of
PCM enhanced building components. After a brief overview on the current developments and
based on the available literature, two methods are put forward. With the help of a thorough
dynamic characterization of two different wall components the benefits of the methods are
verified. This chapter marks the end of the experimental part of this thesis.

Chapter 6 concludes the scope of this thesis by addressing the main problems of the PCM
technology from the point of view of modeling and simulation. It is explained how the
DHFMA demonstrated in chapter 4 and the respective measuring methodology examined in
chapter 5 are combined with a general purpose heat transfer numerical code in order to
integrate material characterization, model development and validation in an integral modeling
concept. Based on the ability of the DHFMA to accurately measure the temperature and heat
flux response of PCM enhanced building components at realistic boundary conditions, a
modeling methodology based on the optimization of the effective heat capacity as a function
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of temperature is developed. Furthermore, experiments will be presented which validate the
suggested methodology.

Finally, Chapter 7 summarizes the achievements of the present thesis and proposes
recommendations and ideas for further research in continuation of this work.
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Phase change materials in the building fabric

2.1 Introduction

As the focus of building sector shifts toward sustainability with emphasis in energy
efficiency, more attention is placed on the thermal performance of the building envelope. As a
result, a new generation of building materials with high thermal performance is currently
being developed. These materials are evolving faster today than at any time in history
challenging existing methods of characterizing their thermal behavior and leading to an
evolving development and application of new and improved test and modeling methods.

This is one of the main challenges which researchers in the field of PCM enhanced
building materials are facing. The last decade has seen the development of a great number of
novel PCM materials and components for building applications. The PCM technology has
been combined with several building products including wallboards, floor tiles, ceilings,
concrete etc. with the aim to increase their thermal mass. Kalnzas and Jelle [1] performed an
extensive review of commercial state-of-the-art products with various potential areas of use
for PCMs in building applications. They identified that PCM wallboards and tiles are
particularly interesting materials because they can be added to the building with fairly little
alterations to the current construction practices.

Today the chemical giant BASF produces and provides microencapsulated PCMs to other
companies to incorporate into a range of building materials, including ceiling panels, aerated
concrete blocks, and drywalls. Knauf in Europe and National Gypsum in North America use
BASFs’ microcapsules to produce PCM enhanced gypsum boards with different phase change
temperatures. The chemical company DuPont has a different strategy: they produce shape a
stabilized phase change wallboard for use as heat absorbing panel that it markets in Europe.
The introduction of these products in the market shows that wallboards and concrete
incorporated with PCMs is a promising technology.

On the other hand the successful integration of the new products in the building fabric for
the improvement of the thermal comfort is a complex issue. The utilization of the enhanced
thermal mass requires consideration at the outset of the building design process when the
specifications for the building type, orientation and fabric are being established. The dynamic
thermal behavior of all PCM enhanced materials is essential for the design process. Therefore,
the experimental characterization of PCM building products is of critical importance.

This chapter, after a brief introduction to the phase change theory, terminology, and
materials will focus on PCM enhanced concrete and wallboards. The state of the art and the
current developments on these materials will be discussed. Their thermal characterization will
be also addressed. In doing so, current measurement methods of thermal conductivity and

15
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thermal storage properties are introduced and commented. The main problems of these
methods in PCM characterization are exemplified using measurement data and results
obtained from the literature.

2.2  Theory and materials

Before this chapter further proceeds with the current developments on the incorporation
PCMs in building elements and their thermal characterization, the basic theory of PCM
technology needs to be explained.

2.2.1 Basic definitions

Specific heat capacity at constant pressure (Cp) — Sensible heat

The specific heat capacity at constant pressure, c,, is defined as the quantity of heat
required to raise a unit mass of homogeneous material one unit of temperature with pressure
held constant. It is expressed as energy per unit mass per unit change in temperature (J/kgK).

The heat exchanged by a material that changes its temperature by o7, but leaves
unchanged certain other macroscopic variables such as pressure and state is called sensible
heat. It is the product of specific heat capacity and temperature difference. For solid and liquid
materials with negligible change in volume the following relation stands between the sensible
heat, g, the enthalpy, h, and the specific heat capacity at constant pressure:

_oh _6_q Equation 2.1

PaT  aT

Latent heat

Latent heat is the energy absorbed or released by a substance or a system during a constant
temperature process. The theory of latent heat was introduced in 1761 by the Scottish
physician and chemist Joseph Black. He deduced that the application of heat to ice at its
melting point does not cause a rise in temperature of the ice/water mixture, but rather an
increase in the amount of water in the mixture. Additionally, Black observed that the
application of heat to boiling water does not result in a rise in temperature of a water/steam
mixture, but rather an increase in the amount of steam. From these observations, he concluded
that the heat applied must have combined with the ice particles and boiling water and become
latent.

The specific latent heat, L (J/kg), expresses the amount of energy in the form of heat (Q)
required to completely affect a phase change on a unit of mass (m):

L Q Equation 2.2

m
Throughout this thesis the term latent heat is used instead of specific latent heat for brevity.
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Figure 2.1: Comparison of the stored heat for a certain temperature difference AT in a conventional
and a PCM enhanced building material.

Thermal mass

The thermal mass of a building material, in a general sense, is a property that describes the
ability of the material to store and later release heat. It can function in several different ways
depending on the approach (passive or active) and the season. For example in winter, solar
and internal heat gains absorbed by the thermal mass during the day may be released slowly
back to the indoor air at nighttime covering part of the heat load of the building and
preventing overheating and discomfort during the high solar radiation periods at daytime.
During summertime, the thermal mass of the building can store part of the indoor heat gains
as well as delay the heat transfer from outside to inside, thus reducing (or shifting to a later
time) the peak cooling load of the building.

The thermal mass of conventional building materials is directly proportional to their mass
and specific heat capacity. For a given building envelope configuration the specific heat
capacity of the materials is fixed. The only way of increasing its heat storage capacity is to
increase its total mass resulting to heavier constructions with increased volume. However, the
current trend in the building sector is lightweight low-volume constructions. In this regard,
the incorporation of phase change materials (PCMs) into the building fabric forms an
attractive solution. PCMs have the potential for storing much larger amounts of thermal
energy per unit mass or unit volume, compared to conventional building materials like
gypsum boards and concrete, by storing the thermal energy as latent rather than as sensible
heat (Figure 2.1).

The incorporation of PCMs in a building component results in an additional heat
storage/release term namely the latent heat. Ideally, the latent heat is absorbed or released
from the PCM isothermal during the process of phase change. In practice, phase change takes
place inside a temperature region called melting range in the case of solid to liquid
transformation or solidification range in the case of liquid to solid transformation.
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Figure 2.2: Temperature of an ideal PCM during melting and solidification versus time.

Supercooling (subcooling)

The term supercooling or subcooling refers to the process of cooling a liquid below the
solid-liquid equilibrium temperature without any formation of the solid phase. Supercooling
when only one phase is present is called one-phase supercooling. Supercooling in the
presence of both solid and liquid is two-phase supercooling. The amount of supercooling
depends upon the particular material and the environment surrounding it. The best way to
reduce supercooling is to ensure that all of the original crystalline material does not melt.
Crystalline seeds present in the melt tend to nucleate the solid phase when heat is removed.
Nucleating catalysts are available for some salt hydrate phase change materials.

2.2.2 Equations and diagrams

For ideal PCMs (e.g. pure crystalline substances and eutectics), melting, nucleation and
solidification occur at the same temperature (Figure 2.2), namely the phase change
temperature Tye. Thus an ideal PCM can be fully described by four scalar values, namely the
specific heat capacity of the liquid and solid phases (Cp,iq and Cysa1), the phase change
enthalpy or latent heat (L)and the phase change temperature, Tp.. The heat, g,stored between a
temperature below (Tiow) and a temperature above (Thigh) the phase change temperature is equal
to the enthalpy change (4h) as expressed by Equation 2.3:

Ah = h(Thigh) - h(TIow) = Cp,sol (Tpc _Tlow) +L+ Cp,qu (Thigh _Tpc) Equation 2.3

Expressing the enthalpy, h, as a function of temperature gives:

C
Tpe+C

T T <Ty
(T-T,),T>T,

h(T)=h,+L-H(T —Tpc)+[C piot Equation 2.4

p,sol p.lig
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Figure 2.3: Enthalpy as a function of temperature for (a) an ideal PCM and (b) a real PCM.
with H(T-T,c) being the Heaviside function. As shown in Figure 2.3a, the phase change
temperature has a sharply defined value resulting to an enthalpy that is not a unique function

of temperature.
Equation 2.3 can be reformulated as:

Ah=Cy (Thign = Tiow) Equation 2.5

with ce being an artificial property namely the effective specific heat capacity. This property
can fully describe the thermal storage behavior of PCM because it gives the heat stored or

released by the PCM for any given temperature change.
Combining Equation 2.3 and Equation 2.5 the effective specific heat capacity of an ideal

PCM is expresses as:

T<T, Equation 2.6
T>T,

Cp,sol !

Ceff = L5(T _Tpc)+[

Colig 1

In the above equation J(7-Tpc) is the Dirac delta function.

In reality, PCMs used in building applications melt in a more or less wide temperature
range. Their enthalpy function follows a smooth curve from the linear behavior of the solid
phase, with gradient C, s, to the liquid phase also with a linear dependence of slope Cyiq
(Figure 2.3b). Therefore, between the liquid and the solid, a mushy region — with a width
dependent on the physical properties and the dynamic of the system — is observed.
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Figure 2.4: Classes of PCMs with regard to their typical malting range and melting enthalpy [21].

As will be discussed in chapter 6, from the numerical modeling point of view, it is useful
to express the enthalpy and the effective heat capacity with an appropriate analytic function.
The ramp or square shaped functions ([2] and [3]) can serve as simple representations of the
effective heat capacity while exponential and more complex functions may be used in order to
increase the accuracy of the models [4] and [5].

2.2.3 Phase change materials

Over the last fifty years a wide variety of materials, including hydrated salts, paraffin
waxes, fatty acids, eutectics of organic and non organic compounds and polymers have been
considered as potential PCMs. Many review papers [6] - [16] and several books [17] - [20]
collected and organized these materials in several different classes. Figure 2.4 presents the
classification proposed by ZAE [21] and adopted by most of the researchers. Since the
temperatures involved in building applications vary from 0°C to 90°C the classes of interest
are the salt hydrates, the paraffins and the fatty acids.

Salt hydrates

Salt hydrates are inorganic salts containing a definite number of water molecules forming
crystalline structures with general formula AB-nH,0. They are popular PCMs due to their
high latent heat combined with low cost. The key features of salt hydrates are:

¢ High phase change enthalpy per unit weight and volume

e Small volume change upon melting

e Most of the PCMs in this category have incongruent melting and subsequent
gradual lack of reversibility (some exceptions are LINO3-3H,0, Na;HPO,4-12H,0
and Ba(OH),-8H,0)

Relatively high thermal conductivity

Significant supercooling

Corrosiveness
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The main drawback to this type of PCMs is that generally they melt incongruently to form
a new solid phase different from the initial salt:

AB-nH,O0 - AB-mH,O+(n—-m)H,O

or

AB-nH,0 — AB+nH,0

After the solidification of a salt hydrate having an incongruent melting, three phases are in
equilibrium: two solid phases and a liquid phase of a saturated solution of the salt. Due to the
incomplete solubility, the lower hydrate is usually separated from the rest of the solution so
that it is unavailable for recombination with water. This phenomenon, also known as phase
segregation, results in lack of reversible melting and freezing.

Another important problem common to salt hydrates is that of supercooling. In order to
achieve a reasonable rate of nucleation, the hydrated salt has to be cooled to temperatures
significantly lower than the melting ones. Hence, the thermal energy instead of being
discharged at the expected phase change temperature is discharged at much lower
temperatures.

Over the last decades several approaches were developed in order to overcome the above
shortcomings. It was found that by adding viscosity modifiers, nucleating agents, and other
stabilizers the phase change properties of salt hydrates can be significantly improved [22] and
[23]. Today a wide variety of products at different phase change ranges are available.
However, these products cannot be directly added in the building materials since
microencapsulation of salt hydrates is not possible yet. Moreover, even if the cost of salt
hydrates is very low compared to the other PCM classes (i.e. the average cost of calcium
chloride is €0.13 - €0 .20/kg [24].) the cost of additives and encapsulation increase the final
cost of the products.

Paraffin based PCMs

Paraffin waxes were among the first materials to be selected for PCM technology. They
are mixtures of mostly straight chain (normal) paraffins. Normal paraffins of type C,Hn+, are
a family of saturated hydrocarbons with very similar properties. All of the series below
pentane (CsHjy) are gases at ordinary temperatures. Those between Cs and Cys are liquids, and
the rest are waxy solids. They usually melt at higher temperatures than branched chain
structures.

The chemical properties of paraffins are governed by structural considerations. The
normal straight chain and the symmetrically branched ones are the most stable [25]. The
paraffins with even numbers of carbon atoms are more widely used than those with odd
numbers of carbon atoms because they are more available, more economical, and generally
have higher heats of fusion. The melting point tends to increase with molecular weight.
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Table 2.1: Some of the most popular commercially available PCM products.

Product Phase change Latent heat
Company temperature [°C] [kd/m?]
DS 5001
26 110
BASF
DS 5008
23 100
BASF
RT 22
22 200
Rubitherm
GR-41
41 57
Rubitherm

Paraffins are noted for their low thermal conductivities. The key properties of paraffins are
as follows [26]:

Wide melting point selection (-5°C to 66°C)

Flammable

Non toxic

Non corrosive

Chemically inert and stable below 500°C - above this temperature complex
reaction occur such as dehydration, cracking, aromatization, etc.
Low subcooling

Low volume change on melting

Low vapor pressure in the melt

Density ranges from 700 to 770 kg/m®

Low thermal conductivity
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Figure 2.5: Melting temperature of CA — MA mixture versus weight combination of the components
[27].

The price of paraffins increases with the purity. Pure paraffin wax (>99%) is more
expensive than technical grade (90 % —95%). The current cost of paraffin wax is €1.7 -
€2.2/kg (2013). The estimated cost of microencapsulation for paraffins is ca. 45 % - 65% of
the total cost of the paraffin PCM [24].

Due to cost consideration, only technical grade paraffin mixtures may be used as PCMs in
latent heat storage systems [10].Differential scanning calorimetry (DSC) has shown that
technical grade paraffin waxes do not show any indication that thermal cycling can
significantly degrade its thermal performance Table 2.1 lists some commercially available
technical grade paraffin based PCM products, which are essentially, paraffin mixtures and are
not completely refined oil.

Fatty acids

Fatty acids are represented by the chemical formula CH3(CH),, COOH. They have
attracted the attention of many scientists as promising materials for thermal energy storage
since they are produced from agricultural sources, not petroleum. They have storage densities
very similar to paraffins, and like paraffins their melting temperatures increase with the
molecular weight. Although chemically stable

upon cycling, they tend to react with their environment because they are acidic by nature.
They are relatively cheap and used in large scale in various fields.

The most commonly used fatty acids in PCM technology are capric acid (CA), lauric acid
(LA), myristic acid (MA), palmitic acid (PA) and stearic acid (SA). Their melting points
range from ca 43°C to 69°C. However their random blends and eutectics melt in lower
temperatures appropriate for low temperature building applications. Karaipekli and Sari [27]
for example prepared mixtures of CA and MA with melting temperatures as low as 21°C
(Figure 2.5).

Due to the high phase change temperature, corrosiveness, bad odor and sublimation during
heating process of fatty acids, some researchers replaced them with their derivative fatty acid
esters which can be obtained via the esterification of fatty acids with alcohols. An extensive
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review on fatty acids and their esters used for PCM purposes has been written by Yuan et al.
[28]. Kenisarin [14] summarized the results of previous investigations on transition
temperatures, heat of fusion, heat capacity, and thermal conductivity, long-term
characteristics of many fatty acids, their compositions, and compounds.

The cost of fatty acid PCMs such as stearic acid, palmitic acid , and oleic acid are €1.5 —
€1.6/kg, €1.7 — €1.8/kg, and €1.8 — €1.9/ kg, respectively [24]. Entropy Solutions Inc. quotes
$1.7 — $5.5/kg for its commercial volume organic PCM products. Chemical components for
Entropy’s products are derived from agricultural sources like beef tallow, palm oil, coconut
oil and soybean oil.

2.3 Incorporation into building elements

During the 1980s, several types of bulk PCMs were researched and marketed for active
and passive solar systems in buildings. However, the relatively low heat exchange area that
most of the bulk — based storage systems provided was inadequate to provide full charging
and discharging of the latent heat of the PCMs. On the contrary, PCMs dispersed into
building elements offer large heat exchange area and additionally they can benefit from the
large areas of walls, ceilings and floors of a building.

PCM enhanced wallboards like gypsum boards or SS — PCM panels can substitute
ordinary wallboards during the construction or the renovation of a building thereby increasing
its thermal mass. PCM enhanced concrete can also replace part of the ordinary concrete in
thermally activated construction concepts. As these materials appear mainly in the form of flat
panels and slabs in the building envelope the dynamic heat flow meter apparatus is ideal for
their laboratory thermal characterization. Therefore, this thesis will be developed around these
materials.

2.3.1 PCM enhanced wallboards

PCM enhanced wallboards, one of the most popular PCM applications, have been in the
focus of research for the last three decades [29]. Several experimental studies performed in
various climatic conditions have shown that their application in a building envelope may
cause peak-hour load reduction and shifting of the peak-demand time resulting in annual
energy savings up t020% [30] and [31].

The first attempts to incorporate PCMs into wallboards involved the immersion of regular
gypsum board samples at room temperature into containers of liquid PCM at elevated
temperatures. Shapiro et al. [32] tested two mixtures of bio-based PCMs (fats and oils) using
this method. They produced wallboards with melting temperature near 18°C, freezing
temperature at ca. 22°C and thermal storage capacity up to 250kJ/m? (for a 4°C temperature
interval). A few years later, Feldman et al. [33] examined the feasibility of incorporating a
typical PCM (butyl stearate) in the early stage of gypsum board production process by
directly introducing the PCM into the wallboard production line at the point where the other
ingredients are mixed. The resulted energy storing wallboard had a ten-fold increase in
capacity for storage and discharge of heat when compared with conventional gypsum
wallboards.
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Figure 2.6: SEM image of a commercial gypsum board with microencapsulated PCM [36].

In the mid 2000s, the advances in the technology of micro-encapsulation led to a
significant improvement of the gypsum based PCM enhanced materials and the first products
were made available in the market. Since then, PCM enhanced gypsum wallboards were
extensively researched. Koschenz and Lehmann [34], developed a thermally activated ceiling
panel by mixing microencapsulated PCM and gypsum. They demonstrated by means of
simulations and laboratory tests that a 5 cm layer of the mix would suffice to maintain a
comfortable room temperature in standard office buildings. Schossig et al. [35] investigated
the use of gypsum boards containing PCM microcapsules on interior walls to prevent
overheating and reduce the cooling load in summer. Figure 2.6 presents a SEM image of a
commercial PCM gypsum board. The PCM microcapsules are clearly observed between the
gypsum crystals and the reinforcement fibers [36].

At about the same time, the advances in the field of shape stabilized PCMs (SS — PCMs)
[37], [38] and [39], allowed the development of wallboards with significantly higher PCM
content. Kuznik et al. [40] investigated the application of such panels in the building fabric in
order to enhance the thermal behavior of lightweight internal partition walls. They focused on
the optimization of the panel thickness. In another study [41], a SS — PCM panel was tested in
a full scale room completely controlled. The external temperature and radiative flux simulated
a summer repetitive day. The panel was found to significantly reduce the room air
temperature fluctuations especially when overheating occurred.

Today, a wide range of PCM wallboards with different dynamic thermal properties such as
phase change temperature, latent heat, sub-cooling, and hysteresis are available for building
envelope applications. Table 2.2 presents some products currently available in the market.

As it can be seen, the information provided by the producers is limited and sometimes
unavailable. However, in order to accurately predict the energy performance of a building
component containing a specific PCM, it is critical to precisely know the dynamic thermal
properties of the component [42], [43] and [17].
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Table 2.2: Some of the most popular commercially available PCM wallboards.

Product Phase change Latent heat
Company temperature [°C] [kd/m?]
Alba balance
23/25 291/306
Rigibs

PCM clayboard

23/25
EBB
Comfortboard
23 330
Knauf <
GeoBlue
Thermacool
Energain
18-24 515
DuPond
‘ThermalCORE™ Panel
ThermalCore
23 250

National Gypsum
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2.3.2 PCM enhanced concrete

Concrete is the second most widely produced substance on earth, after drinking water. It is
extensively used for residential as well as for commercial construction. In moderate climates,
the relatively large thermal mass of concrete building elements can be an advantage, as they
store energy during the day and release it at night, reducing the need for auxiliary
cooling/heating. However, the energy storage capacity of concrete can be further increased by
the incorporation of phase change materials (PCMs) into the concrete mixture [].

Hawes et al. introduced the idea of increasing the thermal mass of concrete by immersing
concrete blocks in liquid PCMs [44], [45] and [46]. They found that autoclaved blocks
provide a good medium for incorporation for three different types of PCMs: butyl stearate — a
fatty ester, dodecanol — a superior alcohol and polyethylene glycol — a relatively low
molecular weight polymer of ethylene glycol. However, this method of direct incorporation of
the PCM in the concrete matrix needs additional treatment on the surface of the products to
prevent PCM from flowing out and pollute the surrounding environment. Moreover, the
amount of PCM absorbed in the concrete is relatively low.

In order to overcome these issues Zhang et al. proposed a two step procedure for the
production of thermal energy storage concrete [47]. In the first step the PCM is absorbed in
the high porosity of appropriately selected porous materials. Next, these materials are used as
aggregates for the production of normal concrete. This way the high density cement based
material surrounds the porous aggregates preventing the outflow of the PCM.

Another way of preventing the leakage of PCM and avoiding possible interaction of the
PCM with the concrete matrix is the use of microencapsulated PCMs. This idea was first
examined under the EU funded project MOPCON that started in 2003 and ended in 2005. The
commercial microencapsulated PCM Micronal, with a melting point of 26°C and phase
change enthalpy of 110 kJ/kg was successfully incorporated in concrete resulting to a material
with compressive strength over 25 MPa and tensile splitting strength over 6 MPa. The good
mechanical properties of the developed concrete allowed the construction of a mockup
building in Spain containing 5% PCM in the south, west and roof walls. Cabeza et al. [48]
investigated the effect of the PCM on the thermal behavior of the mockup, reporting a
significant reduction and shifting of the internal maximum temperature in comparison to an
identical reference construction without PCM.

Entrop et al. [49], investigated the direct application of PCMs on concrete floors. The
main objective of their study was to add to the experience on how PCMs embedded in
concrete floors can help in heating living rooms during the evening and early night in a
moderate climate by only making use of solar irradiation as a source of thermal energy. It was
demonstrated that PCMs can effectively store thermal energy in a constructional context
without applying mechanical systems.

However, despite the investigations of full scale performance there is almost no research
available on determining the thermal and physical properties of concrete and
microencapsulated PCM mixtures. The currently available measuring methods are
inappropriate in the case of concrete containing big aggregates particles. Therefore new
characterization methods are needed.



28 Chapter 2. Phase change materials in the building fabric

2.4  Thermal characterization of PCMs

The efficient utilization of PCMs in building materials and components for enhancing the
building’s thermal performance is in a great extend depending on the thermal properties of the
PCMs and the PCM enhanced materials. The accurate determination of the heat storage
characteristics is essential for the optimal design of PCM applications. In addition, test data of
these properties are necessary for whole-building simulations in order to assess potential
energy savings and enable cost analysis and energy code work. Such simulations will not be
valid if the used material data are not describing its thermal behavior accurately.

The most important thermal characteristics of heat storage materials are their heat capacity
and the thermal conductivity as a function of temperature. In principle it seems to be easy to
characterize PCMs since there is equipment available to determine all the needed parameters.
Unfortunately the strong dependence of the thermal properties with temperature inside the
phase change temperature range influences the accuracy the results. In the following, the most
widely used methods for the experimental determination of PCMs’ thermal properties are
described and their limitations are explained and discussed.

2.4.1 Measurement of thermal conductivity

The thermal conductivity of PCM enhanced building materials is a property of great
importance significantly affecting the charging and discharging rates of thermal energy in the
building fabric. Therefore, enhancement and measurement of the thermal conductivity of
PCMs has been the focus of numerous studies [50], [51] and [52]. The methods utilized fall
into two categories: the steady state methods and the transient methods.

Most of the transient methods have achieved more popularity for the thermal
characterization of PCMs than steady-state methods. The reason is that transient techniques
generally require much less precise alignment, dimensional knowledge and stability.
Furthermore, most of the techniques can be rapidly applied to the test specimen and measure
the thermal conductivity value within a few minutes. On the other hand, the simple theory
behind steady-state methods provides the ability of the development of customized
instruments adjusted to the specific needs of the materials examined.

Guarded hot plate

The guarded hot plate (GHP) is a widely used steady state absolute method for the
measurement of thermal conductivity values up to 1 W/mK. The method requires flat,
homogeneous or homogeneous porous specimens as defined in ISO 9251 [53]. It can also be
applied to inhomogeneous materials as long as the size of any inhomogeneity has dimensions
smaller than one-tenth of the specimen thickness.

The method, the design and the correct operation of a guarded hot plate is extensively
described and analyzed in ISO 8302 [54] and ASTM C177 [55]. The core of the apparatus is a
flat, electrically heated metering section surrounded on all lateral sides by a guard heater
section controlled through differential thermocouples.
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Figure 2.7: Schematic diagram of a two specimen guarded hot plate apparatus [56].

The metering and guard plate constitute a planar heat source (hot plate) applied over the
hot face of the specimen. The temperature of the other face of the specimen is adjusted with
the use of a thermo-regulated, isothermal surface (cold plate or cooling unit) in order to
achieve a constant temperature gradient and consequently a unidirectional and uniform,
steady state heat flow. The most commonly used configuration is the two-specimen apparatus
where the heating unit is placed between two nearly identical specimens, symmetrically
arranged, as shown in Figure 2.7 [56].

Despite the fact that GHP is the most accurate and reliable method it has not been widely
used for PCM studies. The major drawback is the high cost of the commercially available
devices and the complex nature of its design and construction that requires a background of
knowledge in different scientific fields (e.g. electrical and temperature measurements, control
systems, heat transfer mechanism in materials).

Ahmad et al. [57] used a GHP apparatus in order to measure the thermal conductivity of a
PCM incorporated gypsum board. The used PCMs were incorporated in granulates having a
diameter of 1-3 mm and containing ca. 35 wt% of paraffin. The measured values were
compared with theoretical estimations using different classical models. They found that the
theoretical values underestimated the experimental ones.

Heat flow meter method

Heat flow meter method is a comparative method for the measurement of thermal
conductivity since specimens of known thermal transmission properties shall be used to
calibrate the apparatus. The properties of the calibration specimens must be traceable to an
absolute measurement method (e.g. GHP method). To meet the requirements of this test
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method the thermal resistance of the test specimen shall be greater than 0.10 m*K/W. The
method requires flat, homogeneous or homogeneous porous specimens. It can also be applied
to inhomogeneous materials as long as the size of any inhomogeneity has dimensions smaller
than one-tenth of the specimen thickness.

The method, the design and the correct operation of a heat flow meter is extensively
described and analyzed in 1SO 8301 [58] and ASTM C518 [59]. The heat flow meter
apparatus establishes steady state one-dimensional heat flux through a test specimen between
two parallel plates (heating/cooling units) at constant but different temperatures. By
appropriate calibration of the heat flux transducer(s) with calibration standards and by
measurement of the plate temperatures and plate separation distance, Fourier’s law of heat
conduction can be used to calculate thermal conductivity or thermal resistance.

The most commonly used configuration is the single specimen symmetrical configuration
where a heat flux transducer is placed on both plates. A guarded version of the method has
been also developed and described in ASTM E 1530 [60]. This test method is similar in
concept to heat flow meter method, but is modified to accommodate smaller test specimens,
having a higher thermal conductance. Thus, edge heat losses shall be controlled, using edge
insulation, or a guard heater, or both.

A very large variety of testing instruments using the HFMA method have been constructed
and successfully used for the study of PCMs. However, to the author’s knowledge, only in
one study the thermal conductivity was measured inside the phase change range [61].

Transient hot wire method

The principle of the thermal conductivity measurement using transient methods is
discussed in detail by Wakeham and Assael [62]. It always involves the measurement of the
temperature response of a probe introduced in a specimen when a predefined, low level
thermal excitation is applied. The main problem that arises due to the transient nature of these
methods is that the locally induced thermal energy may be partially absorbed by the PCM due
to phase change process resulting to modification of the temperature response and erroneous
values

This problem could be avoided by limiting the dissipation of heat to the specimen
especially for temperatures near the phase change range of the specimen. On the other hand,
low thermal power values would result to weak temperature responses and increased
measuring errors. Therefore, the feasibility of the unsteady test method for application in
PCMs should be verified via both theoretical and experimental analysis.
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Figure 2.8: Thermal conductivity of a PCM measured by means of a transient technique [63].

The transient hot-wire method is a well established, transient absolute method that has
been widely applied for the measurement of thermal conductivity of a variety of different
materials, such as gases, liquids, solids, and nanofluids [64]. The principle of the method has
been introduced by Healy et al. [65]. It uses the heat conduction equation with the following
assumptions: (i) the hot-wire is regarded as a line heat source, which implies that the length of
the wire is infinite compared with the radius, the effects of the finite heat capacity and size of
the hot-wire are both negligible, and the test sample is infinite large compared with the radius
of the hot-wire; (ii) the heat loss is negligible, therefore the effects of convective heat transfer
and radiative heat transfer are neglected, and (iii) all the heat generated by the electric heating
of the hot-wire is absorbed by the test sample.

The international standards describe three variations of the method. The techniques in ISO
8894-1 [66] and I1SO 8894-2 [67] are based on the measurement with a thermocouple of the
temperature increase of either a linear heat source (cross array method) or at a certain location
at a specified distance from a linear heat source (parallel method). The technique in ISO
8894-1 [68]and in ASTM C1113 [69] involve an integral temperature measurement over the
length of the hot wire (resistance thermometer method). In all three methods the heat source
and the thermocouple are located between two specimens of the tested material.

There is a wealth of experimental investigations on thermal conductivity of PCMs using
the transient hot wire method. Cheng et al. [63] studied the thermal properties and thermal
control effectiveness of a new shape-stabilized phase change material with high thermal
conductivity and reported a remarkable rapid increase in the phase change range (Figure 2.8).
The authors concluded that the method was able to provide reliable results outside the melting
range but was biased inside the range due to phase change enthalpy. The same problem was
reported by Wang et al. [50]. The hot wire method was successfully employed by Fan et al.
[70] and Fauzi et al. [71] but only for solid state measurements while Mehrali et al. [72]
measured solid and liquid phase thermal conductivity of palmitic acid/ graphene nanoplatelet
composite PCM.
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Figure 2.9: Schematic representation of the basic parts of a differential scanning calorimeter (DSC).
2.4.2 Differential scanning calorimetry

Differential scanning calorimetry (DSC) is a widely used, accessible and versatile standard
method for the determination of the thermal storage properties of PCMs. The concept of the
technique is simple: the temperature evolution of the sample in a small confined space is
compared with the temperature of an inert reference in a symmetric position, subjected
simultaneously to a specified temperature program. Figure 2.9 gives a schematic
representation of the main parts of a DSC instrument [73]. The sample and the reference are
contained in a well controlled space, the DSC micro-furnace. Temperature sensors and the
means of heating the sample and the reference are incorporated in the furnace. The
temperature control unit and the data acquisition system of the instrument are connected to a
PC that analyses the measured data in order to produce qualitative results.

Most differential scanning calorimeters fall into two categories depending on their
operating principle: heat flux or power compensated. Figure 2.10a shows the main features of
a power compensated DSC where two independent micro-furnaces are utilized. The
temperature of the sample and reference are kept at the same value via independent heating. If
a heat absorbing process takes place in the sample, the sample furnace increase the heating
power to keep the temperature program. The differential thermal power is the source of the
instruments’ signal. Regarding the heat flux DSC (Figure 2.10b), there is a single furnace.
The primary signal measured is the temperature difference between the sample and the
reference. If a heat absorbing process takes place in the sample, its temperature is lower than
the reference temperature. Heat flow is then calculated from the temperature difference with
the use of calibration constants.
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Figure 2.10: Schematic of the furnace of a) a power compensation DSC and b) a heat flux DSC.

The PCM properties that can be evaluated with the use of the DSC technique are: the heat
capacity of the solid and liquid state, the phase change temperature or the phase change range,
the total phase change enthalpy and the enthalpy as a function of temperature. The
measurement procedure for the determination of the total phase change enthalpy is described
in ASTM E793-06 [74] and ISO 11357-3 [75]. Measurement of the heat capacity in solid or
liquid state is standardized according to ASTM E1269 [76] or 1ISO 11357-4 [77]. The same
applies for the melting temperature of PCMs that melt at a constant temperature which is
addressed in ASTM E794 [78]. On the other hand, current standard tests are inappropriate in
the case where phase change occurs in a wide temperature region. In these cases the shape of
the enthalpy as a function of temperature and the effective specific heat capacity describe the
material with much better precision.

Literature suggests two different methods for the determination of the enthalpy and the
effective specific heat capacity as a function of temperature by means of DSC: the dynamic
method and the isothermal step method [79]. In the following these methods are briefly
explained and commented.

Dynamic method

Generally, a dynamic DSC method uses heating and cooling segments at constant
heating/cooling rates. Typical heating and cooling rates for dynamic calorimetry are 5 —
20°C/min. Besides, these values are suggested by the international standards. For the
determination of the enthalpy or the specific heat capacity of PCMs a specified
heating/cooling segment has to be repeated three times as follows:

e Heating/cooling of the empty crucible to generate the blank curve, Qpjank-

e Heating/cooling of the standard material (e.g. sapphire) to generate the standard
CUrve, Qstandard-

e Heating/cooling of the PCM sample in order to measure the heat absorbed/released
as a function of temperature, gpcm.

Figure 2.11 shows typical curves for the three measurements.
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Figure 2.11: Typical DSC curves for the enthalpy determination using the dynamic method.

Using the results of the three measurements the effective heat capacity of the PCM can be
calculated by Equation 2.7:

qPCM _qblank X mstandard C Equation 2.7

standard

Ceff = m
Ostandard ~ Yolank PCM

with m being the mass, g the heat flux measured by the DSC and c the specific heat capacity
of the PCM and the standard material. Integration of the Cg curve provides the enthalpy of
the PCM (i.e. the sum of latent and sensible heat) as a function of temperature.

In the above procedure the accurate determination of the blank curve is essential for the
correct determination of the enthalpy function. The measured blank curve is subtracted from
the signal of the PCM and the standard material. This requires the signal of the empty crucible
to be constant over a long period of time. In reality, the stability of the DSC signal is not
perfect. There is a certain drift of the empty line that can be experimentally observed by
repeated measurements with an empty crucible. When the standard and the PCM signals are
weak, as it is the case for small heating rates and sample masses the drift of the blank curve
can be in the order of magnitude of the signal resulting to large errors.

Mehling et al. [80] proposed a new measurement and evaluation procedure based on an
alternative way for the determination of the blank curve. They suggested that when the
measured blank curve is so sensitive to errors, and therefore of limited use, it is probably not
worse to construct an artificial blank curve. The artificial curve can be determined according
to ASTM E 1269, using the signals at isothermal state and connecting them as shown in
Figure 2.12.



2.4. Thermal characterization of PCMs 35

isothermal 1 dynamic ! "isothermal
0 ~p< D SEm—

40

= S
= o
» 4F 2
,:, 4 20 E
= =
= b
- <61 10 &
s+ NN f qblank g
: 9
s} q {0 F
PCM
Temperature
10 1-10
0 200 400 600 800 1000

Time [s]
Figure 2.12: Determination of the ceaccording to Mehling et al. [80].

The only assumption used in the construction is the linearity of the empty line during the
dynamic segment. A big advantage of the proposed method is the reduced experimental effort,
as only the sample measurement has to be done and the empty line is constructed. The
effective heat capacity of the PCM is calculated according to:

Cr = (chM _qb|ank)/ﬂ Equation 2.8

with £ being the heating rate of the dynamic segment.

As already mentioned, the above measurement methods are not standardized and PCMs
are particularly difficult samples because of the low thermal conductivity combined with
extremely high thermal mass. Besides, even the standards referring to c, measurements
explicitly state that c, measurement should not be performed inside phase change regions. The
main problem of the calorimetric measurements of PCMs is that they are based on
measurement of differential temperature signals. While the uncertainty of a differential
temperature measurement can be very low, the crucial question is what exactly this measured
temperature corresponds to [81].

Figure 2.13 presents the problem faced when measuring a PCM sample in the DSC
furnace. While heat flows to or from the sample, a temperature gradient is formed inside the
mass of the sample. During heating (Figure 2.13a), the temperature inside the sample is below
the measured temperature at the bottom of the crucible whereas during cooling (Figure 2.13b)
it is above. The temperature gradient is influenced mainly by the mass of the sample, the
heating rate of the dynamic segment and the phase change enthalpy of the PCM. In the lack of
detailed information about this gradient the sample temperature is assumed constant. This
may introduce large errors in the measurement of enthalpy values.
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Figure 2.13: Temperature profile inside the sample during a DSC measurement at (a) heating mode
and (b) cooling mode.
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Figure 2.14: The effect of heating rate and sample mass on the effective heat capacity measurements
by means of DSC [82].

Melhing et al [82] investigated the effect of the heating rate and the sample mass in the
accuracy of DSC measurements of PCMs. In their study, the effective heat capacity of a PCM
was determined with a DSC in dynamic mode using various heating rates and sample masses.
It was shown that both parameters strongly influence the resulting heat capacity curve (Figure
2.14).

Focusing on the end of the C¢ peaks shown in Figure 2.14, a clear trend can be observed.
The peak is shifted toward lower temperatures as the mass or the heating rate increases. This
behavior was explained in detail by Gunther et al. [83]. When a sample is heated in the DSC
furnace the temperature gradient inside the sample (Figure 2.13a) increases with increasing
heating rate or sample mass. However, the temperature is measured at a single point at the
bottom of the crucible holding the sample. This means that the sample temperature is
overestimated during a heating segment. As a result the heat absorbed by the sample in a
particular temperature is attributed to a higher temperature. The shift of the melting peak
increases with increasing temperature gradient, i.e. heating rate or sample mass.
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Figure 2.15: Typical temperature program and thermal response of the isothermal step method [84].

In a cooling segment the gradient is inversed (Figure 2.13b). Now, the sample temperature
is underestimated and the solidification peak is shifted toward lower temperatures. In order to
avoid the high temperature gradients and the associated errors it is suggested that low heating
rates and mass samples should be used. However for small heating rate and sample mass the
signal to noise ration and the error of the enthalpy values increase. This limits the use of the
dynamic method for calorimetry of PCMs.

Isothermal step method

Another method for the determination of the effective heat capacity and enthalpy of PCMs
as a function of temperature with the use of DSC is the isothermal step method[84]. Here,
instead of a single dynamic segment small heating ramps followed by isothermal periods are
employed. In the isothermal segments the temperature is kept constant until the sample
reaches thermal equilibrium and the baseline is reestablished. The heat flow response of the
DSC is a sequence of peaks each one followed by a near zero signal section. A typical
temperature program and the resulting thermal response is shown in Figure 2.15.

Integration of the each peak area provides the energy absorbed or released from the
sample during the temperature step. The value corresponds to the enthalpy difference between
the two temperature levels. Starting from an initial enthalpy value ho, the enthalpy h(T;) at
each temperature level T; is the sum of the previous enthalpy value h(Ti.;) and the enthalpy
difference of the step. In contrary to the dynamic method, the resulting enthalpy curve is not
continuous but it is rather represented by multiple sequential distinct values (Figure 2.16).
Thus, the temperature resolution of the curve is equal to the step size.

A major advantage of the temperature step method compared to the dynamic method is
that the uncertainty in the temperature is precisely known, because it is confined to the step
size. However, very small temperature steps result in low heat flow signal compromising the
precision of the measurement [83].



38 Chapter 2. Phase change materials in the building fabric

—
=]
=

Enthalpy [J/g]
2 o ® o B B o
(=] (=] o (=] (=] (=] (=]

[
<

18 20 22 24 26 28 30
Temperature [°C)

Figure 2.16: Enthalpy curve obtained by the temperature step method [84].
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Figure 2.17: Schematic of the T-history setup proposed by Yinging and Yi [85].

With the temperature step method the influence of the heating rate and the sample mass on
the measured properties is minimized. Still, for many PCMs, DSC measurements are
unsuitable. The problems are mainly associated with the small sample mass and the
subcooling effect. Small PCM sample may not be representative of the real composition of
the material. Additionally, subcooling is often stronger in small samples. The solution to these
problems is the use of larger samples in new experimental methods dedicated to PCMs.

2.4.3 T-history method

The T-history method was introduced by Yinping and Yi [85] and is based on the
differential thermal analysis between a PCM and a reference specimen, usually distilled
water. The method was quickly adopted by many researchers [ ] mainly because of its ability
to test larger quantities than a DSC device combined with relatively low construction cost and
simplicity. The test setup as described by Yinping and Yi is shown in Figure 2.17. Several test
tubes are filled with PCM samples and one the reference material.

In the original method as proposed by Yinping, the samples and the reference material are
preheated to a temperature well above the melting point of the PCMs. Next, they are
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simultaneously subjected to a controlled atmosphere of temperature below the solidification
point and the temperatures at the center of the tubes are recorded.

The latent heat of the material and the heat capacity of its different phases are obtained
after processing the temperature history curves. Additionally, the thermal conductivity of the
sample is obtained by using an inverse method on the total solidification time. The method
was significantly improved by Kravvaritis et al. [86] and [87] to obtain the heat capacity as a
function of the temperature.

2.5 Conclusions

In this chapter the basic PCM terms and materials used in this research have been defined
and explained. Furthermore, suitable techniques and existing applicable standardized
procedures for the thermal characterization of PCM enhanced building materials have been
discussed. Based on the insights from both theory and material characterization, the present
chapter can be concluded as follows:

e The thermal storage behavior of a PCM enhanced building material is the
combined effect of the specific heat capacity and latent heat of fusion (or phase
change enthalpy). This combined effect is described by an artificial property,
namely the effective heat capacity (Equation 2.5).

e One of the most efficient ways of adding PCMs to the building fabric is the use of
wallboards and concrete incorporated with microencapsulated or SS — PCMs.

e Thermal conductivity measurement of PCMs with the existing standardized
methods poses significant difficulties particularly when using transient techniques
like hot wire or hot disk.

e Currently, differential scanning calorimetry (DSC) is the most widely used method
to determine the thermal storage properties of PCMs. Various methods based on
dynamic and isothermal scanning segments have been proposed and successfully
used.

e The main limitation of DSC is the use of relatively small samples. In particular,
with small samples the degree of supercooling may be increased while the degree
of phase segregation may be decreased, giving different results from actual use of
the bulk materials used in practical systems.

e Moreover, DSC can only be used on relatively uniform test specimens, which is
not very realistic when testing building envelope products like concrete.

e In T-history method the quantity of the sample is substantially bigger and can be
representative of an inhomogeneous material. Nevertheless, it cannot be used to
characterize large-scale envelope elements enhanced with PCM, such as gypsum
boards or energy storage panels.
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Chapter

Numerical investigation of the Heat Flow Meter Apparatus

3.1 Introduction

As already explained in the previous chapter, experimental thermal characterization of
PCM enhanced building materials with conventional instruments and methods poses a
difficult problem mainly due to the non-linear nature of heat transfer phenomena occurring
during phase change and the dependence of the measured values on the integration
(incorporation) method of the PCM in the building material. The only commercially available
instrument for the thermal evaluation of the key PCM thermal storage properties is the
differential scanning calorimeter. The main limitation of this instrument and the respective
methodologies is the requirement for small (5-15mg), relatively homogeneous test specimens
[1] and [2]. However, a small sample is not representative in the case of composite PCM-
enhanced building envelope products (components) such as PCM-concrete, PCM-polymer, or
PCM-gypsum components. Besides, even for pure PCMs (not mixed with building materials)
phase change characteristics (i.e. subcooling, melting and cooling peaks, melting and
solidification onset etc.) have been proven to be affected by the size of the specimen [3].

In an effort to overcome the above shortcomings of the DSC method, researchers have
been following two different approaches in the development of new experimental techniques.
In the first, as already explained in chapter 2, a larger sample of the PCM is tested in a
cylindrical tube in terms of differential thermal analysis. This approach has been introduced
by Yinping et al. (1998) and is known as T-history method [4]. The second approach is based
on the dynamic operation of test setups imitating more or less the heat flow meter apparatus
(HFMA) thus dealing with board-like specimens of composite PCMs [5]. In this approach, the
heat flow meter method is modified so that the heat flux can be measured while the
temperature on at least one of the plates and/or the specimen varies with time. Due the
simplicity of this method and the easiness of the construction of an appropriate experimental
setup, the last decades have seen the emergence of the use of the HFMA for dynamic
measurements of PCMs.

Literature on the current developments in the field of thermal characterization of PCMs
based on the principles of operation of the HFMA indicates that this experimental approach is
gaining increasing acceptance among the scientific and research community [6], [7] and [8].
However, as stated by Shukla et al. [5] it is still under development and subject of intensive
research. Most, if not all, custom made test facilities are lacking a deeper analysis and
validation regarding the edge losses and the assumption of unidirectional heat flow under
transient operation. Moreover, the fact that most of the custom made devices are unguarded
and open makes them more susceptible to edge losses. On the other hand, the commercial

47



48 Chapter 3. Numerical investigation of the Heat Flow Meter Apparatus

HFMAs have been originally designed and calibrated to operate under steady state thermal
conditions.

The recently published ASTM C1784-13 standard [9] introduced for the first time a
standardized procedure for the calibration of a HFMA for dynamic measurements. However,
it stands only for a specific experimental procedure (small, isothermal temperature steps on
both plates) and therefore, is not adequate to cover the needs of the various and diverse
temperature and heat flux profiles used in PCM studies. As a result, the dynamically operated
experimental setups are calibrated under steady state conditions and the uncertainty that this
may introduce to the dynamic measurements has not been investigated yet.

In view of this fact, and before this thesis proceeds with the development of an improved
device and new methods based on the HFMA, a thorough analysis and theoretical validation
of the operation of the HFMA under dynamic thermal loads is needed. This chapter begins
with a brief description of the currently available standards for the design and operation of the
HFMA. Then, the main sources of uncertainty and the calibration procedures for steady state
HFMA measurements are analyzed in order to identify the issues that may arise during the
dynamic operation. Next, with the help of a large number of numerical simulations, equations
are derived for the absolute and relative error of the HFMA associated with the lateral heat
losses in steady state measurements. With the help of these equations, the effect of steady
state calibration on the uncertainty of dynamic measurements is assessed for a number of
different dynamic experimental procedures.

3.2  The heat flow meter apparatus (HFMA)

Before this chapter further proceeds with the analysis of the steady state and dynamic
errors, the principle and the basic design and calibration aspects of the conventional HFMA
need to be analyzed. These are extensively addressed in two international standards: ISO
8301:1991 titled “Thermal insulation - Determination of steady state thermal resistance and
related properties - Heat flow meter apparatus” [10] and ASTM C518-10 titled “Standard test
method for steady-state thermal transmission properties by means of the heat flow meter
apparatus” [11]. In the following the fundamentals of the heat flow meter method and the
respective apparatus as given in the two standards are briefly explained.

3.2.1 Basic principle of the method

The heat flow meter is an assembly that measures the steady state heat flow through flat
slab specimens in order to determine their thermal transmission properties. In the case of
porous building materials, thermal transmission includes several mechanisms of heat transfer
(i.e. conduction, radiation and possibly convection). For this reason, ASTM committee C16
includes the adjective “apparent” when describing thermal conductivity of porous materials
while ISO standards refer to “thermal transmissivity” of a material. In literature it is often
referred to as “equivalent” or “effective” thermal conductivity. In the following, however, the
term thermal conductivity will be used for brevity.

The principle of the heat flow meter apparatus is to generate a known unidirectional heat
flux through a test specimen(s) so that they appear as slab(s) of infinite width bounded by
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parallel planes. To achieve these aims, it is customary to use two temperature regulated plates
either guarded or unguarded. The guarded plates comprise two parts, a central plate
surrounded by an annular guard and separated from it by a small air gap, which acts as a
thermal barrier. In the case of unguarded plates the unidirectional heat flow is achieved with
the use lateral insulation. Heat flows from the hot plate through the specimen(s) to the cold
plate. The temperature difference between hot and cold plate is kept constant until steady-
state conditions inside the specimen are reached. Then, the thermal conductivity A (W/(mK))
of the tested specimen is calculated according to Fourier’s low of heat conduction (Equation
3.1):

A=— Equation 3.1

where g (W/m?) is the constant heat flow through the specimen, d (m) is the thickness of the
specimen and AT (K) is the temperature difference between the hot and the cold plate.

The accuracy of the method relies mostly on the accurate determination of the heat flow
through the specimen. For this reason prior to each measurement the heat flux sensors need to
be calibrated by means of standard specimens. The thermal conductivity of the standard
specimens must be traceable to an absolute measurement method that is usually 1SO 8302
[12] or ASTM C177-13 [13] using a guarded hot plate apparatus.

The application of the method is mainly limited by the capability of the apparatus to
produce unidirectional, constant heat flow through the specimen and by the accuracy in the
measurement of temperature difference, thickness and the low voltage signal produced by the
heat flux meters.

3.2.2 Apparatus

General guidelines for the design and construction of a HFMA are given in both 1ISO 8302
and ASTM C518 standards. According to these standards the key elements of a HFMA are:

e A framework holding two isothermal plate assemblies.

e Edge insulation located on the lateral surfaces of the plate assemblies and the
specimen.

A heating and a cooling unit.

At least one heat flux transducer.

Temperature sensors.

A data acquisition and control system.

Regarding the location and the number of the specimens and the heat flux meters inside
the HFMASs’ framework, three are the most commonly used HFMA configurations (Figure
3.1). They comprise a heating plate, one or two heat flow meters, one or two specimens and a
cooling plate. The three configurations are capable of providing accurate results when
operated within the limitations of the standards but there are distinct advantages for each one
in practice.
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Specimen
Specimen Specimen

Specimen

a b C

Figure 3.1: Schematic of typical HFMA configurations: a) Single-specimen asymmetrical
configuration, b) Single-specimen symmetrical configuration, ¢) Two-specimen symmetrical
configuration

AY

a b c

Figure 3.2: Typical fluid-path layouts for the temperature control of the working surfaces. a) Flow in
several paths, b) Simple one-path flow and ¢) Helical counter-flow path.

The most important parts of the apparatus are the heating and cooling plates. They are
assemblies that provide isothermal surfaces in contact with the test specimen. This is achieved
by means of electrical heaters, thermoelectric heaters/coolers, by circulating a constant
temperature liquid inside the plates or a combination of the above. In the case of liquid heated
plates the most frequently used fluid-path layouts are depicted in Figure 3.2. The maximum
acceptable deviation from the isothermal conditions according to ASTM C177 is +0.3°C and
according to 1SO 8301 1% of the temperature difference across the specimen. In order to
achieve the required levels of temperature uniformity thermal insulation is placed on the
edges of the plates.

The surfaces of the plates in touch with the specimen (working surfaces) consist of a metal
of high thermal conductivity. Sufficient thermal contact between the working surfaces and the
specimen is achieved with the appropriate treatment of the working surfaces in terms of
smoothness and emittance. According to the standards they should be smoothly finished to
conform to a true plane within 0.025% and painted or otherwise treated to have a total
hemispherical emissivity greater than 0.8 at all operating temperatures.

A heat flux sensor may be attached to one, both, or neither plate assembly depending on
the design (Figure 3.1). The part of the plate in contact with the heat flux sensor is called
metering area and the remainder of the plate guard area.
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The working surfaces are instrumented with precision temperature sensors such as
thermocouples, platinum resistance thermometers (RTD), and thermistors. The value of the
measured temperature is fed to the temperature control loop of each plate consisting of
heating and/or cooling devices and appropriate controllers.

3.2.3 Calibration

The HFMA method for measuring thermal conductivity is a secondary or relative method
since the ratio of thermal resistance of the specimen to that of a reference specimen is
measured. This is done with the calibration procedure that shall be carried out before or after
each measurement and within a range of 24 hours. The main reason why the calibration of a
HFMA is a very critical operation is that lateral heat losses or gains cannot be completely
eliminated but only lessened with the use of the guard area and the edge insulation. Moreover,
most of the commercially available heat flux transducers produce a very low voltage signal
requiring extremely sensitive and accurate multimeter circuitry.

To ensure that the equipment is performing properly, measurement and calibration
procedure shall be carried out under the same hot and cold side temperatures as were used at
the absolute method measurement of the reference specimen. Moreover, the differences
between the geometrical and thermal properties of the reference specimen and of the
specimen to be measured should be minimal. When short and long term stability of the
apparatus have been proven less than +1% of the reading the HFMA can be calibrated less
frequently.

The calibration procedure of a HFMA depends on the configuration of the device (Figure
3.1). For the single specimen symmetrical configuration that is of interest in this study and
assuming that two reference specimens (having the same thickness and similar thermal
conductance) measured in a guarded hot plate (GHP) apparatus are used, the calibration
factor, S (W/(m2V)), is calculated with the following procedure:

e The mean thermal conductance A, (W/(m?K)) of the two reference specimens is
determined by the GHP.

e The two specimens are sequentially inserted in the HFMA. For each specimen the
same hot plate and cold plate temperatures (T, and T, (K) respectively) are set and
the output voltage of the two heat flux transducers (E, and E. (V)) at steady state
conditions is recorded.

e According to ASTM C518 the calibration factors of the hot and cold plate heat
flux transducer (Sh and S, respectively) are calculated as:

= E., Equation 3.2

and
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Equation 3.3

Thl _Tcl Th2 _Tc2

Alternatively, for reference specimens with slightly different thicknesses (di and dj)
according to 1SO 8301 by defying A;=Ay/d1 and A,=An/d, the calibration factors are
calculated as:

S 2
" E, . Ey Equation 3.4
Al(Thl _Tcl) Az (Thz _Tcz)
and
s _ 2
c E E Equation 3.5

cl c2

+
A1 (Thl _Tcl) Az (Thz _Tcz)

where indexes 1 and 2 stand for the two calibration specimens.

The above procedure can be repeated in various temperatures and temperature differences
of the hot/cold plates, and with specimens having different thermal conductivities and
thicknesses. In this way calibration curves or equations can be derived. However, the use of
calibration curves needs special attention mainly for two reasons. First, according to the
recommendations of the standards each measurement shall be carried out immediately after
calibration at the same experimental conditions and geometrical parameters as the calibration
factors may gradually change. Secondly, measurement errors are a combination of the effects
of various parameters that cannot be decoupled. For example, when measuring calibration
specimens with different thermal conductivities in order to derive a calibration curve, the
estimated calibration factors are also affected by ambient temperature (and consequently edge
losses) and thickness. As a result the curve can be safely used to characterize unknown
specimens only under the same experimental conditions.

3.3  Sources of error in heat flux measurements

Calibration of the heat flux sensors of a HFMA compensates for systematic errors
associated with the measuring line (the circuitry from the sensor to the final digital value
provided by the AD converter), the measuring sensor itself, and the deviation of the heat
transfer scheme from the one dimensional, steady state theoretical heat transfer assumed,
owed to the edge losses from the lateral surfaces of the specimen. While the errors in the
measuring line are the same in case of steady state and dynamic measurements, the errors
associated with the other fact ors may deviate depending on many parameters.
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3.3.1 Calibration (uncertainty) related to the heat flux sensors

The heat flux sensors are of critical importance regarding the quality of the measurements
of the HFMA. They can be commercial or custom made. In any case, the principle of their
operation is usually based on a thermopile assembly located on the two sides of a core
material [14]. The small temperature difference developed as heat flows through the core
material produces a voltage signal almost directly proportional to the heat flux.

Regarding steady state measurements, calibration of the sensors compensates for two
effects both related to the sensors’ temperature. The first is the variation of the thermal
conductivity of the core material and the second is the variation of the Seebeck coefficients of
the thermopile alloys. In commercial heat flux sensors the calibration curve, often provided by
the producer, takes into account these effects. If the sensitivity of the sensor is given only at
one temperature then the contribution of the above factors needs to be determined.

In case of dynamic measurements the thermal mass of the HF sensors needs also to be
considered. Annex A of ASTM C1784 describes in detail the procedure for the determination
of the correction factor due the transient heat transfer through the sensors. It is stated that the
correction factor is not equal to the specific heat of the sensors and proposes a calibration
procedure based on Tleoubaev at al [15]. If this procedure is followed, the uncertainty of the
HFMA during dynamic measurements associated with the heat flux sensors can be reduced to
the same levels as in steady state operation.

3.3.2 Calibration (uncertainty) related to the edge losses

The calibration aspects presented in the previous section, if carefully addressed, assure
that the heat flux sensors provide accurate values within certain limits of error. However, all
methodologies (steady state or dynamic) for the analysis and interpretation of the results of a
HFMA, assume a unidirectional heat flow through the specimen. Edge losses through the
lateral surfaces of the specimen may distort the thermal field creating deviations from the
unidirectional assumption. Consequently, the accurate measured heat flux values should be
further adjusted to compensate for these deviations.

The lateral (edge) heat losses or gains during steady state or dynamic measurements are
influenced by many factors related to the specimen, the measurement conditions and the
device. In steady state operation (i.e. thermal conductivity measurement), since measuring
conditions are constant with time, calibration of the heat flux sensors with a reference material
of properties similar to the tested specimen at the same measuring conditions (mean sample
temperature and surrounding ambient temperature) eliminates the effect of lateral losses. If
the reference material is available at many thicknesses, a calibration curve can be derived so
that the calibration factor can be corrected for any given thickness. The same applies for
calibration at multiple mean specimen temperature points. Finally, calibration with materials
of widely differing thermal resistances can correct possible nonlinearity of the sensors’
response versus heat flux.

Another way to evaluate and calibrate a HFMA regarding its edge losses in steady state
operation for a given specimen is to measure the signals of the heat flux sensors when the
temperature difference between the hot and the cold plate is zero [16]. These signals,
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sometimes referred to as residual heat fluxes, are zero when edge losses are negligible and
proportional to the temperature difference between the ambient and the mean specimen
temperature when edge losses occur.

On the other hand, during dynamic measurements, the varying plate and mean specimen
temperatures make the calibration for edge losses much more complicated. In literature few
sources can be found, where the edge losses effect in dynamic HFMA measurements is
addressed. In a simplified approach Tleoubaev et al. [15] proposed the subtraction of the
residual heat flux sensor signal from all measurements during a dynamic procedure for the
determination of the volumetric specific heat using heat flow meter instruments. The weak
point in this approach is that the residual heat flux is determined at the end of the dynamic
experiment when the specimen has reached steady state conditions. The assumption that the
value of the steady state derived residual heat flux is present and constant during the whole
dynamic procedure does not seem to be valid as it will be explained in paragraph 3.5.

A first step in the direction of addressing the uncertainty in dynamic heat flux
measurements in a general way is to assume that the thermal mass of the specimen and/or the
heating/cooling rate during a dynamic measurement is low enough to consider the transient
conditions as pseudo steady state. These pseudo state conditions constantly change during a
measurement so does the error due to edge losses. The next paragraph investigates the
correlation between this error and the measuring conditions for a wide range of specimen
properties.

3.4  Edge losses in steady state operation

In order to study the effect of the lateral heat losses on the accuracy of heat flux
measurements of a HFMA, a three dimensional simplified model of a square specimen
bounded between by two isothermal surfaces was simulated with the commercial software
ANSYS. As mentioned in the introduction, the most common practice for the experimental
analysis of PCM with HFMA devices is the use of custom made unguarded devices. For this
reason, in the following analysis the lateral surfaces of the specimen are considered directly
exposed to the surrounding environment.

The parameters examined are the difference between the mean specimen temperature and
the surrounding ambient temperature DT [°C], the temperature difference between the hot and
the cold plate dT [°C], the thickness, d (mm) and the thermal conductivity, 4 (W/(mK)), of the
specimen, the shape and the metering area of the heat flux sensor and the edge length of the
square plates L (mm).

Figure 3.3 illustrates the simulation results for the case of a specimen of dimensions
200x200x70 mm?® with thermal conductivity value of 0.03 W-m™-K™. The metering area of
the heat flux sensor is 30x30 mm?. The ambient temperature is set to 20°C while hot and cold
plate temperatures are 20°C and 0°C respectively. The resulted average heat flow through the
metering area of the cold plate, gap,coiq Was -9.12 Wm while the average heat flow through
the metering area of the hot plate gap 1ot Was 8.04 Wm. The theoretical one dimensional heat
fluxes for the hot and the cold plates (heat flux is considered positive when it enters the
specimen and negative when it leaves the specimen) are calculated according to:
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Figure 3.3: Cross-sectional view of the temperature field, and heat low fields on cold and hot surfaces
of the specimen.

Oio cotd = _g'dT Equation 3.6
4 E tion 3.7
Ohp o = -dT quation 3.

The relative error of the heat flux sensor measurements due to the edge losses (ecoig and
eHot) is calculated by the following equations:

e = M.loo Equation 3.8
Oio

The calculations gave the values of -6.37% and 6.23% for the hot and the cold plate
respectively (Equation 3.8). It is noted that the mean error is near zero. Practically, this means
that averaging the heat flux values of the two sensors eliminates the effect of edge losses.
Besides, this is one of the major advantages of the symmetrical HFMA configuration for
steady state measurements.

3.4.1 The effect of specimen and operatiomal parameters

The configuration described in the previous paragraph was initially simulated in 81
different cases in order to investigate the effect of thickness, thermal conductivity, ambient
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Table 3.1: Coefficients of the correlation (Equation 3.9) describing the deviation of the measured heat
flux form the theoretical one dimensional heat flux.

al a2 bl b2
Cold sensor coefficients -4.60e-09 4.59 0.00118 -0.00694
Hot sensor coefficients 5.61e-09 4,54 0.00122 -0.00859

and plate temperatures. The range of thermal conductivity covered was from 0.03 Wm™K™ to
3 Wm™K™ and the range of specimen thickness from 30 mm to 100 mm.

The difference between the ambient and the mean specimen temperature was up to 20°C
while the maximum difference between the ambient and the cold plate temperature was 30°C.
The convective heat transfer coefficient was considered constant equal to 3 W/(m?®K). The
same applies for the specimen area and the heat flux meter measuring area with values of
200x200 mm? and 30x30 mm? respectively.

From the simulation results the average values of the three dimensional calculated heat
fluxes through the metering areas of the hot and the cold surfaces (0sp,cold @nd Qsp Hot) Were
obtained. For all cases, the relative error, exo [%], was calculated with the use of Equation
3.8. Figure 3.4 presents indicative results for the sensor attached to the cold surface and for a
temperature difference of 20°C between the hot and the cold surface. In all cases, the error is
directly proportional to the temperature difference DT and inversely proportional to thermal
conductivity. The effect of thickness appears to be in the form of power (i.e. in the form of d?)
and inverse proportional at the same time. The same trends were observed inside the whole
range of temperature differences between the hot and the cold surfaces. Moreover, the
respective error of the cold surface sensor in all cases was always almost equal to the additive
inverse of hot plate error.

Overall, the following expression (Equation 3.9) appears to be a very satisfactory
approximation of the relative error (ex0) as a function of thermal conductivity, thickness,
temperature difference between the plates and temperature difference between ambient
temperature and mean sample temperature:

Equation 3.9

T %o — %o 100 = a1d " DT
200 R A+bd+b, dT

where d is the thickness in mm, X is the thermal conductivity of the specimen in W/(mK) and
DT is the difference between the ambient and the mean specimen temperature. The
coefficients aj, ay, b; and b, are estimated by fitting the equation to the numerical results
using the Levenberg-Marquardt algorithm [17] for nonlinear least squares and non-robust fits.
The optimized values for the hot and the cold surface heat flux sensor errors are given in
Table 1.

From Equation 3.8 and Equation 3.9 the following absolute error can be calculated:
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Figure 3.4: Relative difference of the 3-dimensional and 1-dimensional heat flux through the metering
area of the hot surface heat flux sensor.
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Equation 3.10
A+bd+b,

AQ =0y, —0Osp =10

Considering a zero value for the temperature difference between the hot and the cold plate
(dT), qip becomes zero too so that the left part of Equation 3.10 corresponds to the residual
heat flux. Now, from the right hand of the equation it becomes obvious that the residual heat
flux for a given specimen (constant A and d) is proportional to difference between the ambient
and the mean specimen temperature and independent of the temperature difference between
the hot and the cold plate. Besides, this is the reason why the residual heat flux is used to
evaluate the steady state performance of a HFMA.

3.4.2 The effect of the metering area

In the above analysis the metering area was considered constant with a square shape of
dimensions 30x30 mm?. Larger metering area will result in increased error as can be seen in
Figure 3.5a, where the heat flux values are plotted over a line in the middle of the hot and cold
surface. It can be seen that the heat flux on the hot and the cold surfaces near the center of the
plates are symmetrical in relation to the one dimensional (without edge losses) heat flux.
Thus, averaging the values of the two sensors near the center area (Figure 3.5b) appears to
eliminate the error due to the edge losses.
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Figure 3.5: Measured and theoretical (one dimensional calculations) heat flux over a line at the
middle of the hot and the cold surface presented on (a) the entire surface and (b) on the central part of
the surface.
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Figure 3.6: Influence of the shape of metering area on the measured heat flux.

In order to assess the effect of the sensor shape on the measured heat flux three different
shapes of heat flux sensors were considered (Figure 3.6a). The evolution of the measured heat
flux is now plotted as a function of the metering area fraction which is the (metering
area)/(total specimen area) ratio (Figure 3.6b). For ratios up to 0.4 the evolution is almost
independent of the shape. For higher values the square shaped sensor appears to perform

better.

Finally, the analysis presented in 3.1 is repeated for six more values of square metering
areas. Equation 3.9 is fitted again to the resulting error values and new coefficients are

obtained. The results are presented in Table 3.2.
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Table 3.2: Coefficients of Equation 3.9 for seven values of metering area fraction.

Metering area Cold sensor coefficients Hot sensor coefficients
fraction a a, b, b, a a, b, b,
0 -2.60E-09 4.70 0.00120  -0.00831 3.12e-09 4.66 0.00124 -0.00100
0.0225 -4.60e-09  4.59 0.00118  -0.00694 5.61e-09 454 0.00122 0.00859
0.1 -2.74e-08  4.22 0.00113  -0.00234 3.57e-08 4.16 0.00117 -0.00371
0.15 -7.65e-08  4.03 0.00101  0.000570 9.93e-08 3.96 0.00115  -0.000815
0.2 -1.86e-07 3.84 0.00107 0.00285 2.47e-07 3.76 0.00112 0.00190
0.3 -9.41e-07  3.52 0.00101 0.00693 1.39e-06 3.43 0.00107 0.00663
0.4 -3.44e-06  3.27 0.000981  0.00881 5.3%e-06 3.16 0.00104 0.00973
x10°
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Figure 3.7: The coefficients of Equation 3.9 as a function of the metering area fraction.
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Figure 3.8: Coefficient ¢ of Equation 3.11 as a function of thermal conductivity.

The same values are plotted as a function of the metering area fraction in Figure 3.7. From
this graph it becomes clear that there is an obvious correlation between the two measures
allowing for the determination of the coefficients for any given heat flux sensor area. With the
use of Equation 3.9 and Table 3.2, the determination of the effect of the edge losses is now
possible within a wide range of measuring conditions and many parameters. It has to be noted
that Equation 3.9 is valid for square specimens of dimensions 200x200 mm? (length x width)
with their lateral surfaces directly exposed (without edge insulation) to the surrounding air.
The value of the convective heat transfer coefficient is 3 W/(m’K).

3.4.3 The effect of specimen surface area

Additional cases where examined in order to assess the effect of the edge length of the
square specimen. The range covered was from 200mm to 400mm for the edge length. The
corellarion is given by Equation 3.11:

e=e,,-exp(—c-(Len—200)/d) Equation 3.11

where ey is the respective error for a specimen of dimensions 200x200 mm? (Equation 3.9),
Len is the edge length of the specimen in mm and c is a coefficient depending on the thermal
conductivity of the specimen. Equation 3.11 has been found to provide a good estimate of the
error for the values of ¢ presented in Figure 3.8. It is noted that Equation 3.11 is less accurate
than Equation 3.9 and cannot distinguish the small differences in the error of the hot and the
cold plate sensors. Thus, coefficient c is the same for the two sensors. Moreover, the values
given in Figure 3.8 apply only for metering area of dimensions 30x30 mm?. As expected, the
limit of e (Equation 3.11) as L — oo or d — 0O is zero.
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3.5 Edge losses in transient operation

Now that some basic equations are available, the relation between the edge losses during
the steady state and dynamic operation of a HFMA can be investigated. There are different
options how a HFMA can be operated in dynamic mode. The most frequently used are the
following three:

e Temperature ramp on one or both plates
e Temperature step on both plates
e Cyclic temperature variation on one plate and constant temperature on the other

In the following sections the above experimental procedures are simulated for two
different typical kinds of specimens. The first is of low thermal conductivity and thermal
mass (A = 0.03 W/mK, p = 15 kg/nm®, Cp, = 1000J/kgK) corresponding to lightweight
insulation materials. The second is of higher thermal conductivity and density (1 = 0.3
W/(mK), p = 1000 kg/nm®, Cp = 1000J/kgK) corresponding to polymer based materials or
gypsum based materials (e.g. shape stabilized PCMs, PCM gypsum boards etc.). In both cases
the specimen is of dimensions 200x200x70 mm®. For each type of specimen the experimental
procedure is simulated for two different conditions regarding the lateral losses: perfectly
insulated lateral surfaces and lateral surfaces directly exposed to ambient air with convective
transfer coefficient equal to 3 W/m?K. Comparing the results between the exposed and the
perfectly insulated case the error due to the edge losses can be calculated. It is noted that the
metering area of the heat flux sensors used for the calculations is assumed very small at the
center of the hot and cold plates. In the following the term error is used instead of “error due
to edge losses” for brevity.

3.5.1 Temperature step

The most simple and easy to apply approach for the dynamic assessment of materials with
the use of a HFMA is the temperature step procedure [18] and [19]. It is realized by applying
the same temperature step boundary condition on both surfaces of a specimen of uniform
initial temperature. The specimen is then kept at the new boundary temperatures until steady
state conditions are established. The heat flux through the surfaces and its integral over time
can be obtained and used for the evaluation of the dynamic thermal properties of the material.

The procedure simulated within this study is shown in Figure 3.9. The specimen at initial
temperature of -10°C is inserted in the HFMA which is considered preheated at 50°C. The
ambient temperature is 20°C. Steady state conditions are established in less than an hour for
the lightweight specimen (Figure 3.9a) and in several hours for the massive specimen (Figure
3.9b). In Figure 3.9 the temperature evolution at the center of the sample is also presented.
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Figure 3.9: Temperature step boundary conditions and temperature evolution at the center of (a) the
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Figure 3.10: Steady state and dynamic error of the temperature step procedure for (a) the lightweight
specimen and (b) the massive specimen.

In the final, steady state conditions the residual heat fluxes (in case of the exposed
specimen) calculated by Equation 3.9 are ca. -1.5 W/m? and -4.2 W/m? for the light and the
massive specimen respectively. On the other hand, the error of the dynamic heat flux
measurements is not constant. Figure 3.10 shows how this error varies during the experiment
for the two kinds of specimens. In all cases, it starts from a zero value ascending to low
positive values while the mean temperature of the specimen is below ambient temperature.



3.5. Edge losses in transient operation 63

50 T

Cold température

Hot temperature
40

30r

20

Temperature [°C]

0 600 1200 1800 2400 3000 3600
Time [s]

Figure 3.11: Boundary conditions on the surfaces of the specimen for the temperature ramp
simulation.

As the temperature of the specimen rises above the ambient temperature the error decreases to
the final steady state value. It is obvious that the simplified calibration approach of subtracting
the residual heat flux from all the measurements as proposed in [16] would eliminate the
dynamic error near the end of the procedure but would introduce an otherwise non existing
error at the beginning of the measurements.

3.5.2 Temperature ramp

Another approach for the investigation of materials under dynamic loads with the use of
the HMFA is the application of temperature ramp profile on the one side of the specimen
while maintaining the other side at constant, close to the ambient temperature. This is an
interesting approach from the calibration point of view as, during such an experiment, the
ratio DT/AT remains constant. According to Equation 3.9, in this case the steady state edge
losses and the related error are constant even if the measuring conditions are changing.

The boundary conditions used for the simulation of this case are shown in Figure 3.11. A
constant heating rate of 1°C/min is applied on the cold surface while the temperature of the
hot surface is set at 20°C. Initially, the specimen is under steady state conditions with
boundary temperatures at -10°C and 20°C. The ambient temperature is considered constant,
equal to 20°C.

Figure 3.12 presents the error obtained from the simulation results of the dynamic cases in
comparison to the steady state error calculated by Equation 3.9. In case of the lightweight
insulation specimen (Figure 3.12a) the error during the dynamic simulations is close to the
steady state error for high temperature difference, dT, between the hot and the cold plate.
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Figure 3.12: Comparison of the dynamic and the steady state heat flux relative error for (a) the
lightweight insulation specimen and (b) the massive specimen.

For low dT the relative error increases but as the absolute values of heat fluxes are very low
the absolute error is small. For example, a relative error of the cold side sensor of ca. -7% at

dT equal to ca. 2°C (Figure 3.12a) corresponds to an absolute error (0, —0,, ) of ca. +0.25

W/mZ. In this case, it appears that steady state calibration of the sensors at Ty = 20°C and
Teold = 0°C can eliminate the error due to the edge losses during the dynamic measurements.

In case of the massive specimen, the dynamic error of the cold sensor is high for the first 5
minutes of the procedure but it gradually decreases. On the contrary, the error of the hot
sensor increases near the end of the dynamic procedure. In this case, calibration of the device
at steady state conditions would not eliminate the error due to the edge losses during the
dynamic measurements.

3.5.3 Sinusoidal temperature variation

A less frequently used experimental approach for the investigation of the fundamental
behavior of PCMs is the use of realistic boundary conditions on the surfaces of the PCM
component. In practice, simplified temperature profiles are used assuming constant
temperature at the one side of the specimen simulating indoor environment and sinusoidal
temperature variation on the other side of the specimen simulating outdoor environment.
Ahmad et al. (2006) [20] used a constant temperature of 23°C and a sinusoidal variation
between 16°C and 31°C for the study of a polycarbonate panel filled with PCM. In another
study, Hunger et al. (2009) [21] investigated the thermal behavior of self-compacted concrete
containing micro-encapsulated PCMs using a sinusoidal profile from 18.5°C to 28.5°C and a
constant temperature of 23.5°C. In these studies the heat flux through the surfaces of the
specimen was compared to that of a reference specimen. Despite the successful employment
of a custom made HFMA for the dynamic measurements, in both studies calibration and
uncertainty of the heat flux measurements due to lateral losses was not analyzed.
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Figure 3.13: Boundary conditions on the surfaces of the specimen for the temperature profile
simulation.

In this study, the above experimental approach is simulated using the boundary conditions
depicted in Figure 3.13. As explained in the previous section, by keeping the temperature of
the one plate fixed near ambient temperature the ratio DT/dT remains constant resulting in a
constant steady state relative error. On the other hand, the (pseudo) steady state absolute error
is calculated by Equation 3.10. In case of the lightweight specimen the absolute heat flux error
of the dynamic measurements is almost equal to the steady state error with a small time shift
(Figure 3.14a). The dynamic relative error, similarly to the case of temperature ramp profile,
remains close to the steady state relative error when the heat flux values are high and deviates
during low heat flux values (Figure 3.14c). In case of the massive specimen the absolute heat
flux error of the dynamic measurements is significantly shifted in time compared to the
lightweight specimen (Figure 3.14b). Hence, the deviation of the relative error is larger.
Figure 3.14d is illustrating this behavior. Again, a sharp rise of the error is observed for low
DT values. However, the absolute error in these regions is low.

From the calibration point of view, it appears that for both the massive and the lightweight
specimen an appropriate steady state calibration procedure would significantly reduce the
dynamic error. From Figure 3.14c and Figure 3.14d it becomes clear that applying a
correction to the dynamic heat flux measurements according to the constant value of the
(pseudo) steady state error would shift the dynamic error curve toward the zero line.
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Figure 3.14: Error due to the edge losses for realistic boundary conditions: (a) Absolute error of the
lightweight specimen, (b) Absolute error of the massive specimen, (c) Relative error of the lightweight
specimen and (d) Relative error of the massive specimen.

3.6  Conclusions

The present chapter addresses uncertainty and calibration issues of the heat flow meter
apparatus in dynamic operation. In doing so, first the main differences between the errors
introduced to steady state and dynamic HFMA measurements are identified and explained. An
extensive analysis of the error due to edge losses in steady state operation is performed. Then,
the dynamic error is examined for typical experimental protocols.

From the study of the existing literature it is concluded that:

e The difference between the error in steady state and dynamic measurements owns
its presence to the thermal mass of the heat flux sensors and to the different
behavior of the HFMA regarding the lateral heat losses/gains.
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The influence of the thermal mass of the HF sensors is described in Annex A of
ASTM C1784 where a procedure for the determination of the correction factor due
the transient heat transfer through the sensors is determined.

The error due to the edge losses is one of the most critical factors influencing the
calibration quality and the uncertainty of dynamic measurements.

The currently common calibration practice is to use the procedures dedicated to
steady state operation.

Therefore, in order to understand the behavior of the edge losses during dynamic operation
and the influence of the current practice that is to calibrate the HFMAs with steady state
protocols, first, the edge losses are analyzed in steady state operation. A large number of
steady state simulations were executed in order to study the influence of the properties and the
geometry of the specimen, the measuring conditions, the metering area and the specimen area.
The results of the steady state analysis are summarized as follows:

Three equations describing the influence of the above parameters were derived.
The error due to edge losses of the cold surface sensor is always almost equal to
the additive inverse of hot plate error.

The residual heat flux due to edge losses is independent of the temperature
difference between the hot and the cold plate and directly proportional to the
temperature difference between the ambient and the mean specimen temperature.
The shape of the metering area does not affect the edge losses error for low
metering to total area ratio.

The error is function of the specimen’s length to thickness ratio. In particular, it
decreases exponentially with increasing ratio and the exponential decay constant is
a function of the thermal conductivity of the specimen.

Based on the results of the steady state analysis, three different dynamic experimental
protocols were examined. The conclusions are summarized as follows:

In dynamic experimental protocols based on temperature steps the edge losses
error is lower than in the respective steady state conditions. This applies for either
lightweight or massive specimens.

On the contrary, in temperature ramp protocols lightweight specimens behave
different that the massive ones. In the first, the error during dynamic measurements
is close to the respective (pseudo) steady state error. In massive specimens, the
dynamic error lies mostly within 3% of the respective steady state error.

For realistic boundary conditions (sinusoidal temperature profile on one plate and
constant on the other) the dynamic absolute error appears to be shifted in time in
relation to the respective steady state error. However, steady state calibration
reduces the dynamic edge losses error.

Based on the above some general remarks are drawn:

The error due to the edge losses in dynamic operation is always related to the
respective error in steady state conditions. In all cases, the values of the dynamic
error are close to the values of the steady state error.

Thus, the error equations derived from the steady state analysis can be used to
provide an estimation of the error in dynamic operation.

This allows the use of these equations as design criteria for both steady state and
dynamic heat flow meter apparatuses.
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Chapter

Development of a dynamic heat flow meter apparatus

4.1 Introduction

This chapter focuses on the development and evaluation of a dynamic heat flow meter
apparatus for the experimental assessment of PCM enhanced building components. The
previous chapter confirmed that the HFMA is able to measure the heat flux through
specimens under dynamic boundary conditions within certain limits of error. Additionally,
some equations were derived allowing a preliminary estimation of the error that is related to
the edge losses from the specimen. Based on these equations and on the relative literature on
the construction of custom made DHFMASs a new apparatus was designed and constructed.

In literature many sources can be found where experimental analysis of novel PCM
enhanced materials is conducted with the use of the principle of the heat flow meter
apparatus. These works can be divided in two groups regarding whether the utilized
apparatuses are commercial HFMAs or custom made, specially designed to meet the needs of
each experimental work. While the latter approach seems to be the preferred one in most of
the researches throughout the years, the use of modified commercial apparatuses is lately
gaining an increasing attention.

The first marked research work in which a custom-made HFMA was introduced was a
study concerning micro-encapsulated PCM integrated into plasterboards conducted by
Schossig et al. [1] at Fraunhofer ISE within a German government-funded project, extending
from building simulations to first measurements of full-size rooms equipped with PCM. In
this project, the validation of the simulation results was performed with the use of a test
facility for wall samples of 50x50 cm? area. The wall sample was pressed between two copper
plates, which could be heated and cooled independently. This allowed various temperature
profiles to be input at the surface of the wall samples. The thermal performance of the walls
was determined by measuring the resulting heat flux and the temperatures in several layers of
the sample. Although the test facility constructed for this study shared the same general
features with a HFMA the authors do not mention any compliance with the relative 1SO or
ASTM standards.

The same applies for the work of Ahmad et al. [2] dealing with experimental and
numerical investigation of wallboards containing PCM. In the test facility presented in this
study the wallboard was placed between two stainless steel heat exchangers. The temperature
of the surfaces in contact with the specimen was controlled by two temperature regulated
water circuits. One of the circuits was supplied by a programmable thermo-regulated bath
capable of producing prescribed water temperature variations. Temperature and heat flux on
each surface was measured by 5 temperature and heat flux sensors respectively.

71
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A similar apparatus was developed by Younsi et al. [3] in order to investigate hydrated salt
based PCMs. In their work the sample holder comprised two vertical, hollow aluminum
plates. Temperature was controlled by thermo-regulated baths with a precision of 0.1°C.
Temperature and heat flux on the surface of the plates was measured with T-type
thermocouples and tangential gradient flux meters [4] respectively. The same device was later
used by Joulin et al. [5] and [6]. In the first study the device was used in order to characterize
a panel containing a hydrated salt for use in passive solar walls and also in order to validate
various numerical models. In the second study a new method was developed for the
comparative study of a conventional mortar and a micro-encapsulated phase change material
embedded in a mortar.

Trigui et al. [7] used the same concept in order to investigate the thermal energy storage
properties of a shape stabilized composite phase change material. They used aluminum plates
in horizontal configuration and thermo-regulated baths. In an effort to increase the sensitivity
of heat flux measurements the active area of the heat flux sensors mounted on the surfaces of
the plates was relatively large covering an area of 400 cm®. Another improvement was the
addition of an electrical heating element on the surface of one of the heating plates in order to
achieve a more robust temperature control on the side of the specimen exposed to sinusoidal
temperature profiles.

On the other hand, Kosny et al. [8] were the first to conduct transient heat flux
measurements with a HFMA built in accordance with ASTM C518 standard. They
investigated the thermal performance of cellulose specimens containing 10% to 40% per
weight PCM and the same insulation without PCM. This was the first in a series of
publications utilizing the HFMA in order to establish dynamic testing procedures for the
determination of the dynamic characteristics of PCM enhanced envelope components [9], [10]
and [11]. Part of these works was finally adopted by ASTM subcommittee C16.30 on thermal
measurement at the first standard test method that uses a heat flow meter apparatus for
measuring the thermal storage properties of PCMs and products [12]. Shukla et al. were also
the first to use the term dynamic heat flow meter apparatus (DHFMA) to describe a HFMA
operated under dynamic temperature and heat flux conditions [13].

This chapter, in an effort to contribute to the development and establishment of the
DHFMA for PCM characterization, explains the design, construction and operation of a new
apparatus. First, a detailed description of the DHFMA developed in this thesis is presented.
The design of the heating /cooling working surfaces and their temperature control is explained
and justified. The data acquisition system is described and analyzed in terms of precision and
accuracy. Then, the operation of a prototype apparatus is evaluated under steady state and
dynamic operation. Conventional insulation materials and PCM incorporated specimens are
tested. Results obtained with the new apparatus are given and evaluated.
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4.2  Experimental setup

Prior to a more thorough analysis or any possible optimization of the HFMA for dynamic
measurements, first a prototype experimental setup needs to be designed and constructed to
allow for a qualitative and quantitative assessment of the dynamic heat transfer scheme. As
stated in ISO 8301, the design and construction of a HFMA is a complex subject requiring
great care. A thorough background of knowledge of heat transfer mechanisms in the materials
being evaluated, coupled with experience of electrical and temperature measurements
particularly in low signals is essential. Experience in the development of temperature control
systems is also required.

As analyzed in chapter 3, the heat flow meter apparatus and the respective methodology
for measuring the steady state thermal properties of materials have been developed for steady
state operation and analysis of the collected measured data. Careful design and construction of
an apparatus in-line with the relative standards ensures reliable measurements only at
temperature and heat flow rate levels similar to that applied during calibration. However, the
dynamic operation of a heat flow meter involves continuous measurements of unsteady heat
flow densities under varying temperatures and temperature differences. Thus, additional
design and calibration aspects should be considered during the development of a DHFMA.

In this work, after preliminary calculations a prototype test set-up was developed. In the
following paragraphs the design, construction and operation of the prototype apparatus
configuration, the measurement system, the control system and the developed software are
explained and justified.

4.2.1 General description

The transient operation of a DHFMA necessitates the use of at least one heat flux meter on
each of the two plates. This is satisfied with a design based on the single specimen
symmetrical HFMA. For the sake of cost and construction time reduction an open (without a
protecting sleeve) apparatus was designed. The developed setup is schematically depicted in
Figure 4.1. It includes:

A sample holder with two heating/cooling plates.
Two thermoelectric devices.

A cooling unit with a storage tank.

A primary and a secondary water circuit.

A control unit.

Several temperature and heat flux sensors.

A data acquisition device.

A PC with the appropriate software.

The core of the device is the sample holder assembly comprising two heating/cooling
plates, each one mounted vertically on a support frame. A rail system allows the displacement
of the plates to adjust to the thickness of the specimen. The lateral surfaces of the specimen
and the plates are covered with an insulation layer to minimize the edge losses.

During operation the control unit regulates the temperature on the working surfaces of the
plates according to the user defined temperature profile assigned to each plate.
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Figure 4.1: Schematic representation of the Dynamic Heat Flow Meter Apparatus test facility.

Temperature regulation is achieved with circulation of water from the thermoelectric devices
to the plates of the sample holder. The temperature and heat flux response on the plates and at
several locations on the measured specimen are recorded by a data acquisition system
comprising of temperature and heat flux sensors, a data acquisition device, and a PC.

4.2.2 Heating/cooling plate assemblies

The main elements of the DHFMA are the heating and cooling plate assemblies. They act
as heat exchangers between the sample and the heat flow medium (water). The requirements
to be considered in their design are:

Isothermal working surfaces

Fast temperature response

Attenuation of small temperature fluctuations due to control discrepancies
High working surface emissivity

The parameters affecting the above requirements are:

The materials of the heat exchange plate and the sealing part
The treatment of the working surface

The size of the heat exchange surface

The design of the fluid path

The mass flow rate of the working fluid

From the material point of view, the requirement of isothermal working surfaces under
steady state operation is satisfied with the use of highly thermal conductive plate materials (in
most of the cases stainless steel of copper). On the other hand, the same requirement under
dynamic thermal loads additionally calls for low and evenly distributed thermal mass of the
plate assembly behind the working surface. Low thermal mass together with high thermal
conductivity indicates aluminum as the most appropriate and at the same time inexpensive
material. The low thermal mass of aluminum also satisfies another critical requirement of a
dynamic HFMA, the fast temperature response of the working surfaces.
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Pl:akew

a b C

Figure 4.2: Parts and schematic of the plate assemblies: a) back side of the aluminum part, b) PVC
sealing part and c) fluid path layout.

The prototype plate assemblies constructed in this work are of dimensions 200 x 200 mm?.
According to Equation 3.9, this dimension combined with relatively small heat flux sensors
can provide low levels of error due to edge losses. Each plate one consists of two parts: an
aluminum part comprising of the working surface and the fluid path, and a PVC sealing part
at the back of the aluminum plate. The front side of the aluminum part (working surface) is a
flat 2 mm thick surface, smoothly finished and painted with appropriate material to achieve
emissivity greater than 0.8. The back side forms four different compartments that act as fluid-
paths for the heat flow medium (Figure 4.2a). The path layout is shown in Figure 4.2c. Three
fins in every channel enhance heat flow from the liquid to the metal surface in order to
decrease the response time. They also assure that the water flow is equally distributed over the
surface of the plate.

The sealing part of each plate assembly is a PVC plate 200 x 200 mm?, 12 mm thick. The
low thermal conductivity of the material reduces heat losses from the back of the
heating/cooling units. It bears eight openings as water inlets/outlets (Figure 4.2b).

In the case of steady state operation edge losses/gains are caused only by the temperature
gradient between the samples, the plates and the environment. However, in dynamic operation
heat storage and release inside the mass of the insulation during temperature increase and
decrease can also affect the heat transfer through the sample. The problem can be minimized
with the use of low density insulation such as light density expanded polystyrene (it can be as
low as 15 kg/m®).

4.2.3 Temperature control of the working surfaces

A critical requirement of a dynamic HFMA is the ability to apply different user defined
temperature profiles on the surfaces of the tested specimen. This calls for a sophisticated, well
designed control system with fast and accurate response.

Therefore, two separate control loops are used for the temperature control of the working
surface of each plate. Each of the two loops comprises four elements: The plate assembly and
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the primary heating/cooling water circuit (controlled system), a thermoelectric device
consisting of four thermoelectric modules (actuators), a temperature sensor and a control unit.

Control Loop
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Figure 4.3: Schematic diagram of the physical system for the working surface temperature control.
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Figure 4.4: Temperature control loop of each plate assembly.

A secondary cooling circuit and a computer supplement the system. A schematic
representation of the physical system is shown in Figure 4.3.

The closed control loop of each plate is shown in Figure 4.4. As it can be seen the set
point is compared with the actual temperature value (T) measured near the center of the
metering area (process value). The resulting error is fed to the controller to produce a power
width modulated (PWM) control signal that serves as an input to the power electronics (H-
Bridge circuit) in order to control the input voltage (V) of the thermoelectric modules. The
heat released or absorbed from the modules (qp) is added to the heat from/to the secondary
water circuit (gs) to produce a net heat input to the primary water circuit and, consequently to
the plate assembly.
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The controller is a PID digital regulator capable of operating in P, P1, PD or PID mode. Its
PWM output is fed to the main regulator which is an H-bridge amplifier. The schematic
diagram of the operation of the controller is shown in Figure 4.5.

P _

| £

o)

Process value e
s =

Set point [L . 7 y S—L HEE ;

et point |Low pass + OW pass K 5 = o =
filter A filter B I =] g ] 2
‘= =
L S Al |6

o)

- "

=

O

:E

Figure 4.5: Schematic diagram of the controllers’ operation.

Two low pass filters are used to remove any noise or high frequency variations from the set
point and the process value signals. Their difference is fed to the PID circuit and the resulting
signal is multiplied by the appropriate heating or cooling gain. The balanced operation of the
controlled loop requires higher cooling than heating gain as the cooling efficiency of the
thermoelectric (peltier) modules is significantly lower than the heating efficiency. The dead-
band limits the signal around zero value to protect the peltier modules from fast switching.
Finally, the last element of the controller limits the output to protect the H-bridge amplifier
from excess current.

The H-bridge module regulates the power and the current direction toward the
thermoelectric device according to the PWM signal from the controller. It is built with four
solid state switches capable of handling current loads up to 15 Amps at 24 VDC. Thus the
maximum theoretical heating/cooling load that can be delivered to the measured specimen is
360 W. However, the heat losses from the primary water circuit and the reduced COP of the
peltier elements as the temperature difference between the primary and the secondary cooling
circuit increases, limit the available power to lower values.

For the high stability and accuracy demands of the working surface temperature control,
the thermoelectric technology has been implemented. Each thermoelectric assembly
comprises four thermoelectric modules which act as heat pumps. Liquidl-liquid assemblies
are used to cool or heat the water passing through a heat sink. By using an efficient heat
exchanger and four paltier modules a powerful yet compact system is created. The liquid-
liquid heat sinks are made of anodized aluminum. To improve heat transfer, turbulators are
inserted into the liquid channels.

A secondary heating/cooling circuit circulates water from a conventional heated/cooled
storage tank to the thermoelectric unit. This secondary circuit is used to provide water (pre-
conditioned near the control temperature of the working surfaces) to the thermoelectric device
in order to increase the COP of the peltier elements
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Figure 4.6: Schematic illustration of the data acquisition system.
4.2.4 Data acquisition system

As already mentioned, temperature and electrical measurement particularly in low signals
is essential in a HFMA. Furthermore, temperature and heat flux measurements during
transient conditions require fast response of the all the measuring sensors. These requirements
are satisfied with the use of a data acquisition system (DAS) combining a data acquisition
device of high accuracy with low thermal mass sensors. Figure 4.6 presents a schematic
diagram of the DAS. In the following the components of the DAS are described and the
associated uncertainties are given and explained.

Data acquisition device

The core of the data acquisition system is an Agilent 34972A data acquisition and logging
device (DAQ). It is able of providing direct measurements of thermistors and low DC signals
without the need of additional external signal conditioning. It is also programmable with SCPI
(Standard Commands for Programmable Instruments) compatibility. It includes an internal
digital multimeter (DMM) and a plug-in module for the connection of the sensors.

The internal DMM includes signal conditioning, amplification (or attenuation), and a high
resolution (up to 22 bits) multiple slope integrating analog-to-digital converter (ADC). The
plug-in module for the connection of the sensors is 34901A 20-Channel Multiplexer. The
module is divided into two banks of 10 channels each. Two additional fused channels are
available for making direct, calibrated dc or ac current measurements with the internal DMM
(external shunts are not required). All 22 channels switch both HI and LO inputs, thus
providing fully isolated inputs to the internal DMM or an external instrument.

The multiple slope integrating analog-to-digital converter (ADC) includes an integrator
and a comparator in which the input voltage to be measured is applied to a summing node at
the input of the integrator during an integrate cycle, while at the same time positive and
negative reference currents are selectively applied to the summing node by a controller which
monitors the output of the comparator in order to come as close as possible to nulling the
voltage magnitude at the output of the integrator.
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Figure 4.7: Micro-Betachip thermistor probe.
Table 4.1: Specifications of the temperature sensors.
Parameter Value
Resistance at 25°C 10000 Ohm
Temperature tolerance at 25°C +£0.2°C
Alpha value at 25°C -4.39%
Beta value 25/85 3976
Tolerance on beta value 25/85 +0.5%
Time response in liquids 200 milliseconds
Dissipation constant in still air 0.3 mw/°C

A controller keeps track of the charge that has been added to and removed from the integrator
during the integrate cycle, and provides a coarse conversion value. The residual voltage is de-
integrated to provide a fine conversion value, which is added to the coarse conversion value to
provide a final value.

The switches which control selection of the positive and negative reference currents are
implemented and operated in such a way that linear error due to current injected into the
integrator is minimized, and increased conversion speed is exhibited. At any given time
during the integrate cycle, only one switch at a time is ON.

Temperature measurement

Temperature is measured with the use of Micro-BETAchip NTC thermistor probes (MCD
10k3MCDZ1). Thermistors have higher sensitivity than thermocouples or RTDs. This makes a
thermistor a good choice when measuring very small changes in temperature. In range of -
20°C to 70°C they provide good accuracy and low response time. The sensing tip of the
BETAchip probes is soldered to a 38 AWG solid nickel bifilar with polyester insulation. The
measuring unit is potted in a polyimide tube with thermally conductive epoxy (Figure 4.7).
The specifications of the sensors are given in Table 4.1.
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Figure 4.8: DMM related absolute temperature error as a function of the measured value.

The sensors are directly connected to the DAQ unit. The DMM measures the electrical
resistance and transfers the digital value to the PC where it is translated to according to
Steinhart and Hart equation [14]:

%:a+b-|nR+c-(In R)® Equation 4.1

where T [K] is the temperature and R [€2] is the resistance value of the thermistors.

The Steinhart-Hart coefficients coefficients (a, b and c) are determined with the use of a
Fluke 9142 dry well calibrator. Thermal block characteristics of the well provide temperature
stability of = 0.01°C. Twenty betatherm 10K thermistors with accuracy of + 0.2 °C are
simultaneously calibrated in the well, providing a mean temperature value with accuracy of +
0.2/(20)°° °C = +0.04°C. With this mean value as a reference all the thermistors are
calibrated. The total error is the effect of the mean temperature error (6Tmean = £0.04°C), the
stability error (0Tsap = £ 0.01 °C) and the Agilent DMM error, 6 Tpmm.

The accuracy of the DMM in the measurement of R is not taken into account because the
same digital multimeter (DMM) is used during the calibration procedure and the measuring
procedure. Thus only the precision of the DMM is of interest. The accuracy specifications of
the DMM for resistance measurements are given in Table 4.2. According to the values of
Table 4.2, the total precision related error, 6R, of a single resistance measurement in the range
of 1 kQ 7o 10 kQ is 0.5 mQ and in the range of 10 kQ 7o 100 kQ is 5mQ. Now, according to
Equation 4.1 and the formula of the combined standard uncertainty [15] the DMM related
temperature error 3Tpmm can be calculated as follows:

oT

2
STonm =8—R§R=[b/R+ 3-c-(InR)/R

c-InR*+b-InR+a

2
+ a} .OR Equation 4.2

Figure 4.8 depicts opum for a 10 kOhm thermistor according to Equation 4.2.
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Figure 4.9: Total uncertainty in temperature measurement as a function of the measured value

Table 4.2: Resistance accuracy specifications of Agilent 34972A DMM.

Reading dependent Range dependent
6 2 (0.5 mQ from 1 kQ 7o 10

kQ and 5mQ from 10 kQ to
100 kQ)

Error type

Resolution at 10 PLC
(used in this study)

Accuracy in resistance
measurement in the range
of 10.0000 kQ and 0.010% 0.001%
100.000 k€ used in this
study
Does not apply in the
temperature range of operation
of the DMM in this study

Does not apply in the
temperature range of operation

Temperature coefficient
of the DMM in this study

The total uncertainty in temperature measurement is:

oT = \jé—rnfean + 5Tst2ab + 5TI§MM Equation 43
Figure 4.9 depicts oT for a 10 kOhm thermistor according to Equation 4.3.
The uncertainty in the temperature difference measurement is:
Equation 4.4

AT =6(T,-T,) = \/é-rl,zDMM + é-rzz,DMM
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Figure 4.10: Schematic and picture detail of the heat flux sensor.

Heat flux measurement

The heat flux measurement is of outmost importance for the reliability of the results of a
DHFMA becouse a major part of the thermal analysis of PCMs is based on the heat absorbed
or released during the phase change process. In chapter 3 it was demonstrated that the use of a
heat flux sensor with small metering area minimizes the edge losses error. However, a small
area compromises the sensitivity of the sensor and consequently the DMM related accuracy.
The requirement of dynamic measurements for low thermal mass of the sensor should be also
put into consideration.

Taking into account the above parameters, a commercially available thin film heat flux
meter by Omega sensors (HFS—4 model) was used. The sensor (Figure 4.10) functions as a
self generating thermopile transducer. It requires no special wiring, reference junction or
signal conditioning. A read-out is accomplished by connecting its output leads directly to the
Agilent plug-in module. The sensor utilizes a multi-junction thermopile construction. The
core is a polyimide (Kapton) film which is bonded using a PFA lamination process.

The heart of HFS-4 is a differential thermocouple sensor. A thin foil, 112 junction
thermopile is bonded to either side of the Kapton core, providing a 30mm x 30mm metering
area. Since the heat transfer rate is directly proportional to the temperature difference across
the thermal barrier, the exact rate of transfer can be calculated by measuring this difference.
Copper/constantan (T-type) junctions are formed and wired in series on alternating sides of
the Kapton core. Copper output leads are then attached, one to the first junction on the upper
surface, and one from the last junction of the lower surface (Figure 4.10). As a result, the
sensor can be directly interfaced to a standard microvolt meter with no cold-junction
compensation required. The output of the sensor is a voltage in the order of microvolts
proportional to the one-dimensional heat flux through the surface of the plate. The
specifications of the sensor are summarized in Table 4.3.
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Table 4.3: Specifications of the heat flux sensors

Parameter Value
Sensitivity approximately 2.0 pV- W m?
Thermal Capacitance 63 J- m?-K*
Thermal resistance 0.0004 K- W m?
Response time 0.2s
Material Polyamide (Kapton)
Thickness 0.17 mm
Maximum heat flux 90 kW- m™
Maximum temperature 150°C
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Figure 4.11: (a) Thermopile and thermal conductivity coefficients of the heat flux sensor and (b)
Sensitivity of the heat flux sensor as a function of temperature.

The sensitivity of the sensor changes with temperature due to change in the resistance of
the core material (Kapton) as well as due to nonlinear temperature dependence of the
thermopile output voltage. According to literature [16] the thermal conductivity of Kapton
increases linearly with temperature with a rate approximately 0.001W/mK?2. In the range of
0°C to 40°C the total anticipated increase would be 0.04 W/mK or approximately 10%. Thus,
sensitivity in the same range decreases by the same percentage (Figure 4.11a).

On the other hand, the nonlinear temperature dependence of the thermopile output voltage
results approximately to 4% increase of the sensitivity (Figure 4.11a) in the range of 0°C to
40°C. The combined effect of the thermal conductivity and the thermopile output on the
sensitivity of the sensor is shown in Figure 4.11b. Regarding the uncertainty in the
measurement of the voltage signal produced by the thermopile foil, Table 4.4 presents the DC
voltage accuracy specifications of Agilent 34972A internal DMM.
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Table 4.4: DC voltage accuracy specifications of Agilent 34972A DMM.

Error type Reading dependent Range dependent
Resolution of the DMM (at 200 )
PLO) 6 % (0.05 uV)

Accuracy in DC voltage
measurement in the range of
100.0000 mV used in this study

Temperature coefficient of the
DMM

Non linearity

Normal mode noise at 60 Hz
(normal mode rejection
(NMRR) is 110 dB for

integration time 200 PLC used
for DC voltage measurements)

Common mode noise (common
mode (measurement) noise
rejection (CMRR) is 140 dB)

0.005%

Does not apply in the temperature
range of operation of the DMM in
this study since the instrument is at
an ambient temperature between
18 and 28°C

0.0002%

0.004%

Does not apply in the temperature

range of operation of the DMM in

this study since the instrument is at

an ambient temperature between 18
and 28°C

0.0001%

0.03 pV

0.30 uv

The accuracy of the DMM in the measurement of E is not taken into account because the
same digital multimeter (DMM) is used during the calibration procedure and the measuring
procedure. Thus only the precision of the DMM is of interest. Using the values given Table
4.4 the precision related relative error in E measurement can be calculated according to:

o _

(o,osjz +(o,oooz
E E 100

jz +[(0.0001/100) -100000)2 +(o, o3j2 {0,30)2 Equation 4.5

E

E

This is a random error and can be further decreased (by 1/N*?, where N is the number of
samples in the average) by averaging individual measurements.

4.3 Evaluation of the

DHFMA

After the design and construction of the new apparatus and before this thesis proceeds

with the study and development of experimental methodologies, the operation under steady
state and dynamic conditions needs to be examined. The accurate use of the apparatus is
mainly influenced by the capability of the apparatus to reproduce unidirectional (and constant
in the case steady state measurements) heat flux density in the specimens, and by the accuracy
in the measurement of temperature and electromotive force produced by the HFSs.
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Figure 4.12: Temperature uniformity and stability at 23°C.

Therefore, the evaluation involves a thorough check of temperature uniformity and
temperature response (or stability for steady state measurements) of the working surfaces.
Additionally, thermal conductivity measurements on several materials and comparisons to
measurements made by an absolute measurement method (e.g. guarded hot plate method) are
performed.

Afterwards, the sound operation of the DHFMA is demonstrated with measurements of
thermal conductivity of a shape stabilized bio-based PCM. The evaluation of the apparatus is
completed with dynamic measurements of a gypsum board containing PCM.



86 Chapter 4. Development of a dynamic heat flow meter apparatus

24

Temperature [°C|

0 30 60 90 120 150 180 210 240
a) b) Location on Line AA [pixel]

o) . ; v . . - : 13.1
13.08 |
20+
13.06 ¢
13.04 |

13.02

Temperature [°C|
S >

Temperature [°C]|
o

0 30 60 90 120 150 180 210 240 0 30 60 90 120 150
C) Location on Line BB [pixel| d) Time [s]

Figure 4.13: Temperature uniformity and stability at 13°C.
4.3.1 Steady state evaluation of the DHFMA

Temperature uniformity and stability of the working surfaces

Temperature stability and uniformity on the working surfaces is evaluated by means of
infrared thermography and local temperature measurements with a sensor attached to the
center of the working surface of the plates. The temperature of the plate is set at the desired
level and until steady state conditions are established. Three temperature levels are examined.
Figure 4.12 presents the performance of the working surface when the temperature is set
constant at 23°C. The distribution of the temperature on the surface obtained with the IR
camera is shown in Figure 4.12a. In a further analysis of the infrared image the temperature

profiles on a vertical and a horizontal line at the center of the plate are given in Figure 4.12b
and Figure 4.12c respectively. Taking into account the limited performance of the IR camera
in terms of stability the trend of the curves indicates a uniform surface temperature.
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Figure 4.14: Temperature uniformity and stability at 33°C.

The stability performance is checked with the use of a fast response temperature sensor
attached on the center of the plate. The results given in Figure 4.12d for a time period of 150s
demonstrate stability levels less than £0.01°C.

The previous analysis is repeated two more times for temperature levels well above and
below the ambient temperature and thus more demanding from the point of view of
temperature control. Infrared images at 13°C (Figure 4.13a) and 33°C (Figure 4.14a) confirm

satisfactory levels of uniformity. The stability (Figure 4.13d and Figure 4.14d) is maintained
in low values (less than £0.03°C).

Calibration and uncertainty in steady state operation

Before this section proceeds with the validation of the steady state operation of the newly
developed device, first, the uncertainty of thermal conductivity measurements needs to be
addressed. As already mentioned in chapter 3, the HFMA is a secondary (relative) method for
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measuring thermal conductivity (and consequently heat flux) since the voltage output of the
heat flux sensor is multiplied by a calibration factor, S (W/(m3V)), which is the result of a
measurement of a reference specimen. Therefore, the accuracy of a HFMA is in a great extend
influenced by the error introduced during the determination of the calibration factor(s).

In this study the calibration factors are calculated according to the procedure described in
paragraph 3.2.3. In order to calculate the error introduced when determining the calibration
factors it is assumed that during calibration E; = E; = E, /1= A=A and Tpy — Taa = Trp — Te2
= AT. This way, Equation 3.4 and Equation 3.5 are simplified as follows:

S~A — Equation 4.6

Now, the relative error of the calibration factor can be easily calculated according to:

oS oA OAT OB ;
=~ _ \/(_)2 + ()2 +(=)? Equation 4.7
S A AT E

The thermal conductance of the reference specimens is measured in a guarded hot plate
(GHP) apparatus with a relative accuracy of 64 /A4 = £2.96%. The errors 64T and JE/E are
given by Equation 4.4 and Equation 4.5.

The potential difference, E, of the heat flux sensor is converted to heat flux according to:

q=SE Equation 4.8
and consequently the equation providing the 1 value as a function of the heat flux reads as:

A= SEd Equation 4.9

Thus, the relative error in A measurement is:

oA oS 2 OE 2 od 2 OAT 2 Equation4]_0
= (—) +(—) +(—) +(—— :
) \/(s) 6

Thermal conductivity measurements

The accuracy of the developed apparatus is evaluated with thermal conductivity
measurements on materials with A values ranging from ca. 0.03 to 0.22 W/(m-K) at
temperatures from 10 to 30°C.
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Figure 4.15: Comparison between HFMA and GHP thermal conductivity measurements of: (a) low
density EPS, (b) high density EPS, (c) silicone foam and (d) solid silicon.

These materials include: low and high density expanded polystyrene (EPS), silicone foam and
solid silicone. The A values measured with the DHFMA are compared to those measured on
the materials using a commercial guarded hot plate apparatus (model TLP 300 by Taurus
instruments). The results are presented in Figure 4.15.

It is observed that the results obtained with the new apparatus are in very good agreement
with the reference values measured with the GHP apparatus. The error limits of the HFMA
measurements have been calculated according to Equation 4.10 and are equal to 3.6% for the
EPS, 3.1% for the silicone foam and 3% for the solid silicone.
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Determination of the effective thermal conductivity of a shape stabilized phase change
material

After the validation of the new apparatus with the above presented measurements, the
thermal conductivity of a bio-based shape stabilized PCM is measured. It is well known that
the thermal conductivity of a PCM changes depending on its phase [17] and [18]. However,
few studies have attempted to experimentally quantify the influence of the coexistence of the
two phases on the effective thermal conductivity of paraffin based PCM components. Inaba et
al. [19] reported (based on measurements of a shape stabilized at three temperature levels)
that the effective thermal conductivity varies linearly with temperature inside the phase
change range while Yang et al. [20] argued (based on measurements of pure paraffin) that the
relation is non-linear, influenced mainly by the relative volume fraction of the liquid (or solid)
phase.

In the Yang approach the classical series model for the effective thermal conductivity was
adopted. It suggests that the variation of the effective thermal conductivity in the melting
temperature range may be expressed as a function of the solid thermal conductivity As , the
liquid thermal conductivity 4, and the solid fraction f; as:

-1
At = [LJrl_ fsJ Equation 4.11
A A

Yang et al. in their study determined optically the solid fraction of a paraffin specimen as a
function of its mean temperature using a custom made HFMA. They found a quadratic
polynomial relation in the form of:

f, = aT2 +bT__ +c Equation 4.12

mean mean

By combining Equation 4.11 and Equation 4.12 the effective thermal conductivity was
calculated as a function of mean temperature.

The above methodology has two major limitations. First, the optical determination of the
liquid fraction as a function of temperature is a difficult task requiring a special designed
device. Secondly, the optical determination of the phase change interface is not possible when
the phase change occurs in wide mushy regions or in the case of shape stabilized PCMs or
other PCM components where the PCM is incorporated in a solid base material.

For these kinds of materials, an alternative for the determination of the solid fraction of a
PCM as a function of temperature is the use of differential scanning calorimetry
thermographs. As explained in chapter 2, a DSC thermograph of a PCM provides the heat
absorbed or released during phase change as a function of temperature. Assuming that the
amount of heat is directly proportional to the amount of the melted/solidified material the
liquid and solid fraction can be determined. Then, Equation 4.11 can be used for the
determination of thermal conductivity as a function of temperature.



4.3. Evaluation of the DHFMA 91

-0.005
0.8
-0.01 =
] (=}
Lo 5 0.6
2 oois g
r (et I h
b7 =
= = 04f
-0.02 f n
0.2
-0.025 +
-0.03 : : : ' 0 : : : :
10 15 20 25 30 5 10 15 20 25 30 35
a) Temperature [°C| b) Temperature [°C)

Figure 4.16: (a) DSC curve of the SS — PCM at 0.1°C/min and (b) solid fraction derived by
integration and normalization of the DSC curve.

Figure 4.16a shows the DSC curve of a shape stabilized PCM panel measured at 0.1°/min.
According to the above assumption, integration and normalization of the DSC curve in the
phase change region provides the solid fraction of the PCM as a function of temperature
(Figure 4.16b). Now, according to Equation 4.11 the effective thermal conductivity of the
panel can be calculated if the solid, As, and liquid, 4;, thermal conductivities are known.

For the determination of the solid and liquid thermal conductivity of the SS — PCM panel
the developed DHFMA is used. Additionally, the thermal conductivity is measured at several
temperature regions inside the phase change range.

The investigated material is in the form of a 4.20 mm sheet. The device is calibrated with
the use of three solid silicon sheets 2.94 mm thick each as reference material. After
calibration, the middle sheet is replaced by the SS — PCM panel and conductivity
measurements are conducted at 6 different temperature levels. The specimen configuration
inside the sample holder of the device is shown in Figure 4.17.

The results of the measurements are presented in Table 4.5 together with the measuring
details. It should be emphasized that the HFMA method uses a temperature difference on the
two sides of the sample in order to measure the thermal conductivity and thus, the resulting
value can be considered as a mean value inside this temperature difference. Figure 4.18 shows
that there is a good agreement between the measured values and the values calculated by
Equation 4.11 with the use of the DSC derived solid fraction.



92 Chapter 4. Development of a dynamic heat flow meter apparatus
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Figure 4.17: Configuration for the thermal conductivity measurement of the SS — PCM.

Table 4.5: Measurement details of the shape stabilized PCM.

Measuring  Heat Warm Side Cold Side  Temperature Sample Thermal
No Flow  Temperature Temperature  Difference Mean Conductivity
[Wim?] [°C] [°C] [°C] Temperature  [W/mK]
[’C]
1 224,8 11,96 8,04 3,92 10,00 0,241
2 216,9 16,93 13,07 3,86 15,00 0,236
3 218,1 22,05 17,95 4,10 20,00 0,223
4 212,7 27,11 22,87 4,24 24,99 0,211
203,0 32,25 27,74 4,51 30,00 0,189
6 199,3 37,30 32,69 4,61 34,99 0,182
0.26

O  DHFMA measurements
DSC derived curve

0.24

0.22

0.2

0.18

Thermal conductivity [W/mK]
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Figure 4.18: Comparison of experimental thermal conductivity with values calculated by Equation
4.11 with the use of DSC measurements.
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Figure 4.19: Temperature response of the working surface at 0.1°C/min.
4.3.2 Dynamic evaluation of the DHFMA

Dynamic performance of the working surfaces

The dynamic performance of the working surfaces is evaluated in terms of their response
to temperature ramp dynamic profiles. Two heating/cooling rates were tested: 0.1°C/min and
1°C/min. In both cases the temperature range from 10°C to 30°C was examined.

In the case of 0.1°C/min the duration of the heating/cooling cycle is 400 min (Figure
4.19a). The temperature stabilization at the center of the working surface (Figure 4.19b) is
below +0.05 °C during both heating and cooling process. The settling time at the initial part of
heating curve is approximately 9 minutes (Figure 4.19c) and during the transition phase from
heating to cooling less than 2 minutes (Figure 4.19d).
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Figure 4.20: Temperature response of the working surface at 0.1°C/min.

In the extreme case of heating/cooling at 1°C/min the performance of the device is shown
in Figure 4.20. Now, the duration of the heating/cooling cycle is only 40 min (Figure 4.20a).
The initial settling time (Figure 4.20c) is high compared to the total duration of the cycle. The
same applies for the settling time from the heating to the cooling process (Figure 4.20d).
Furthermore, the temperature difference between the set and the process value is high during
the cycle and the system fails to follow the assigned temperature profile during the cooling
process for temperatures lower than 20°C. Overall, the performance of the device is not
acceptable at such a high heating rates.
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Calibration and uncertainty of the DHFMA in dynamic operation

The main issues of calibration and uncertainty of the DHFMA in dynamic operation have
already been theoretically addressed in chapter 3. Now that a new experimental setup,
equipped with the appropriate measuring systems, is available the same issues are discussed
in a practical way. The equations derived in the previous paragraphs, describing the errors
related to equipment and calibration will be used in order to quantify the anticipated
uncertainty of heat flux and temperature measurements during the dynamic operation of the
device. The dynamic protocol considered in the following will be used in the next paragraph
and again, in chapters 5 and 6.

In chapter 3 it was shown that for dynamic protocols based on sinusoidal temperature
variation on the one plate and constant temperature on the other, the best practice is to
calibrate the HFMA by setting the temperature of the one plate equal to the ambient
temperature. Then, if the constant temperature of the dynamic protocole is equal to the
ambient temperature, the difference between the edge losses error of the dynamic and the
steady state operation will be minimized. There is not a restriction for the temperature
difference between the hot and the cold plate during calibration due to the fact that the ratio
DT/dT (Equation 3.9) remains constant. However the selection of a high dT (i.e. Ty-T;) value
during calibration will drastically reduce the relative error, 6S/S (Equation 4.7) of the
calculated calibration factor.

The calibration of the heat flux sensors required for the dynamic measurements of the next
paragraph is performed at an ambient temperature of 23°C with the hot plate at 23°C and the
cold plate at 13°C. The configuration of the specimen and the heat flux meters inside the
device is the same as will be in the measurements of the next paragraph (Figure 4.23). Prior to
the calibration, the thermal conductance of the configuration has been measured by means of
GHP.

The calibration factor of each of the four heat flux meters reads as:

¢ Equation 4.13

where index i, with values from 1 to 4, stands for the four different sensors. Note that
Equation 4.13 is a simplified version of Equation 3.4 used when only one reference specimen
is available or when the reference specimen is measured in a symmetrical GHP using a non —
symmetrical configuration (i.e. when the second specimen needed for the measurement is a
reference material).

The potential difference of the heat flux sensors, E;, during calibration is ca. 70uV.
Consequently, the error 6E/E according to Equation 4.5 is equal to £0.46%. The error &(Tp-
Tc)/ (Ty-T¢) according to Equation 4.2 and Equation 4.4 is equal to £0.03%. The error 64/4 is
+2.96%. Thus, the total relative error of the calibration factor, 6S;/S; (Equation 5.13) is £3.0%.
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Figure 4.21: (a) Absolute error and (b) relative error of heat flux measurements as a function the
measured value.

After the calibration procedure and during the dynamic testing the heat flux at each
measuring location is the product of the measured voltage and the calibration constant of each
sensor. The relative error then reads:

ﬁ)Z + (@)2 Equation 4.14

S E

o
-
q

Since JE/E is specified with Equation 4.5 as a function of E and E itself is a function of g, the
relative error of the heat flux measurements can be calculated as a function of the measured
value. The same applies for the absolute error too. Assuming a constant value of S (this
assumption was extensively discussed in chapter 3), the resulting error curve is given in
Figure 4.21.

The main issue to be considered in the above analysis is the assumption that the
calibration factor (S) remains constant during the dynamic measurements and equal to the
value determined under steady —state conditions.

Dynanic measurements

For the purpose of assessing the dynamic performance of the developed DHFMA a
commercial gypsum board containing micro-encapsulated PCMs is tested. The board is 15
mm thick and contains a micro-encapsulated PCM produced by BASF. The apparent density
of the board is 786.7 kg/m® and the thermal conductivity is 0.190 + 0.004 W/mK. Guarded hot
plate measurements in the range of 10 to 30°C revealed that in this range the influence of
temperature on the thermal conductivity value is negligible. The effective specific heat (Cef)
is measured by means of DSC measurements at 0.1°C/min with the procedure described in
paragraph 2.4.2. The results are presented in Figure 4.22a where two curves are plotted
corresponding to the specific heat during heating and cooling process.
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Figure 4.22: (a) Effective specific heat of the gypsum board as a function of temperature, (b)
Dynamic boundary conditions.

It can be seen that Ce is a strong function of temperature inside the melting/solidification
range. The constant specific heat capacity when the PCM is completely melted or solidified is
approximately 1450 J/kgK. A small phase change hysteresis is present resulting to a shift of
the phase change peak from heating to cooling of ca. 1°C.

The measured Ce suggests dynamic testing of the material in the range from 15 to 30°C.
According to this, DHFMA measurements are performed with the boundary conditions shown
in figure Figure 4.22b. The temperature of the one plate (Tj,) is kept constant at 23°C (near the
melting and solidification peaks) while the temperature of the other (Toy) varies sinusoidal
from 20 to 26°C. A daily measuring period is considered and the duration of the
measurements is two days.

The specimen configuration inside the sample holder of the device and the locations of the
main sensors are shown Figure 4.23. As it can be seen the sample is pressed between two
sheets of a lightweight insulation material for two reasons. First, this flexible material ensures
good contact between all interfaces in the measuring configuration. Second, it attenuates the
heat flux levels during the measurement providing boundary conditions that correspond better
to real applications.

The results of the measurements are presented in Figure 4.24 and Figure 4.25. Heat flux
curves (Figure 4.24) are smooth (noise levels are minimized) and the effect phase change is
clearly shown. The same stands for temperature results (Figure 4.25).
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Figure 4.24: Heat flux response on the surfaces of the specimen.
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Figure 4.25: Temperature response on the surfaces and the middle of the specimen.

The performance of the control system regarding the ability of the surface temperature to
accurately follow the user defined temperature profile is presented in Figure 4.26 and Figure
4.27.
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In these figures, the temperature difference between the user-defined value and the actually
achieved value is plotted.

The precision of the control system in case of temperature profile input (Figure 4.26) is
mainly within a £0.01°C range with some minor parts reaching +0.02°C range. Only few
peaks approach a +0.04°C precision level. The constant temperature assigned by the control
system to the other plate results in better stability behavior. The precision remains inside a
+0.005°C range (Figure 4.27).

The assumption of uniform temperature at steady state has been already addressed in
paragraph 4.3.1. Now, with the use of some auxiliary temperature sensors placed near the
edges of the plate and the sample, the uniformity of the temperature field on the working and
sample surfaces under transient thermal conditions will be evaluated. Only the “plate 1” and
“surface 17 locations will be examined as they present the worst cases in terms temperature
uniformity.
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Figure 4.29: Temperature difference between the main, the secondary and the edge temperature
sensors on (a) the plate surface and (b) the specimen surface.

Figure 4.28 depicts the different main and auxiliary sensor locations and their
denomination. The uniformity is evaluated by comparing the temperature measurements
between the different sensors (Figure 4.29). As expected, the difference between the main and
the secondary plate sensors (both located on the central part of the surface) is negligible and
within the error £04T as given by Equation 4.4 (Figure 4.29a). The deviation of the edge
temperature is higher ranging from -0.02 to +0.02. Also, the trend of the deviation follows the
trend of the sinusoidal boundary temperature profile. This can be solely attributed to edge
losses/gains from the lateral surfaces of the plate to the environment. In particular, the
ambient temperature during the measurements was almost equal to 23°C. When the
temperature of the plate was above 23°C, heat losses from the lateral surfaces of the plate
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resulted in a lower edge temperature. In the opposite case of plate temperatures lower than
23°C, the lateral heat gains resulted in higher edge temperatures.

This phenomenon is more pronounced in the case of the specimen surface (Figure 4.29b).
The difference between the central and the edge part of the specimen is mainly within the
range of +0.1°C. This is, of course, anticipated because of the distance between the
specimen’s and the plate’s surface. In chapter 3 (Figure 3.3) it was demonstrated that as this
distance increases, the deviation of the edge temperature from the one-dimensional
temperature near the central part of the plate also increases. On the other hand, the
temperature difference of the two central sensors was expected to lie within the 04T error of
the measurement system. It appears that a low heterogeneity of the gypsum board and/or a
small inaccuracy in the positioning of the sensors tips on the surface of the specimen add an
additional error of ca. £0.03°C.

4.4  Conclusions

The present chapter addresses the construction and evaluation of a novel dynamic heat
flow meter apparatus for the characterization of PCM enhanced building components. Current
research studies in this field use custom made open apparatuses with large metering area and
conventional heating cooling systems. These kings of devices are hard to construct and
expensive. In an effort to improve the current practice, this work introduces a new design
concept based on the combination of relatively small plate assemblies with the thermoelectric
heating/cooling technology. Based on this concept a novel apparatus is developed and
evaluated. The following can be summarized as the most important achievements and
observations from this chapter:

e A dynamic heat flow meter apparatus for the assessment of the dynamic thermal
characteristics of PCM enhanced building components is developed and deployed.

e The main elements of the apparatus and the requirements for accurate dynamic
measurements were identified and explained.

e Aluminum appears to be the most suitable and convenient solution of the
construction of the working surfaces.

e The thermoelectric technology provides a low cost compact solution for the
temperature control of the working surfaces.

e Due to the low COP of the thermoelectric cooling at low control temperatures, a
secondary conventional cooling system is necessary in order to increase the
efficiency of the system and the range of operation in relation to the minimum
temperature and the maximum cooling range.

e Coupling of the primary thermoelectric temperature control with a secondary
conventional cooling system and a low thermal mass aluminum plate provided
excellent temperature stability and low response time of the working surface
temperature.

e The use of relatively small (200 mm x 200 mm) heating/cooling plates combines
easiness of construction and low cost. Additionally it enhances the robustness of
the control system and the required temperature uniformity. On the other hand, the
small area increases the effect of edge losses and thus it should be accompanied
with the use of small heat flux sensors.
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The design of the plate assembly based on a “several paths” fluid flow provides
excellent temperature uniformity in steady state and transient operation.

A data acquisition system with high accuracy and fast response time was realized.
The total uncertainty in temperature measurement was found to be less than
+0.05°C. The calculated relative error in thermal conductivity measurement was
less than 4%. These values were experimentally confirmed.

Using the developed setup, the influence of phase change on the thermal
conductivity of a paraffin based shape stabilized PCM has been investigated.

The achieved measuring accuracy was high enough to reveal the trend of thermal
conductivity when temperature increases. The experimental results were compared
with a theoretical curve obtained with the use of the series model and DSC
measurements, showing good agreement.

Dynamic measurements of a PCM containing gypsum board revealed a sound
performance of the device under dynamic operation.
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Chaper O
Chapter

Dynamic thermal assessment of PCM enhanced building
components

5.1 Introduction

This chapter completes the development of the dynamic heat flow meter apparatus by
investigating and proposing new approaches and methods for the dynamic assessment of
PCM enhanced building components. With this device the PCM can now be treated in
component level, whereby component stands for the combination of the PCM with a
supporting material forming a single or a multilayer element that can be part of an envelope.

As already discussed in Chapter 2, investigation of the thermal behavior of PCMs in the
material level mainly deals with the determination of the specific heat capacity and the
thermal conductivity. In the component or wall level, additional more complex dynamic
parameters are needed. For conventional materials, such parameters were introduced in the
Sixties and Seventies based on the analytical solution of the equation describing the one-
dimensional conductive transient heat transfer through a homogenous, isotropic layer of a
material with constant thermal properties.

Mitalas [1] developed the response factor method based on the solution of the conductive
transfer equation in the time domain. According to this method, the periodic and non periodic
heat transfer through envelope elements and walls can be predicted with the use of the so
called response factors of each element. In a similar approach Stephenson and Mitalas [2]
introduced the conduction transfer function method based on the z-transform theory where the
heat transfer scheme is predicted by the determination of the conduction transfer coefficients
of the wall.

At about the same time, Loudon [3] in order to describe the thermal response of building
components to periodic temperature excitation introduced the admittance method. In contrast
to the response factor and conductive transfer function methods, it is based on the solution of
the conductive transfer equation in the frequency domain. The fundamental assumption
behind this method is that weather time series can be represented by a series of periodic
cycles. If so, the dynamic thermal behavior of a wall can be fully described with the use of
three separate response factors: (i) the decrement factor, (ii) the admittance factor and (iii) the
surface factor. Each of these factors is characterized by a corresponding phase angle between
cause and effect namely the time lag.

From the brief review presented above it can be concluded that the dynamic behavior of
conventional walls and wall components can be adequately described by sets of parameters
either in the time or the frequency domain.
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Figure 5.1: Decrement factor, f and time lag, ¢, of a PCM and a reference component.

These sets of parameters can either be calculated using the basic material properties and the
geometry of the component or directly measured with appropriate experimental setups.
However, their applicability requires that the heat transfer through the component or the wall
can be described by a system of equations which is both linear and invariable [5]. When
Mitalas [6] about five decades ago stated that such a requirement would not impose severe
restrictions in a building design context, he did not take into consideration the complexity of
contemporary envelope systems. In our case, the strong nonlinearity introduced to the heat
transfer equation by the inclusion of PCMs in a wall component, severely limits the
applicability of the above methods.

Figure 5.1 gives a graphical explanation of the problem faced when the frequency domain
response method is utilized for the description of the dynamic behavior of a wall component
containing PCM. The decrement factor (df) and the time lag (¢) of a PCM and a reference
component appears to be the same but their dynamic response is different. For example the
total heat flux toward the indoor environment (integral of positive part of the heat flux curve)
of the PCM component is lower than the respective heat flux of the reference component.
Moreover, the time lag of the PCM component cannot be clearly identified from the graph
because the maximum and the minimum heat flux values do not have the same phase
difference with the excitation (Qsteady)-

In an effort to overcome the limitations of the time domain methods Barbour and Hittle [6]
proposed an extension of the CTF method. In the extended method, the phase change energy
was represented by an elevated heat capacity over the temperature range where the phase
change occurred. By calculating an extra set of CTFs for the phase change properties, the CTF
method was extended to include the energy of phase transitions by switching between the two
(or more) sets of CTFs. Despite the claim of the authors that the method could accurately
predict the internal and external temperatures of PCM-containing building elements during
transient heat conduction, their work did not receive any attention and no further development
or use appeared since then in the literature.

Another study addressing the same issue but in the frequency domain method was the
theory of Zhang et al. [7]. In order to analyze the energy efficiency aspects of a PCM
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wallboard they suggested the use two new parameters based on the admittance method called
the modifying factor of the inner surface heat flux and the ratio of the thermal storage. The
first addresses the performance of external walls and is defined as the ratio of the inner
surface heat flux to the steady state heat flux calculated by neglecting the thermal mass of the
component. The second deals with internal walls and is defined by the ratio of the charged or
discharged heat of the wall to its total thermal capacity per area. Both of them are well
defined parameters and can accurately describe the thermal performance of a wall either
internal or external. However, they cannot be calculated using the thermal properties of the
wall materials. The only way that they can be determined is by numerical simulations or
appropriate experimental procedures.

The present chapter addresses the above problem by investigating alternatives for the
dynamic characterization of PCM components with the use of the DHFMA. In this context,
after a brief overview on the current developments and based on the available literature, two
methods are put forward. In the first, the PCM component is treated as part of an envelope
separating indoor space from the external environment. It is based on the measurement of the
inner surface heat flux. The second is based on the lumped capacitance method for the
determination of the effective specific heat capacity of PCM components with relatively high
thermal conductivity. The two methods are employed for the dynamic characterization of two
different wall components. Thus the scope of this chapter is twofold. On the one hand, we
investigate some methods for the dynamic characterization of PCMs with the use of the
DHFMA. On the other hand we examine the effect of PCMs on the dynamic thermal
performance of two different wall components.

5.2  Experimental approaches and methods

The lack of appropriate measures capable of theoretically describing the dynamic thermal
performance of PCM building components has led many researchers to develop experimental
methodologies based on the HFMA. Shcossig et al. [8] was one of the first to introduce
dynamic experimental approaches for the investigation of PCMs with the use of a custom
made HFMA. He proposed either the use of temperature or heat flux as a forcing variable
(boundary condition) on the surfaces of the PCM specimen. In the first case the same
temperature ramp was imposed on both plates while the heat flux response was measured. In
the latter, a constant heat flux was applied on both sides of the specimen and the resulting
temperature in the middle of the specimen was measured. However, no particular details on
how these procedures could provide some quantitative information about the performance
PCM component were given. The experiments described by Shcossig [8] mainly served for
validation of numerical models.

From the literature it seems that Ahmad et al. [9] were the first to characterize PCM panels
by performing DHFMA experiments. Several PCM building components were subjected to
sinusoidal temperature profiles simulating outdoor temperature conditions to the one side
while the temperature of the other was kept constant. The dynamic performance was
evaluated by means of the integral of the difference between the external and the internal heat
flux. The value of the integral over a certain period of time gives the amount of heat stored or
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released from the component. The same concept was later utilized by Trigui et al. [10] for the
characterization of a novel shape stabilized PCM. However, the amount of heat determined
with this approach cannot tell if the influence of the component on the indoor thermal comfort
IS positive or negative.

Another experimental approach for the dynamic thermal characterization of PCM
components by means of the DHFMA is the controlled heating and/or cooling of the
component in order to study the evolution of the enthalpy, and the total energy absorbed or
released by the material during the phase change. This approach has been studied by several
researches with the most important studies being that of Kosny et al. [11] and Pomianowski et
al. [12]. Kosny, proposed heating (or cooling) of the specimen by a series of small increasing
(or decreasing) temperature step changes on both plates of the DHFMA. According to the
proposed methodology each temperature step progresses until thermal equilibrium is reached.
Then, the enthalpy change during the step is calculated by integrating the recorded heat flux
values. As already mentioned, this procedure has been recently adopted by ASTM in the first
PCM related standard [13]. The main drawback of the method is the considerably large
amount of time required to reach the thermal equilibrium at each temperature step resulting to
a total measurement time that can be as high as some days.

In contrast to the “multiple steps” method, Pomianowski proposed slow, gradual heating
of the specimen and an inverse technique for the calculation of the effective specific heat of
the PCM. He successfully employed the technique for the determination of the effective
specific heat capacity (Ces) of concrete PCM samples containing aggregate particles of size up
to 8 mm. The main shortcoming of this technique is the requirement of temperature
measurements at several locations inside the specimen making the preparation of the
specimen complicated and time consuming.

5.2.1 Inner surface heat flux method

In this study, the “inner surface heat flux” method is proposed. It is based on the
admittance method meaning that the PCM component is treated as a wall separating the
indoor from the external environment. The external temperature profile is assumed to be a
sinusoidal temperature variation whereas the internal is considered constant. As discussed
earlier, Zhang et al. [7] in order to characterize the dynamic behavior of the component
proposed a the modifying factor (MF), defined as the ratio of the dynamic inner surface heat
flux to the steady state heat flux calculated by neglecting the thermal mass of the component.
This expression reads as:

MF = G Equation 5.1
qsteady

with i, being the dynamic inner surface heat flux and qgsweaqy the hypothetical steady state heat
flux when the thermal mass of the wall in neglected. This parameter looks similar to the
decrement factor with the difference that gin and Qsteady are not complex numbers.
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Figure 5.2 Calculation of heating and cooling energies.

From the energy efficiency point of view it seems logical to consider the total heat from
the inner wall surface toward the indoor space as the cooling energy (Ec), required to keep the
indoor temperature constant. Similarly, the total heat from the indoor space to the wall surface
can be seen as the heating energy (En) required for the stabilization of the indoor temperature.
Additionally, instead of neglecting the thermal mass of the wall it is reasonable to consider
the heat flux, g, through a reference wall similar to the PCM wall but without the additional
phase change enthalpy. Then, E; and E, can be compared with the respective energies Ec ref
and Ej, ¢ Of the reference wall. These energies are given by the integral of the appropriate

parts of gin and qer for the PCM and the reference component respectively (Figure 5.2). They
are expressed as:

ths .
E, =J'th“1 g, dt Equation 5.2

teo
E, = j
tCl

Gy, | dt Equation 5.3
Eprer = _rhz G rer At Equation 5.4

t in, ref
h1

t,
Ec,ref :J., q
t(:1

dt Equation 5.5

in,ref

where the integration periods t,, -t , t., —t,, t/,—t/, and c,, —t., are shown in Figure 5.2.
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With the use of Equation 5.2, Equation 5.3, Equation 5.4 and Equation 5.5 the cooling, the
heating and total PCM coefficients of performance (PCM-CPs) of the wall component are
defined as:

CPR, =1- E, Equation 5.6
h,ref

CP. =1- E, Equation 5.7
c,ref

CP, =1—£ Equation 5.8
Eh,ref + Ec,ref

5.2.2 Lumped capacitance method

This method involves heating of the PCM component in the DHFMA while both plates
are maintained at a constant temperature above the melting range. It is based on the lumped
capacitance method in which the transient temperature response of a solid is determined by
formulating an overall energy balance [14]. This balance relates the rate of heat loss at the
surface to the rate of change of the internal energy. The method requires the absence of
temperature gradient inside the solid which implies the existence of infinite thermal
conductivity. In practice, the requirement is closely approximated if the resistance to
conduction within the solid is small compared to the resistance to heat transfer between the
solid and its surroundings. The ratio of convective to conductive heat transfer is expressed
with the dimensionless Biot number (Bi) given by the following expression:

Bi= h-L, Equation 5.9

k

S

with L. (m) being the characteristic length which is commonly defined as the volume of the
solid divided by the surface area of the solid, h (W/m?K) the convection transfer coefficient
and ks (K/mK) the thermal conductivity of the solid. The temperature variation within the
solid with position and time is a strong function of Bi. In particular, for Bi < 1 the
temperature gradient in the solid is negligible. Practically, if Bi < 0.1 the error associated
with using the lumped capacitance method is small.

Considering the measurement of the effective specific heat capacity (Ces) with a DHFMA,
the PCM component is initially at a uniform temperature and experiences heating, when
inserted inside the sample holder of the heat flow meter apparatus. In this problem Equation
5.9 is not applicable since the DHFMA is not able to provide convective heat transfer from
the sample holder to the specimen. Thus, instead of convection, a low density insulation layer
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acts as thermal resistance between each plate and the specimen. The resistance to conduction
within the specimen should be compared to the resistance to heat transfer between the
specimen and the plate surface. This can be expressed by a modified Biot number, Bimog, as:

k LCOn
) s Equation 5.10
Blmod =
Keon - L

where kins IS the thermal conductivity of the insulation layer, Liys is the thickness of the
insulation layer, ke, IS the thermal conductivity of the specimen and Lo, IS the thickness of
the specimen.

Using the temperature and heat flux measurements on the surfaces of the specimen the
calculation of the effective specific heat capacity (Cesr) and thermal mass (my,) reads as:

__Ag
Cort = aT Equation 5.11
m-(—-)
dt
m, =m-C, Equation 5.12

where A is the total heat exchange area of the sample, g the total heat flux per square meter, m
the mass of the sample, T the temperature of the sample and t the time.

5.3  Self compacting concrete containing micro-encapsulated PCM

With the help of the previously introduced methods, this section addresses the dynamic
thermal characterization of self compacting concrete containing micro-encapsulated PCM. As
already discussed in chapter 2, the heat capacity and high density of concrete combined with
the use of the latent heat storage of PCM can provide new energy saving concepts, for
example in combination with solar energy [15] and [16]. In fresh concrete mixes PCM could
additionally prevent high hydration temperature peaks, which can result in higher
compressive strength and better durability.

Because the direct use of a micro-encapsulated mixture of paraffins in fresh concrete has
not received much attention yet, a mixture of paraffins will be used in this research. In
particular, the Micronal DS 5008 X product, commercially available to the construction
industry and characterized by a 23°C melting point, was used. According to the product
specifications, it is described as a mixture of paraffin waxes in powder form, encapsulated in
polymethyl methacrylate microcapsules.
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Figure 5.3: Particle size distribution of the applied powder types [18].

The technique of micro-encapsulation is used here in order to surround the liquid/solid
paraffin phase with a hard shell. This way the liquid paraffin (< 23 °C) is transformed into a
powder and prevented from entering the surrounding matrix. Due to the encapsulation, it
should be theoretically possible to disperse the paraffin in the fresh concrete mix and to melt
it without any interaction between the PCM and the concrete constituents.

This research aims to demonstrate how the dynamic heat flow meter apparatus can be
effectively used in order to contribute to the existing knowledge on the use of micro-
encapsulated PCM in self-compacting concrete (SCC) by conducting experiments regarding
its thermal behavior. The properties of three recipes containing 1% PCM, 3% PCM and 5%
PCM (by mass of concrete) were compared with one reference mix. These additions
correspond to 2.5-12.4% of volume in the mix.

5.3.1 Selection of components — Mix design

In order to account for the varying PCM amounts in the mixes, a non reactive material
with comparable particle size distribution is necessary to substitute the respective PCM
volume. This way it is assured that all mixes are comparable from the granulometric point of
view. Accordingly, all respective variations compared to the (PCM-free) reference mix can be
assigned to the influence of the PCM. For this test a dolomitic marble powder is selected,
which in previous studies was successfully applied for SCC production [17]. PCM and marble
powder were substituted on volumetric base and are of similar particle size distribution
regarding the powders at our disposal. The 5% mix is an exception since the PCM volume in
this case is higher than the available marble volume. Therefore, slightly higher fines content is
present in this mix. The particle size distributions of all used powder types are given in Figure
5.3.

Moreover, the concrete is designed with common aggregates including a fine sand 0-1,
another 0-4 sand fraction, an intermediate gravel fraction 2-8 and a gravel fraction 4-16. All
sand and gravel fractions were river aggregates and therefore show smooth and round shape.
Finally, a third generation superplasticizer of the polycarboxylate ether (PCE) type was used
to adapt the workability and to adjust the mixes to about the same slump-flow class.
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Figure 5.4: Plot of the total grading of the PCM reference mix, showing target grading (Equation
5.13) and achieved grading as well as all individual constituents. The PCM capsules are not
constituent of the reference mix, but for the sake of completeness they are depicted by the dot-and-

dashed line as shown in the legend [18].

Table 5.1: Mix composition of the PCM reference mix (without PCM) and the three comparative

mixes containing PCM in increasing content.

Reference mix 1% mix 3% mix 5% mix
Mix ingredient Volume Mass Volume Mass Volume Mass Volume  Mass
[dm3] [ka] [dm3] [ka] [dm3] [ka] [dm3] [ka]
Micro cement 47.6 149.9 47.6 149.9 47.6 149.9 47.6 149.9
CEMI1325R 95.5 299.7 95.5 299.7 95.5 299.7 95.5 299.7
Marb'eapo""der 608 1702 358 980 0.0 0.0 0.0 0.0
PCM 0.0 0.0 24.9 23.3 76.6 70.0 124.3 113.7
Sand 0-1 53.0 139.6 53.0 139.6 53.0 139.6 53.0 139.6
Sand 0-4 248.1 655.3 248.1 655.3 248.1 655.3 248.1 655.3
Gravel 2-8 147.7 387.1 147.7 387.3 147.7 387.1 147.7 387.1
Gravel 4-16 122.7 319.6 122.7 319.6 122.7 319.6 122.7 319.6
SP Glenium 51 2.9 3.1 2.9 3.1 2.29 2.4 2.8 2.9
Water 203.2 203.2 207.4 207.4 211.5 211.5 248.4 248.4
Air 13.0 - 13 - 13.0 - 13.0 -

The above described materials have been used to design self-compacting mixes with
increasing amounts of PCM. The mixes that were finally used were a reference mix with 0%
PCM and three more mixes containing 1%, 3%, and 5% of PCM. A summary of all four
mixes is given in Table 5.1. The applied design method is similar to the SCC mix design
described in [17]. The method basically focuses on the optimization of the solid granular
skeleton. With the help of detailed particle size distributions of all used materials a tailor-
graded mix is generated based on an optimized target size distribution including the entire
size range of all involved solids. This method has been proven to successfully produce stable
SCC mixes as well as other types of concrete like Earth-Moist Concrete with comparable low

binder dosages [17], [19].
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Figure 5.5: Compressive strength of the PCM mixes after 28 days.

A further benefit of this method is the simple integration of mineral waste materials into
concrete mix design. Figure 5.4 presents the entire particle size distribution of the reference
mix including the target grading and all individual materials, based on the design method
elaborated in [19]. The micro-encapsulated PCM material is considered as a particle and
therefore part of the optimization. It is not part of the reference mix but for the sake of
completeness it is depicted in Figure 5.4 as well. The so-called target line follows the grading

line of Plum [20], previously referred to as modified Andreasen and Andersen method [17]
and [19]:

dif—dd
P(d)=——"""- Equation 5.13
de —d9
max min fOI’q;éO

The dmin, dmax @and g of the target line were 0.224 um, 16 mm and 0.22, respectively.

5.3.2 Compressive strength and porosity/density

In order to evaluate the effect of PCMs on the mechanical properties of concrete,
compressive strength measurements were executed. Therefore, five standard cubes per
mixture with an edge length of 150 mm according to EN 12390-1 were tested at the 28" day
after production. The test procedure for compressive strength is conforming to EN 12390-3.
The results are presented in Figure 5.5. From this figure it can be clearly observed that
increasing PCM dosages lead to significantly lower compressive strengths. It can furthermore
be concluded that the compressive strength of this specific mixture decreases by 13% for each

additional percentage of PCM. This linear relation holds for the range of PCM contents
examined in the present study.



5.3. Self compacting concrete containing micro-encapsulated PCM 115

ra
N
w

‘ T 30
—=&— Density

g

o —_——0p ;

H 26 | 01’051ty = 27

B; f—
% X
5 _ =
2 255t 24 2
= ‘ 2
2 25t 21
- b
[>] [=%
E 245 / 118

=

=

=

b2
=
o

(=

1 2 3 4 5
PCM content [%)]
Figure 5.6: Plot of density and open porosity versus the PCM dosage in % [m/m].

In addition to the strength measurements the evolution of intrinsic density (pin) has been
measured as a function of the PCM quantity. The density measurement was executed
according to EN 12390-7. Deviating from this standard the total water absorption was
iniciated after evacuating the air from the specimens using a vacuum desiccator. Based on the
values of the density a measure for the open porosity was calculated. This value represents the
part of the void fraction which is open to the surface and therefore can be penetrated during
the underwater storage. The open porosity (%, v/v), oP, reads as:

oP = WA L Equation 5.14
pWater

with WA being the water absorption [%, m/m]. The water absorption is the ratio of the mass
difference between saturated and dried specimen to the mass of the oven dry specimen.
Values for intrinsic density and porosity are presented in Figure 5.6.

Figure 5.6 shows that the concrete density is decreasing with growing PCM content. This
can firstly be explained by the low density of the PCM (0.915 g/cm®) and secondly by a
structural change of concrete packing density, which is revealed by its increasing porosity.

5.3.3 Thermal conductivity

A commercial instrument (CT-METRE by CSTB) was used for the conductivity
measurements. The device uses the transient hot wire method conforming to 1ISO 8894-
1:1987, DIN 51046 and ASTM D2326. The operating principle is based on the association of
a heating device with a temperature sensor (both connected inside the same probe) intended to
measure the temperature increase undergone by the sensor during a predetermined heating
time. The method is not applicable when a phase change occurs in the material, as might be
the case of the PCM containing mixes. To overcome the problem, the samples have been
heated to 30 °C and the measurements have been performed at this temperature, which is well
above the melting range of the PCM.
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Figure 5.8: The configuration of the concrete specimen inside the sample holder of the DHMA. The
insulation layers are placed between the plates and the specimen.

In order to evaluate the effect of PCM on the thermal conductivity of concrete three mixes
containing 1% PCM, 3% PCM and 5% PCM per weight, and a reference material were tested.
According to the standards, two samples of 100 mm x 100 mm x 50 mm of every mixture
were prepared for the measurements. Thermal conductivity measurements are presented in
Figure 5.7. It is clearly indicated that the addition of PCM particles into the mass of the
concrete results in a reduction of thermal conductivity. This can be explained by the enhanced
air content and by the lower thermal conductivity of paraffin.

5.3.4 Specific heat capacity/thermal mass

In this section the DHMA is used in order to quantify the effect of PCM on the developed
material in terms of specific heat capacity and thermal mass. In doing so the lumped
capacitance method described in paragraph 5.2.2 is employed.
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Figure 5.9: Specific heat capacity of the PCM mixes versus temperature.
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Figure 5.10: Thermal mass of the PCM mixes versus temperature.

In order to achieve the low modified Biot number required by the method, an insulation layer

of low density polymer foam, 5.5 mm thick with a thermal conductivity of ca. 0.055 W/(mK)
was used.

For the tests four samples of the four different mixes described in section 5.3.1 were
prepared at the appropriate dimensions, 200 mm x 200 mm x 30 mm (1 x w x h). The samples
were inserted in the sample holder of the DHFMA at a temperature of 19°C and were heated
up to 28°C. The temperature of the device during the heating process was maintained constant
at 32°C. The temperature of the samples and the heat flux from the device to the samples were
recorded. Using Equation 5.10 and the values of the thermal conductivity of the concrete
specimens given in Figure 5.7 the modified Biot numbers were calculated and found ranging
between 0.044 and 0.079. These values allow the safe use of the lumped capacitance method.
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Using the temperature and heat flux measurements on the surfaces of the specimen the
heat capacity and thermal mass of the samples were calculated according to Equation 5.11 and
Equation 5.12.

Figure 5.9 and Figure 5.10 present the measured specific heat capacity and thermal mass
for the four samples versus temperature. In both Figures, the effect of increasing the
percentage of PCM in the mixture is apparent in the melting temperature range of the PCM
(23°C — 26°C). Comparison of Figure 5.9 with Figure 5.10 indicates that, as expected,
increasing the amount of PCM in the mixture leads to a significant increase in its specific heat
capacity (up to 3.5 times for the 5% PCM content). However, there seems to be an upper limit
to the increase of the thermal mass. The 5% PCM mixture has slightly more thermal mass
than the 3% mixture inside the melting range of the PCM but less outside of this region. This
can be the consequence of decreasing concrete density with increasing PCM content. As a
result, a percentage more than ca. 5% (or 4%) of PCM in the mixture does not increase the
thermal mass of the material.

5.3.5 Energy performance assessment

According to the method described in paragraph 5.2.1, the DHFMA is used to simulate
indoor and outdoor temperatures and the corresponding temperature profiles are imposed at
the two sides of the sample. The outdoor temperature is assumed to have a sinusoidal
variation from 18.5°C to 28.5°C for 48 hours (for instance resembling temperature variations
in a South European country), while the indoor temperature is set stable at the level of 23.5°C.
Temperatures and heat fluxes on both surfaces of the tested specimens were recorded. The
tested specimens were identical to the ones used during the specific heat capacity assessment
described in section 5.3.4.

Integration of the measured heat fluxes (Figure 5.11) on the inner side of the sample
according to Equation 5.2, Equation 5.3, Equation 5.4 and Equation 5.5 provide a measure of
the total heat loss/gain towards the indoor environment (Figure 5.12). The heat flux
measurements of Figure 5.11 demonstrate an up to 11% variation in the measured maximum
and minimum peak values for the sample with 5% PCM content. The calculated total energy,
En + E¢ (Figure 5.12), as a function of time corresponds to the energy required by an air-
conditioning system to maintain the indoor temperature constant at 23.5 °C. Savings up to
12% can be expected as a result of the inclusion of 5% PCM in the mix.

The measured total energy consumption under the above conditions per day, (calculated
by Equation 5.2, Equation 5.3, Equation 5.4 and Equation 5.5) and the total PCM coefficient
of performance (Equation 5.8) for the 0%, 1%, 3% and 5% mixtures is shown in Table 5.2. As
it can be seen, PCM mixes significantly improve the thermal performance of concrete in terms
of energy saving. This is not only due to the increased thermal mass (the 3% and 5% mixes
have similar thermal masses) but also due to the improvement in thermal insulation (thermal
conductivity reduction).



5.3. Self compacting concrete containing micro-encapsulated PCM

0% PCM
1 [ ——-— l% PCM
\ 3% PCM
5% PCM;

18 24 30 36 42 48
Time [h]

Heat flux |W/m2|

Figure 5.11: Heat flux on the side of the sample corresponding to the indoor wall surface.

200 | 0% PCM
--------------- 1% PCM
3% PCM
NE 600 5% PCM ..
=
; .
Z; 400
=
o
=
=
200
O 1 L L 1 1 1 1
0 6 12 18 24 30 36 42 48
Time [h]

Figure 5.12: Energy required for maintaining indoor temperature stable at 23.5°C.

Table 5.2: Total energy consumption and coefficient of performance of the four mixes.

Mix Reference mix 1% mix 3% mix 5% mix

Total energy consumption per day
[Wh/m?] 410 393 381 360

CPyt (Equation 5.8) [%] - 4.1 7.1 12.2
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Table 5.3: Thickness and thermophysical properties of the materials.

. Thickness Apparent density SpeC|f|c.heat Therrr_ma!

Material [mm] [kg m3] capacity conductivity
[J kgl K1] [Wm1K1]
0.032% (10°C)
EPS type | 31.4° 31° 1450° 0.033% (20°C)
0.034% (30°C)
0.034% (10°C)
EPS type I 5.7% 19° 1450° 0.035° (20°C)
0.036 (30°C)

SS . PCM 48 2908 26007 Solid 0.182% solid

2200° liquid 0.141° liquid

& Measured values

b Values provided by the producer

54  Lightweight envelope component containing shape stabilized PCM

As already discussed in paragraph 2.2.1, the high thermal mass of envelope components
can have a positive effect on the indoor thermal comfort and energy demands during summer
and winter periods. On the other hand, the need for less consumption of raw materials and for
faster construction times, shifts current construction practice toward lightweight building
shells. Following these trends, thermal mass enhancement of lightweight envelopes has come
into the focus of research [21]. Due to their high storage capacity, phase change materials
form an attractive solution to compensate for the small heat storage capacity of lightweight
building components [22], [23] and [24]. Nevertheless, the development of a wall
configuration incorporating PCMs requires extensive analysis to enable the researcher to deal
with aspects regarding energy performance assessment and determination of the potential
benefits.

This section of the thesis demonstrates how the DHFMA can contribute in this direction.
A lightweight component consisting of an expanded polystyrene (EPS) insulation layer and a
commercial heat storage panel made of a shape stabilized PCM (SS-PCM) is tested under
various realistic boundary conditions in different configurations. The obtained results are used
to experimentally evaluate the thermal performance of the component.

5.4.1 Materials

The lightweight component consists of a ca. 5 mm thick layer SS - PCM attached on the
one side of a ca. 30 mm EPS (EPS type I) panel. An additional thin layer of EPS (EPS type II)
is used as an interface material between the SS — PCM and the plates of the DHFMA during
the measurements. The area of the tested specimens is 200 x 200 m% The properties of the
materials are presented in Table 5.3. The effective specific heat capacity (Ccx) of the PCM
shown in Figure 6.6 is determined according to the dynamic procedure described in paragraph
24.2.
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Figure 5.14: Schematic diagram and photograph of the DHFMA showing the location of temperature
and heat flux sensors.

5.4.2 Experimental configuration — Boundary conditions

The configuration of the component inside the sample holder and the measuring locations
of temperature and heat flux are shown in Figure 5.14. Since the DHFMA cannot provide
convective boundary conditions, a thin insulation interface (EPS Type Il) is introduced
between the heating/cooling plate of the device and the surface of the SS — PCM, in order to
simulate the convective heat transfer that the PCM panel would face when directly exposed to
air. The thickness of the insulation is equal to 5.7 mm that corresponds to a convection
coefficient value equal to approximately 6 W-m™-K™. For the convection boundary condition
on the other side of the configuration the first 5.4mm of the existing EPS panel are assumed to
serve as an interface between the plate surface and the rest of the component corresponding to
a convection coefficient value equal to approximately 6 W m?-K™. This means that the
studied configuration corresponds to a test case consisting of 5 mm SS PCM panel coupled
with a 26mm EPS exposed to air on both sides.
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Figure 5.15: (a) Configurations of the lightweight component inside the DHFMA, (b) Boundary
conditions.

Two different configurations (Figure 5.15a) with different position of the SS-PCM in the
measuring configuration were tested against a reference one. The reference configuration uses
the previously described component but excluding the SS — PCM panel. It serves for
calibration purposes and additionally allows the experimental assessment of potential energy
savings according to the methodology presented in paragraph 5.2.1.

In the first configuration (“PCM In”) the SS — PCM panel is assumed to be exposed at an
indoor environment of constant temperature. In the second configuration (“PCM Out”) the
EPS panel is at the internal side exposed at a constant temperature while the SS — PCM panel
is exposed at the outdoor environmental conditions. In both configurations the outdoor
environmental conditions are approximated by a sinusoidal temperature profile. The two
configurations and the locations of the sensors are shown in Figure 5.15a.

Three different test cases related to different boundary conditions (BCs) were studied for
each configuration resulting in a total of 6 test cases including the SS — PCM panel and three
additional reference cases. The different BCs are shown in Figure 5.15b. The selection of the
boundary conditions is based on the effective specific heat capacity of the PCM (Figure 5.13).
In BC1 (Tin1, Tourr) the active PCM range is placed 5°C lower that the constant indoor
temperature at the lower limit of the external temperature profile. In BC2 (Tinz, Tour) the
indoor temperature is kept constant, close to the melting peak near the centre of the active
phase change range. Outdoor temperature span covers most of the phase change range. In the
third case (BC3) (Tins, Tous) the indoor temperature lies close to the solidification peak and
the outdoor diurnal temperature range is wider by 5°C that the first two cases reaching a
lowest temperature of 10°C. Table 5.4 summarizes the selected boundary conditions.
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Table 5.4: Boundary conditions corresponding to three different weather conditions.

. Outdoor Time period of
Boundary Constant indoor L
.. o temperature range outdoor variation
condition temperature [°C] o
[C] [h]
BC1 25 20 - 30 24
BC2 20 15-25 24
BC3 17.5 10-25 24
Table 5.5: Location and denomination of the sensors.
L ocation of sensor ‘PCM In’ configuration ‘PCM Out’ configuration
Temperature Heat flux Temperature Heat flux
Plate 1: ‘Indoor’ Tin Qin Tin Qin
SS PCM exposed surface Trcmiin - Trem,out -
PCM — EPS Interface Tremout -- Trcemiin --
Plate 2: ‘Outdoor’ Tout Jout Tout Qout

Temperatures are measured at the two surfaces of the SS-PCM as indicated in Figure 5.2a.
Also the temperature and heat flux on the plates of the apparatus corresponding to the indoor
(Tin, Qin) and outdoor (Tou, Qout) temperature and heat flux is measured. The naming of the
sensors used in the following analysis for the two configurations (‘PCM Out’ and ‘PCM In’)
is summarized in Table 5.5. It should be reminded, that in the configuration “PCM In” Tj,
temperature is different than Tpem,in temperature since an insulation layer is interposed between
the device plate and the SS — PCM panel to simulate a convective boundary condition. The
same stands for Toy: and Tpcm,out for the “PCM Out” configuration.

5.4.3 Results of dynamic measurements

The results of the DHFMA measurements of the lightweight component for the two
different configurations are presented in Figure 5.16 to Figure 5.21. For each test case two
figures are presented: one showing the temperature evolution at the two sides of the SS-PCM
against the boundary conditions imposed to the specimen and one showing the evolution of
heat flux on the two plates of the device. It should be reminded that plate temperatures of the
DHFMA simulate realistic indoor and outdoor climate conditions so that the experimental
setup approximates a building envelope element separating the outdoor from the indoor
environment.

In all cases, the relatively high thermal conductivity of the SS-PCM panel results in almost
uniform temperature within its mass (i.e. Tpcmin and Tpemout are close). Regarding the heat
flux, the measured curves do not follow the sinusoidal trend of the outside temperature which
is typical for massive walls. Apart from these common features the specimen shows different
behavior for each boundary condition (BC1, BC2, and BC3) and configuration (“PCM In”,
“PCM Out”).
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Figure 5.16: DHFMA results for the “PCM Out” configuration in the case of BC1. (a) Temperatures
and (b) Heat flux curves at the measuring locations are shown in Figure 5.15.
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Figure 5.17: DHFMA results for the “PCM Out” configuration in the case of BC2. (a) Temperatures
and (b) Heat flux curves at the measuring locations shown in Figure 5.15.

Examining the “PCM Out” configuration, in case of BC2 and BC3, the high differences
between the heat flux values on the two sides of the SS — PCM specimen show that the PCM
is active. In contrary, this difference is lower for BC1 (Figure 5.16) indicating that the
material is only partially charged and discharged in the temperature range from 20°C to 30°C.
Besides, this is expected considering the phase change range of the PCM as shown in Figure
6.6.

In case of BC2 the phase range of the PCM is almost the same as the boundary
temperature range thus, the shape of the temperature and heat flux curves (Figure 5.17)
indicates a strong PCM effect.
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Figure 5.18: DHFMA results for the “PCM Out” configuration in the case of BC3. (a) Temperatures
and (b) Heat flux curves at the measuring locations shown in Figure 5.15.

The stabilization of g, at ca. -0,5 W/mK for approximately 1 hour is due to the high rate of
discharge of the PCM at that time. At the same time the temperature of the panel is stabilized
at approximately 19.5°C. On the other hand, the crystallization peak shown in the Cg diagram
(Figure 6.6) obtained by means of DSC appears to be at a different temperature (17°C).
Similar conclusions can drawn from the BC2 measurement.

The results of the “PCM In” configuration are significantly different. In this second case,
the SS-PCM panel is placed at the inner side of the hypothetical wall facing a constant
temperature. Therefore, the diurnal temperature variation of the panel is relatively low (less
than 3°C in all cases). Moreover, the high differences in the heat flux values at the two sides
of the wall appearing in the “PCM Out” configuration are not apparent any more. In
particular, in the BC1 case (Figure 5.19) where the outdoor temperature varies from 20 to
30°C the heat flux profiles at the two sides are almost equal. Nevertheless, a small asymmetry
of the heat flux values is observed at the internal side. The curve (q;n) appears to be slightly
shifted toward the positive direction of the y axis compared to the almost symmetrical in this
respect gout. This behavior is stronger in the case of BC2 and BC3 (Figure Figure 5.20 and
Figure 5.21). In particular, while the external boundary conditions in all cases are symmetrical
in respect to the indoor constant temperature, the resulting heat fluxes toward the indoor
environment are not. This asymmetry, as it will be shown in the next paragraph, is very
interesting from the indoor heat balance point of view as it can be utilized for the reduction of
heating or cooling demands.
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Figure 5.19: DHFMA results for the “PCM In” configuration in the case of BC1. (a) Temperatures
and (b) Heat flux curves at the measuring locations shown in Figure 5.15.
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Figure 5.20: DHFMA results for the “PCM In” configuration in the case of BC2. (a) Temperatures
and (b) Heat flux curves at the measuring locations shown in Figure 5.15.

5.4.4 Energy performance assessment

Based on the results presented in the previous paragraph, the absolute values of the diurnal
heating and cooling demands (Equation 5.2 and Equation 5.3), as well as the respective PCM
coefficients of performance (Equation 5.6, Equation 5.7 and Equation 5.8), concerning the
reference and the SS-PCM wall concepts were calculated according to the methodology
described in 5.2.1. The results are summarized in Table 5.6 (cooling),

Table 5.7 (heating) and Table 5.8 (total).
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Figure 5.21: DHFMA results for the “PCM In” configuration in the case of BC3. (a) Temperatures
and (b) Heat flux curves at the measuring locations shown in Figure 5.15.

Table 5.6: Cooling demands (E.) and the respective coefficient of performance (CPy).

Ec [kJ/m2] CPc [%0]
Bou_n_dary Reference . ” Energain Energain
coditionss Wall PCM Out PCM In wall (Out)  Wall (In)
BC1 (20°C-30°C) 131.84 119.57 122.78 9.3 6.9
BC2 (15°C-25°C) 128.71 103.14 161.30 19.9 -25.3
BC3 (10°C-25°C) 191.43 172.60 226.65 9.8 -18.4

Table 5.7: Heating demands (E) and the respective coefficient of performance (CP..).

2 0
Temperature Reference En [kJ/m'] CPn [%2]
Range Wall PCM Out PCM In PCM Out PCM In
BC1 (ZOOC-3OOC) 131.84 130.46 122.77 1.0 6.9
BC2 (15°C-250C) 128.71 94.10 65.78 26.9 48.9
BC3 (10°C-250C) 191.43 143.38 116.27 25.1 39.3

Table 5.8: Total energy demands (E,+E;) and the respective coefficient of performance (CPyy).

Eh+Ec [kJ/m2]

CPtot [%]

Temperature Reference
Range Wall PCM Out PCM In PCM Out PCM In
BC1 (20°C-30°C) 263.7 250.0 245.55 5.2 6.9
BC2 (15°C-25°C) 257.4 197.2 2271 23.4 11.8
BC3 (10°C-25°C) 384.9 316.0 342.9 17.9 10.9
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Figure 5.22: Heating and cooling demands of all the test cases.
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Figure 5.23: Heating and cooling coefficients of performance of the three different boundary
conditions for (a) “PCM Out” configuration and (b) “PCM In” configuration.

As expected, in the case where the external temperature varies from 20 to 30°C (BC1) the
benefit from the SS-PCM is low (less than 10%) regardless of the position of the panel. For
BC2 (15 to 25°C) and BC3 (10 to 25°C) the PCM panel strongly influences the energy
required for the stabilization of the indoor temperature. As shown in Figure 5.23b when the
panel is placed at the inner side of the wall and the external temperature varies from 15 to
25°C the heating demands are reduced by ca. 50%.

Regarding the position of the PCM panel, for the “PCM In” configuration in cases of BC2
and BC3, it is observed that the panel has a negative influence on the performance of the wall
regarding the cooling loads. On the other hand, it has a positive contribution as far as the
heating loads are concerned. In the case of “PCM Out” configuration the contribution is
positive on both heating and cooling loads.
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5.5 Conclusions

The dynamic heat flow meter apparatus developed in this thesis was successfully
employed for the investigation of two different building components incorporating PCMs. In
doing so, after a literature review on the use of the DHFMA for PCM measurements two new
methodologies were put forward. Regarding the DHFMA operation and the introduced
methods the following can be concluded:

The lumped capacitance method can be utilized for the determination of the
effective specific heat capacity of PCM components as long as the boundary
conditions applied by the DHFMA on the specimen satisfy a limitation related to
the Biot number.

In order to overcome this limitation the insertion of an insulation layer between the
device and specimen is needed.

The inner surface heat flux method proposed in this study can successfully
quantify the positive or negative effect of the PCM on a building component with
the use of the so called PCM coefficient of performance.

With the help of the DHFMA and the introduced methods first a PCM concrete material was
developed and examined. The following conclusions are drawn:

An increase in the PCM quantity reduced the thermal conductivity of the concrete
samples.

With increasing PCM content the true porosity if the sample is increased and,
while its density decreases.

Increasing porosity theoretically leads to lower thermal mass values, but due to the
presence of the PCM the opposite behavior occurs in the phase change region.
Namely, with increasing PCM content the thermal mass of the sample significantly
increases.

Although the specific heat capacity increases with increasing amount of PCM in
the considered temperature range (24 - 26 °C), the thermal mass seems to be bound
by a maximum of approximately 6800 J/K at 4% to 5% PCM, which seems to be
an optimum dosage for the present case.

Increasing PCM content reduced the thermal conductivity of the PCM samples.
The overall improvement of the thermal behavior is the combined effect of the
increase in the thermal mass and the decrease in the thermal conductivity.

The increase in thermal mass significantly improves the thermal performance of
concrete in terms of energy saving.

Even though the loss of compressive strength was significant, the compressive
strength with 3% PCM was 35 N/mm2, which is acceptable for most
constructional purposes

Regarding the second material examined which was a lightweight building component with a
shape stabilized PCM, the following can be concluded:

Differential scanning calorimetry measurements revealed a phase change range
between 10 and 25°C. A light hysteresis between melting and solidification of the
PCM was observed.

The temperature of the PCM layer during the dynamic measurements remained
almost uniform.
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The crystallization peak in the dynamic measurements was observed at 19.5°C
which is 2.5°C higher that the DSC measurements indicated.

The influence of the SS-PCM is stronger when the panel is placed at the inner side
of the wall. Nevertheless, this influence can be negative leading to an increase in
the energy demands.

When the panel is exposed to the external environment the PCM effect is less
prominent but it yields benefits for both heating and cooling scenarios.

From the thorough analysis of the above two building components the benefits of using
the DHFMA with appropriate methodologies are summarized as follows:

The DHFMA allows the evaluation of the dynamic thermal behavior of PCMs in
component level overcoming the limitations of the other methods regarding the
size of the sample.

The use of realistic boundary conditions provides reliable results considering that
the phase change behavior depends on the heating rate of the process.

The lumped capacitance approach is a fast method that allows the analysis of
specimens containing coarse particles but it requires relatively high thermal
conductivity.
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Chapter

An integral modeling concept for PCM enhanced building
components

6.1 Introduction

The present chapter continues the scope of this thesis to address the main problems of the
PCM technology from the point of view of modeling and simulation of PCM enhanced
building components. The previous chapters provided the experimental tools and methods for
improved PCM characterization which now can be combined with an appropriate numerical
model in an integral modeling concept for PCM building components incorporating PCMs.

Numerical modeling of PCMs has been researched for several years and different
approaches have been used [1], [2] and [3]. Amongst them, the effective heat capacity method
[4] is considered a versatile, convenient, adaptable and easily programmable method and it
has been widely used [5], [6] and [7]. The main advantage of this method is that the
governing equations and the associated discretized equations have the general form of the heat
conduction equation with a nonlinear heat capacity, namely the effective heat capacity (Ce).
As a result they can be solved with any standard heat transfer code. The key for accurate
simulations lies in the appropriate selection of the non-linear Cs curves.

This chapter discusses the mathematical and numerical modeling of PCMs and explains
why current modeling methodologies based on Cgs curves that treat separately PCM
characterization and modeling suffer. This is followed by the motivation of choice of the used
experimental tools and methods. In order to overcome the shortcomings of current methods in
defining appropriate enthalpy-temperature functions of PCM enhanced envelope components
for incorporation in numerical models, a new modeling approach is proposed. The main idea
IS to use a set of artificial Ce curves obtained by an optimization procedure, based on simple
DSC measurements and experimental results obtained with the use of a heat flow meter
apparatus (HFMA) operated in a dynamic mode.

In the following it will be explained how the DHFMA demonstrated in chapter 4 and the
respective measuring methodology examined in chapter 5 will be combined with a general
purpose heat transfer numerical code described in this chapter in order to integrate material
characterization, model development and validation in a holistic modeling concept.
Furthermore, the introduced methodology will be demonstrated with application on a
lightweight envelope component consisting of a shape-stabilized PCM (SS — PCM) applied
on the surface of an expanded polystyrene (EPS) insulation.
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6.2  Numerical modeling of solid-liquid phase change

In order to further proceed with the introduction of the new modeling concept,
mathematical and numerical modeling of PCMs needs to be discussed. Analysis of numerical
modeling will focus on the effective heat capacity method and its current limitations.

6.2.1 General formulation of phase change problems

One-dimensional melting/solidification problem belongs in the general category of Stefan
problems [8]. In these problems a static or moving boundary (“free boundary”) distinguishes a
liquid from a solid phase [9]. For pure materials where there is a clear distinction between the
solid and liquid phase solidification/melting occurs at isothermal temperature. The governing
equations can be written for the solid and liquid regions as follows:

In the solid region

2 -
C.p, T, _ =k, oT, ,0<x<S(t),t>0 Equation 6.1
ot ox?

In the liquid region

C,p,%JGCu M _ &N st)<x<oo, (o Equation 6.2

IIXE_IaXZ,

At the solid-liquid interface x =S(t) the heat balance condition is written as follows:

ks% aT =(Lp, +(pC psCs)T) Equation 6.3

In terms of enthalpy Equation 6.1, Equation 6.2 and Equation 6.3 can be reduced to a single
equation:

a_h__( _) Equation 6.4
ot ox

This is a conserved formulation that holds for both the solid and liquid phases and as shown
by Shamsundar and Sparrow [10], it implicitly includes the heat balance condition.

The first analytical solution of the problem in case of an isothermal semi-infinite domain
and a constant temperature at the boundary (Equation 6.5, Equation 6.6 and Equation 6.7) was
found by Neumann [11].
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T (X))o =T, <T,, t>0 Equation 6.5
TI (X’t)|t:0:T0 1 TI (X’t)|Xﬁoc:T0 Equation 66
S(0)=0 Equation 6.7

Apart from this, very few analytical solutions are available in the close form [12] and [13].

6.2.2 Numerical approaches of the Stefan problem

Due to the lack of analytical solutions of the Stefan problem as mentioned in the previous
section, an increasing number of approximate numerical solutions have been published during
the last two decades. From the literature it becomes clear that the numerical methods
addressing the Stefan problem can be divided into three categories, namely:

Fixed grid methods: In these methods the heat produced/absorbed by the phase
change boundary is taken into account in the energy balance equation at fixed
space nodes [14] and [15]. They are considered more versatile, convenient,
adaptable and easily programmable as the same mesh is retained throughout
computation [16]. Based on the treatment of the evolution of the latent heat at the
interface, several broad classes of fixed grid strategies have been developed
[17].The current work will focus on these methods.

Deforming grid methods: In these methods the computational grid is created for
the solid and the liquid domain separately with the solid-liquid interface serving as
a common boundary. They are based on the complete Stefan formulations
(Equations 6.1, 6.2 and 6.3) and require that the grid nodes deform at each time
step in order to follow the moving boundary layer. This method has been widely
used for the simulation of melting of pure metals with natural convection in the
molten liquid [18] and [19].

Front tracking methods: These methods utilize the features of both fixed and front
tracking grids [20]. They use a background grid and employ local front tracking
schemes to follow the movement of the boundary. The interface is represented by a
set of marker points connected by curves (in 2D domains) or triangular elements
(in 3D domains). These marker particles move on a fixed grid as the material
undergoes melting or solidification. The governing equations are solved on the
fixed grid. For nodal points that are close to the interface, finite difference stencils
which involve nodal points on the same phase and one or more points on the
interface are used. The method has been demonstrated by Udaykumar et al [21]
and Li et al [22].

6.2.3 Enthalpy and heat source methods

The enthalpy method is based on the solution of the conserved formulation of the Stefan
problem (Equation 6.4). Numerical discretization of this equation using explicit time
integration can provide accurate solutions with appropriate selection of time and space steps
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[23]. A remedial scheme was suggested by Price and Slack [24] in order to avoid oscillations
of temperature and boundary position solution. Voller and Cross [25] utilized successfully a
similar scheme to remove such oscillations.

Although the explicit fixed grid scheme is very easy to be applied, a small time step is
required to ensure stability. An alternative approach is to use implicit time integration.
Efficient realization of an implicit scheme can be achieved with the separation of specific and
latent heat. In doing so, Equation 6.4 is transformed as follows:

aT af i
a_o k— Equation 6.8
PC =5 ko) P

This equation isolates the nonlinear behavior associated with the phase change into a source
term. The method is known as heat source method [26] and [27]. Many studies regarding
PCMs applied successfully this method [28] [29] and [30].

The most important features of both above schemes are [31]:

e When a node of the grid is undergoing phase change its temperature remains
constant and equal to the phase change temperature. This condition can be
maintained for several time steps.

e The liquid fraction at a phase change node will have a value 0 <f <1 even if the
volume liquid fraction is a step function of temperature.

e In one dimensional phase change problems melting or solidification can occur in
one control volume at a time.

The above stated features suggest that enthalpy and heat source methods are more
appropriate for pure substances and eutectics with a distinct phase change temperature. This
sharply defined phase change temperature results to an enthalpy that is not a unique function
of temperature. In this respect, these methods can deal with the discontinuity of enthalpy
because it is directly calculated from the discretized equations and then temperature is derived
from enthalpy.

6.2.4 Effective heat capacity method

In the effective heat capacity method the non-linearity associated with the
absorbed/released latent heat is accounted for using a modified heat capacity term [4]. This
term is a function of temperature and simulates the effect of enthalpy change during phase
transition by increasing or decreasing the heat capacity value. The method suggests the use of
Equation 6.9 for the reformulation of Equation 6.4 as follows:

oh ohor ot Equation 6.9

ot aT ot M at
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pC al —ﬁ(kg—l) Equation 6.10
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The advantage of this approach is that the governing equation and the associated
discretized equation have the general form of a heat conduction equation with a nonlinear
specific heat. As a result, with appropriate numerical treatment of the effective heat capacity,
Ceft the Stefan problem can be solved with a standard heat transfer code. The key for accurate
simulations lies in the appropriate selection of the heat capacity function.

The effective specific heat capacity in the case of building materials incorporating PCM
can be expressed as:

Cq =(1-a)C

carr

+a-Cyy pen Equation 6.11

where « stands for the percentage of PCM, Ceq is specific heat of the carrier material and
Cefi pcm IS the effective heat capacity of the PCM.

6.2.5 Effective heat capacity of PCMs

Up-to-date research cannot provide a satisfactory answer to the determination of Ce
curves appropriate for incorporation in PCM numerical models. Literature in this field refers
to two alternative practices. The first suggests the use of artificial Ce curves based on the
available properties of the PCM (e.g. phase change enthalpy, melting range etc.), while the
other proposes the direct use of differential scanning calorimetry (DSC) thermographs.
Regarding the artificial Ces curves, the simplest approximation is the use of a step function,
which has been proven to introduce large errors in the simulations [32]. The use of analytic
functions can provide better results given that the parameters of these functions are
appropriately selected [33] and [34]. Besides, the selection of these parameters should refer to
some kind of experimental work regarding the phase change characteristics of the simulated
material. On the other hand, the direct incorporation of DSC thermographs in a numerical
model is a widely accepted practice and appears to be a more reliable solution [35] and [36].
However, DSC measurements of the effective heat capacity of PCMs show a strong
dependence on the heating rate, the sample mass and the direction of the temperature
evolution (i.e. heating or cooling) [37] and [38]. Moreover, they require very small sample
quantities (in the order of a few milligrams), so they may introduce significant errors when
testing inhomogeneous materials with large-size representative volumes [39].

To overcome the above shortcomings of the above practices more sophisticated hybrid
methods have been recently proposed that combine experimental and modeling techniques.
Franquet et al. [40] proposed an inverse method based on genetic algorithms in order to
overcome the major disadvantages of using a raw DSC curve for the Cgs curves estimation.
Their approach involves detailed modeling and numerical simulation of the DSC experiment
so as to compute the heat flow rate absorbed or released by the sample during a DSC
measurement. The simulated heat flow rate is then compared to the experimental and by using
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an inverse method in an optimization process, an enthalpy temperature function is determined.
This function is irrelevant of the heating rate and sample mass in the DSC measurements.
Therefore, it is possible to reproduce any DSC experiment of the sample. This method
resolves the problem of sample mass and heating rate but the representativeness problem still
remains.

Such a problem could be partially overcome using the T-History method, an inexpensive
and easy method for the determination of latent heat and melting range. The improvements
proposed by Kravvaritis et al. [41] could be utilized for the enthalpy-temperature function
determination. A similar approach that combines the advantages of the T-History method and
the inverse method has been proposed by Del Barrio and Dauvergne [42]. The experimental
device used in this method was comparable to that of the T-History method but instead of
simple energy balances, an inversion of a constant-parameters heat conduction model was
used to retrieve the whole set of parameters and functions characterizing the PCM. In both
methods, the quantity of the sample is substantially bigger and can be representative of an
inhomogeneous material. But still, it is not possible to measure solid PCM enhanced envelope
elements such as gypsum boards or energy storage panels.

6.3 A new modeling approach

From the literature review on the numerical modeling of phase change presented in
sections 6.2.3, 6.2.4 and 6.2.5 it appears that the heat capacity method is generally considered
as a convenient and versatile method for PCM modeling. The key issue that remains to be
solved is the appropriate selection of the effective heat capacity function.

The methodology proposed herein is based on the use of a heat flow meter apparatus
(HFMA) operated in dynamic mode for the laboratory dynamic testing of PCM enhanced
building materials and components [43] and [44]. As already mentioned in chapter 4, the main
advantage of this device derives from the ability to measure test specimens of building
materials in bulk form (e.g. concrete blocks) or in the form of boards (e.g. gypsum boards),
thus overcoming the problems associated with the low quantity of the sample mass analyzed
in section 6.2.5. Besides, for the same reason the concept of a dynamically operated HFMA
(DHFMA) has already been used for the validation of numerical models simulating
components incorporating PCMs [45].

6.3.1 Methodology

The proposed approach can be understood as an optimization problem based on
experimental data produced by testing the PCM building component with a HFMA in
dynamic mode. Initial DSC measurements of a sample from the PCM are followed by cycling
temperature measurements of the PCM building component with an HFMA designed to
operate in dynamic conditions. Artificial Ce curves based on the DSC results and on
observations from preliminary numerical simulations are optimized in order to provide closest
fit of simulations to the DHFMA experiments. The obtained curves are validated against
different experimental results to ensure the accuracy of the procedure.
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Figure 6.1: Flowchart of the hybrid methodology.

Heating and cooling processes are treated separately so that the method provides different
optimized curves taking into account the subcooling and hysteresis effects. The flowchart
shown in Figure 6.1 summarizes the whole procedure of obtaining the Ces curves of a PCM
enhanced component. The methodology comprises four distinct steps:

DSC and HFMA measurements
Estimation of the initial Ceff Curves
Optimization of the Ce curves
Validation of the results

Measurements

The procedure starts with testing a sample from the building component with a DSC.
Measurements are performed with low heating rates in heating and cooling mode. From these
measurements, a set of Ces curves is defined. Throughout this chapter, the term DSC Ces will
be used to refer to these curves. Higher heating rates are used for the estimation of the latent
heat of fusion. Additional measurements in the pure solid and liquid regions with blank curve
correction and sapphire reference define the specific heat capacity in solid and liquid state.
Melting and solidification range and other thermal storage characteristics (e.g. melting
temperature, solidification peaks etc.) can be studied in various heating rates in order to obtain
a deeper understanding of the thermal storage behavior of the PCM.

The cyclic temperature boundary conditions for the DHFMA experiments are selected,
using the melting and solidification range obtained from the DSC measurements. Taking into
account that the Ces curves will be used in order to simulate PCMs in building applications,
the span of the cyclic temperature variations of the DHFMA should be in the range from 1°C
or 2°C to 10-15°C in a 24 h period. Temperatures and heat fluxes are measured at several
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locations inside the measured configuration. A minimum of two different sets of
measurements is proposed: one for the optimization and one for the validation procedure.

Artificial Cg curves (Shape, variables and constrains)

In the next step, observations from the performed DHFMA experiments performed with
the DHFMA and the DSC experiments are examined along with initial simulations using the
DSC Ces curves. Evaluation of the simulation results in comparison to the DHFMA results
will suggest a proper choice for the shape of the artificial Ces curves. From the suggested
shape and a set of variables and constrains a large number of different artificial Cs curves can
be produced.

Optimization

In the third step, the experimental results obtained from the DHFMA experiments and the
initial artificial Ce curves serve as input to the optimization procedure. The optimization
algorithm generates different artificial Ce curves according to the shape, variables and
constrains of the previous step. Then, an iterative procedure takes place where the numerical
model simulates the experimental test cases trying to define the Ces curves that optimize the
fit between the experimental results and the numerical simulations. The fitness is evaluated
with standard statistical analysis. This analysis can be considered as an inverse curve fitting
problem where the curve is defined by the experimental data (temperature or heat flow) and
the algorithm searches for the set of the Cg curves that when incorporated in the model
achieve minimal differences between the target (experimental) and the numerical results.
Thereby, the sum of the temperatures and/or heat fluxes residuals (RSS) at the measuring
locations of the configuration serves as objective function for the optimization algorithm and
is minimized as follows:

k n ) ) -
RSSimp = 2 2 (T () = ToJy (i))” — min. Equation 6.12
j=1 i=1
and/or
| n ) ) -
RSS, = ZZ((qr:um (i) — oy (i))> — min. Equation 6.13
j=1 i=1

where index n stands for the total time steps of the simulation while k and | are the numbers
of measuring locations of temperature and heat flux respectively.

With the help of the residual sum of squares the coefficient of determination (R?) can be

calculated in order to quantify the quality of the fit of numerical results to the experimental
curves for each measuring location. These criteria for temperature and heat flux reads as:
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RSS
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= Equation 6.14
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with 'ITnum and g, being the arithmetic mean of the temperature and heat flux for a given
measuring position inside the measuring configuration.

Validation

Finally, in order to verify the proposed optimum artificial curves and assess the limits of
their applicability, additional numerical simulation results are compared to experimental data
sets obtained by altering the initially used boundary conditions or the measuring
configuration.

6.3.2 The utilized model

In this section a brief overview of the general purpose heat transfer code used in this study
will be given.

Solving the equations - Discretization

As mentioned in section 6.2.4 the governing equation of the heat capacity method has the
form of the heat conduction equation and thus a heat transfer code can be utilized for the
application of the method. In this thesis a general purpose heat transfer code will be used
based on the discretization of the general form of the transport equation (Equation 6.12). This
equation includes terms for storage, convection diffusion and generation and thus is
appropriate of simulating heat transfer inside building materials without fluid flow.

A, %:v(Bfo)—v(cf f)+Q, Equation 6.16

There are different ways for solving numerically a set of equations of this form. Methods
like finite difference and orthogonal collocation have been used and reported quite often in
the literature [46], [47] and [48]. In the current study the DIVPAG routine from the
International Mathematics and Statistics Library (IMSL) was used. DIVPAG can solve initial
value problems for ordinary differential equations using either Adams-Moulton’s or Gear’s
backward differentiation formula (BDF) method [49]. In order to use DIVPAG for solving the
set of partial differential equations in the one dimensional domain Equation 6.16 was
discretized into a number of nodes (n) as shown in Figure 6.2.
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Figure 6.2: Discretization of the one-dimensional domain.
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Figure 6.3: Finite volumes of internal and boundary nodes.

Discretization was realized with the finite volume method [50]. Therefore, Equation 6.16
is integrated over a control volume as shown in Figure 6.3. By application of the divergence
theorem the discretized system of equations is derived (Equation 6.17) [51]. The coefficients
of Equation 6.17 are calculated by Equation 6.18.

df, Cq; +C¢, +c(;i

Equation 6.17
dt Cni

CBin :{Bf,e fi+l_ fi _Bf,w fi _ fi—l}
Xiyg — X Xi — X4

1+ 1 1
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X . — X X — X

C(;,i :{Qf,e i+1 i +Qf,w i |—1}

C/:,i — {Af . Xi+12_ X; + Af y X — Xi—l}

Equation 6.18

where Csy is the component of Cs. in x direction.
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Boundary conditions

In case of temperature boundary condition (Dirichlet condition) [52], the following
equation is derived:

fl, =1 (1)
ﬂ 0 Equation 6.19
dtf,

In case of heat flux boundary condition (Neumann condition) [52], the following equation is
applied:

df Cl;is +Ccf,iB +C(;is +F;

ig Equation 6.20

dtl, .

The coefficients of the above given equations are different for east and west boundary
nodes. For an east node they are computed by Equation 6.21 while for a west node by
Equation 6.22:
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C.ig f.w 2 Equation 6.21
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Solver algorithm — HETRAN code

The system of ordinary differential equations that is derived after the discretization of

Equation 6.16 is summarized in the following equations:

df
=S F(tf
o = F(tf)

where matrices f and F are defined by:

Equation 6.23

Equation 6.24

Equation 6.25

Equation 6.26
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Figure 6.4: Flowchart of the HETRAN algorithm.

In order to solve the set of equations described above, Gear’s Backward Differentiation
Formula (BDF) method [53], with automatic control of step size and order, is used. The BDF
method is incorporated in an in-house developed code (HETRAN). The HETRAN code has
been initially developed by Kontogeorgos and Founti [54] for the investigation of
simultaneous heat and mass transfer mechanisms occurring in gypsum boards exposed to fire
conditions. The general form of the code allows the utilization of the effective heat capacity
method to be used for the simulation of phase change processes inside building materials
incorporating PCMs. The flow chart diagram of the code is schematically presented in Figure
6.4.
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Table 6.1: Thickness and thermophysical properties of the materials.

Thickness Apparent density Specmc_heat Therma!
[mm] kg m-3] capacity conductivity
[J kg-1 K-1] [Wm-1K-1]
0.032 a (10°C)
EPS type | 3l4a 3la 1450 b 0.033a(20°C)
0.034 a (30°C)
0.034 a (10°C)
EPS type Il 57a 19a 1450 b 0.035a (20°C)
0.036 a (30°C)
SS - PCM 484 292 3 2600 a Solid 0.182 a solid

2200 a liquid 0.141 a liquid

& Measured values

® Values provided by the producer

6.4  Application of the methodology

In this section it will be described how the new modeling concept introduced in section
6.3 can be applied in the case of a lightweight building component consisting of a shape-
stabilized PCM (SS — PCM) applied on the surface of an expanded polystyrene (EPS)
insulation. The component has already been presented in chapter 5 (paragraph 0) but, for the
sake of completeness, some basic information is reminded in the next paragraphs.

After the analysis of thermal storage properties of the PCM with DSC measurements, the
component is tested in the DHFMA presented in the previous chapters. Two different test
cases are examined. The results from the first are utilized in the optimization algorithm for the
determination of optimum Cg curves. The second test case is used for model validation
purposes.

6.4.1 Materials

A ca. 5 mm thick layer of the SS - PCM is uniformly applied on the one side of a ca. 30
mm EPS (EPS type 1) panel resulting to a component that can be added in lightweight wall
configurations to enhance insulation and thermal mass of the structure. An additional thin
layer of EPS (EPS type 1) is used as an interface material between the SS — PCM and the
plates of the DHFMA during the measurements. The reason for the use of this additional layer
is explained in section 6.4.3. The area of the tested specimens is 200 x 200 m?. The properties
of the materials are presented in Table 6.1.
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6.4.2 Differential scanning calorimetry analysis

For measuring the thermal storage properties of the PCM, a Mettler Toledo DSC1 Star®
system is deployed. The module is fitted with the FRS5 sensor. The measuring principle is
based on the well proven Boersma principle [55] (fixed thermocouple differential thermal
analyzer) in which the temperature difference between a sample and a reference material is
measured and the heat flow is calculated from calibration data. The properties that are
addressed in terms of DSC include the estimation of the DSC Ces; curves, the determination of
the specific heat capacity in solid and liquid state, the estimation of phase change enthalpy
and the determination of melting and crystallization range.

General observations

Measurements at four different heating/cooling rates are performed (Figure 6.5). Heating
of the sample at 10°C-min™ (Figure 6.5a) reveals three levels of constant heat capacities of the
material. The first is prior to -25°C, the second is between -13°C and -10°C and the third is
above 55°C. The variation from the first to the second level is associated to the glass
transition of the polymer supporting material. The stabilized heat capacity observed in the
region between -13°C and -8°C corresponds to the SS — PCM panel (in its flexible form) with
the PCM in the solid state, while in the temperature region above 55°C the heat capacity
stabilizes to the value that corresponds to the SS — PCM panel with the PCM in the liquid
state. A dominant melting peak at ca. 22°C is followed by a secondary peak near 30°C. In
cooling mode this secondary peak at 30°C disappears and solidification starts at
approximately 23°C. The solidification range appears to be wider than the respective melting
range. The same behavior with minor changes is observed also at the heating/cooling rates of
5°C-min™ (Figure 6.5b).

As the cooling rate decreases to 1°C-min™ (Figure 6.5¢), the solidification enthalpy is
shifted towards lower temperatures and a peak near 14°C is observed. This peak grows further
at the lower cooling rate of 0.1°C-min™ (Figure 6.5d) and appears to move towards higher
temperatures (near 17°C). In the heating mode a marked change is observed only at the lowest
heating rate (Figure 6.5d) where the melting peak splits to form a second peak of the same
approximately height. In addition, the low melting peak appearing at 30°C in higher heating
rates shifts towards lower temperatures and tends to merge with the dominant melting peak.

Melting/solidification range

The characteristic temperatures of all the thermographs are summarized inTable 6.2.
Melting onset and solidification endset are estimated by the section of appropriate lines
shown in Figure 6.5. As expected, lower heating/cooling rates result in lower melting endset
and higher solidification onset (lower subcooling degree), respectively. Besides, in line with
the literature [56], for lower cooling rates solidification enthalpy is distributed in smaller
range. Melting and solidification range (endset minus onset temperature) appear to converge
to the same value (ca. 10°C) at the low heating rate of 0.1°C-min™’. On the other hand, melting
enthalpy is more evenly distributed in this range than the respective solidification enthalpy,
which is mainly concentrated under the dominant solidification peak.
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Table 6.2: Characteristic temperatures of heating and cooling DSC thermographs.

Heating Rate Melting [°C] Solidification [°C]
[°C-min-1] Onset  Main peak Endset Onset  Main Peak Endset
10 15 21.9 25.7 23.3 211 35
5 13.8 22.9 24.4 23.6 22.0 5.6
1 13.7 22.3 235 23.9 145 10.6
0.1 143 20.3 234 24.8 17 143
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Figure 6.5: DSC measurements of the SS — PCM at four different heating/cooling rates:
a) 10°C-min™, b) 5°C-min™, ¢) 1°C-min™ and d) 0.1°C-min™.
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Specific heat capacity

The determination of the specific heat capacity of the materials is standardized in I1SO
11357 - 4:2005 [57] and ASTM E1269 - 11 [58]. According to both standards, measurement
is possible only to thermally stable solids and liquids. This means that apart from sensible
heating other overlapping thermal events must not occur during the DSC measuring
procedure. Therefore, in order to assign values of constant heat capacity for the solid and
liquid phase of the SS — PCM panel only the temperature regions outside of the melting range
and other phase transformations (such as glass transitions) of the material are considered. The
temperature interval between -13°C and -10°C is used for the solid — state heat capacity (Cs)
and the region above 55°C for the liquid — state heat capacity (C,) determination. The
measurements involve heating of an empty crucible, of a reference material and of the SS —
PCM sample at a controlled rate in a controlled atmosphere through the temperature region of
interest. A heating rate of 10 °C-min™ is used.

The reference sample consists of two synthetic sapphire disks (4.8 mm diameter and 24
mg each one). The mass of the SS — PCM samples is approximately 15mg, in order to provide
heat capacity that matches the heat capacity of the sapphire standard and at the same time to
provide a heat flow signal between 5 and 10 mW. Since small quantities of specimen are
used, the measurements are duplicated with a different sample in order to assure homogeneity
and representativeness. Each sample is measured three times for accuracy improvement.

Taking into account all possible error sources, the total measurement error of a single
specific heat measurement is estimated equal to + 3%. Table 6.3 shows the values of the
specific heat capacity obtained from the two measurement sets (corresponding to the two
different samples) for the solid and liquid material.

Phase change enthalpy

Enthalpy of melting (hy,) and solidification (hs) is determined by the standard method
described in ASTM E793-06(2012) [59] and ISO 11357-3:2011 [60]. Following the
guidelines of these standards, a sample of approximately 8 mg is cooled down to -30°C and
held for 2 min. Afterwards, the specimen is heated using a 10°C/min heating rate through the
melting range until the baseline is reestablished at 55°C. The specimen is held at this
temperature for 2 min and then is cooled down to -30°C. A cooling rate of 5°C/min is used, as
the cooling capability of the available chiller does not allow a cooling rate as high as
10°C/min for temperatures lower than 0°C. Solidification and melting enthalpies are
quantitatively estimated by using a linear approximation for the baselines above and below
melting and solidification regions, respectively. The energy under the peak located below 0°C
is not included in the calculations (this study concerns temperatures well above 0°C). The
temperature ranges and the respective baselines used for the calculation of melting and
solidification enthalpies are shown in Figure 6.5a and Figure 6.5b. For accuracy improvement
the measurements are repeated two more times. The mean value of the solidification enthalpy
is 66.3 J/kg in the temperature range between -3°C and 30°C, while the mean value of the
melting enthalpy amounts to 64.1 J/kg in the range of 2°C to 35°C (Table 6.4).
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Table 6.3: Results of the individual measurements and mean values of the specific heat capacity of the
SS—PCM in solid and liquid state.

Cs [J-kg-1K-1] Cl [J-kg-1K-1]
1st scan 2nd scan 3rd scan 1st scan 2nd scan 3rd scan
1st set 2570 2596 2575 2224 2202 2173
2nd set 2606 2640 2636 2215 2195 2201
Mean value 2604 +32 2201 £27

Table 6.4: Results of the individual measurements and mean values of the melting and solidification
specific phase change enthalpy.

hs [J-kg-1] hm [J-kg-1]
1st scan 2nd scan 3rd scan 1st scan 2nd scan 3rd scan
1st set 64.9 65.2 67.5 64.5 63.1 65.6
2nd set 67.8 66.9 65.5 63.8 62.9 64.9
Mean value 66.3+0.8 64.1+0.8

Effective heat capacity by DSC

As already mentioned, the estimation of the Ce curves by means of DSC is not
standardized but literature suggests the use of heating rates as low as 0.1°C-min™ [61], [62]
and [63]. Therefore, based on the measurements presented in Figure 6.5 the DSC Ces curves
are derived. The normalized DSC measured power (in W-g™) is divided by the heating rate (in
°C-s™) resulting in the curves shown in Figure 6.6. The fact that the phase change energy in
the melting process is concentrated in a higher temperature region than in the cooling process
reveals a light subcooling tendency of the material, which is generally in-line with the
literature for paraffin based PCMs [64], [65] and [66].

DSC measurements in low heating rates cannot provide adequate accuracy for absolute
values of heat capacity [59], thus the baseline of both curves is shifted so that the stabilized
value above 30°C matches the measured value for the SS — PCM with the PCM in the liquid
phase (2200 J-kg'K™). Integration of the curves in the temperature range of melting and
solidification is equal to the melting (67.3 kJ-kg™) and solidification enthalpies (68.1 kJ-kg™).
The values deviate slightly from the respective values determined with the standardized
procedure in the previous section.
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Figure 6.6: Effective heat capacity curves for heating and cooling processes obtained by DSC
measurements at 0.1°C-min™.

6.4.3 Dynamic Heat Flow Meter Apparatus Measurements

According to the results of the DSC experiments, the prototype PCM — EPS component is
tested with the DHFMA in the temperature profiles ranging from 10°C to 25°C. Since the
phase change behavior of PCMs depend on the temperature and the heating rate of the
application, the tests for this research have been performed using realistic boundary
conditions. The tested component is treated as an envelope element exposed to indoor and
outdoor temperature conditions. Defining and validating the Ces curves in such conditions
ensures that they are appropriate for use in numerical modeling of building envelopes.

As already explained in chapter 5, since the DHFMA cannot provide convective boundary
conditions, a thin insulation interface (EPS Type Il) is introduced between the heating/cooling
plate of the device and the surface of the SS — PCM, in order to simulate the convection
conditions on the exposed side of SS - PCM. The thickness of the insulation is set equal to 5.7
mm that corresponds to a convection coefficient value equal to approximately 6 W-m?-K™.
For the convection boundary condition on the other side of the configuration the first 5.4mm
of the existing EPS panel are assumed to serve as an interface between the plate surface and
the rest of the component corresponding to a convection coefficient value equal to
approximately 6 W m™?-K™. This means that the studied configuration corresponds to a test
case consisting of 5 mm SS PCM panel connected with a 26mm EPS exposed in air on both
sides.

In the DHFMA configuration, the surface of the component treated with the SS — PCM is
assumed to be exposed to outdoor daily temperature variation approximated by a sinusoidal
temperature profile. A constant temperature is assigned to the other heating/cooling plate
simulating indoor conditions. Temperature and heat flux is measured at several locations in
the configuration as shown in Figure 6.7.
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Figure 6.7: Schematic diagram and photograph of the DHFMA showing the location of temperature
and heat flux sensors.

30

ro
w

AVA

Temperature ["C]
<

Time [h]

Figure 6.8: Temperatures imposed on the two sides of the PCM — EPS component by the Dynamic
operated Heat Flow Meter Apparatus.

Two different test cases related to different boundary conditions were studied (Figure 6.8).
In the first case (‘test case 1°), the indoor temperature is set equal to 20°C close to the melting
peak near the centre of the PCM active range. Outdoor temperature varies from 15°C to 25°C
covering almost the entire phase change range. In the second case (‘test case2’), the indoor
temperature is kept at 17,5°C lying close to the solidification peak of the PCM (Figure 6.5)
and outdoor diurnal temperature range is wider by 5°C than the first case reaching a lowest

temperature of 10°C. The initial temperature of both test cases is equal to the indoor stable
temperature.
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Figure 6.9: Comparison between the experimental data and the predictions using the DSC Ceff curves
of (a) temperature at the exposed side of the SS — PCM, (b) temperature at the interface of SS — PCM
and EPS, (c) heat flux at the heating/cooling plate simulating outdoor conditions and (d) heat flux at
the heating/cooling plate simulating indoor constant temperature.

6.4.4 Estimation of initial artificial Ces curves

The DHFMA measurements of “test case 1” are initially simulated with the use of the
DSC Cet curves. The numerical model uses either the heating or the cooling Ce curve
depending on the direction of the process. It also takes into account the thermal conductivity
of the materials as a function of temperature (Table 6.1). Particularly for the SS-PCM where
the values for solid and liquid PCM are known, the methodology described in paragraph 4.3.1
is used. The density of all the materials is assumed to be constant. The predictions of the
temperature and heat flux evolution at the measurement locations are compared with the
respective experimental data, as shown in Figure 6.9.
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Figure 6.10: Comparison between the experimental data and the predictions using the DSC Ceff
curves. (a) Detailed view of Figure 6.10a and (b) Detailed view of Figure 6.10d.

The most noticeable difference between the experimental and the numerical temperature
evolution on both sides of the SS — PCM (Figure 6.9a and Figure 6.9b) appears during cooling
process near 19,5°C. The intense solidification region that is indicated by temperature
stabilization cannot be captured by the simulations. This can be clearly seen in Figure 6.10a
where the temperature curves near the region of 19.5°C are shown. The discrepancy is related
to the solidification peak in the DSC cooling Ce curve (Figure 6.6). Firstly, the temperature
of the peak is approximately 2°C lower than the solidification temperature during the
DHFMA measurements. Secondly, the area under the peak that represents the phase change
enthalpy during the intense solidification region appears to be low and is unable to reproduce
a stabilized temperature.

Further inconsistencies of temperature evolution can be observed in the minimum and
maximum temperatures of the cycle and the rate of temperature increase and decrease. The
simulated temperature evolution rate is slightly higher than the experimental one, resulting to
higher maximum and lower minimum temperatures. This can be attributed to a relatively low
thermal mass assigned to the PCM in the temperature range of the cycling variation. Given
that the total phase change enthalpy is accurately measured, the low thermal mass can only be
the result of a wider phase change range.

In line with the above comments, there are two major discrepancies in the heat flux
evolution. The first is the heat flux stabilization near zero levels during the cooling process at
the interface between SS — PCM and EPS (Figure 6.9d). A more detailed view of this region
is shown in Figure 6.10b610. The second is the maximum and minimum heat flux values at
the surface of the SS - PCM exposed to the cycling temperature variation (Figure 6.9¢c). As in
the case of the temperature evolution the first issue is associated with the solidification peak,
while the second is associated with the temperature range of the phase change during melting
and solidification obtained by the DSC measurements.
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Table 6.5. Constraints of the control points of the cooling and heating curves.

Cooling curve Heating curve
Variable Range ([°C]or Value ([°Clor Degreeof Range ([°Clor Value ([°C]or Degree of
[Jkg-1K-1]) [Jkg-1K-1]) freedom [Jkg-1K-1]) [Jkg-1K-1]) freedom

T1 10-15 - Range 10-145 - Range
T2 19-20 - Range 16-22 - Range
T3 19-20 - Range 21-25 - Range
T4 19-20 - Range 22-26 - Range
T5 19-25 - Range - - -

T6 21-25 - Range - - -

C1 - 2200 Fixed 2200 - Fixed
Cc2 2200-30000 - Range - Equation 6.28  Calculated
C3 30000-100000 - Range - Cc3=C2 Calculated
C4 - Equation 6.27  Calculated 2200 - Fixed
C5 2200-30000 - Range - - -

C6 - 2200 Fixed - - -

According to the suggested methodology and based on the above observations and the
DSC Ce curves a general shape is assigned to an artificial heating and cooling Ces curve
accompanied with variables and constrains for use in the optimization algorithm (Figure
6.11). The previously discussed deviations between the experimental results and the
predictions (using the DSC Ce curves) indicate an appropriate number of control points that
define the shape of the artificial Ce curves. The control points of the curves are shown in
Figure 6.11. The arrows in the same figure denote whether the temperature and/or Ces value
of a control point is an optimization variable (ranging between appropriate values) or it is
restricted (fixed or calculated value). The area below both curves corresponds to the total
phase change enthalpy and it is constrained to the measured value of 65.2 kJ-kg™ (i.e. the
mean value of the measured melting and solidification enthalpies). Equation 6.27 and
Equation 6.28 are the restrictions derived by setting the calculated area equal to the measured
value of the phase change enthalpy for cooling and heating respectively:

—(ATg; + ATs)Cy + AT, Cy + AT31Cs + AT53C, + AT, 5Cs = 65.2 - 2 Equation 6.27

Cp = Cy+2-65.2 (AT, + ATs,) Equation 6.28

where ATj; stands for the difference T;-T;. Table 6.5 presents in detail the constraints of the
control points of cooling and heating curves respectively. The specific heat capacity of control
point 4 of the cooling curve is calculated by Equation 6.27 whereas the specific heat capacity
of control point 2 of the heating curve is calculated by Equation 6.28.
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Figure 6.11: Shape and variables of the initial artificial a) cooling and b) heating Ceff curves.

The specific heat of the SS — PCM in solid and liquid state is considered constant and equal to
that of the liquid phase (2200 J-kg™). This is suggested by the DSC curves at the heating rate
of 0.1°C-min™ showing the same specific heat capacity value before and after the phase
change process. This assumption is discussed in paragraph 6.4.6.

6.4.5 Optimization procedure

The strategy used in this study was to begin optimization with a course grid within the
range of possible values of each variable and then refine the grid near the values appearing to
minimize the RSS. This resulted to approximately 4000 different pairs of heating and cooling
curves requiring a total computational time of approximately 70 hours in order to obtain the
final curves. The minimization of the temperature RSS (Equation 6.14) was selected as
optimization criterion. Extensive calibration and accurate positioning of temperature sensors
took place in order to ensure the accuracy of the results.

The experimental results of test case 1 and the corresponding boundary conditions are
utilized for the procedure. Table 6.6 and Table 6.7 tabulate the optimized values of the control
points for the cooling and heating curves, respectively.

The optimized cooling artificial Ce curve (Figure 6.12a) follows the trend of the cooling
DSC Cg curve with three major differences regarding the dominant peak, the solidification
onset and the separation of the two peaks of the curve. The dominant peak is shifted towards
higher temperatures, while its maximum value is elevated at very high levels. Moreover, the
span of the peak is also very narrow (4T=0.1°C) in comparison to the respective DSC span.
The onset of the solidification reaction is 2°C lower compared to the DSC results indicating a
more intense subcooling effect in the DHFMA measurements. Finally, a clear separation is
observed in the two peaks of the curve.
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Table 6.6: Optimized values of the control points for the cooling curve.

Control point

Variables 1 ) 3 4 5 6
TI[°C] 11.15 19.45 19.50 19.55 20.05 22.25
Ceff [Jkg-1K-1] 2200 14770 88320 1870 8200 2200

Table 6.7: Optimized values of the control points for the heating curve.

Control point

Variables 1 5 3 4

TI[°C] 11.55 21.50 21.85 24.90

Ceff [Jkg-1K-1] 2200 11490 11490 2200
X IO4
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Figure 6.12: Optimized artificial C. curves of the SS — PCM in comparison with the respective DSC
curves for a) cooling process and b) heating process.

In case of the heating Ce curve (Figure 6.12b), the absence of subcooling results to an
optimized curve similar to the DSC curve. The range of the curve is narrower than the
respective DSC curve. It is noted that the optimized curve does not take into account the two
distinctive peaks of the DSC curve. In the frame of this study the introduction of two
distinctive peaks in the curve was not considered necessary as it would compromise the
computational time. The error introduced by the omission of a second curve is discussed in
the next paragraph.

Predictions of test case 1 using the optimized curves (Figure 6.13) are obviously improved
in comparison to the respective numerical results produced using the DSC derived curves.
The deviations between the predictions and the experimental results are negligible. Minimum
and maximum predicted temperature and heat flux values are very close to the respective
experimental values and the rates of the temperature increase/decrease have been reduced.
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Figure 6.13: Comparison of experimental with the predicted values using the optimized artificial Cq
curves of (a) temperature at the exposed side of the SS — PCM, (b) temperature at the interface of SS —
PCM and EPS, (c) heat flux at the heating/cooling plate simulating outdoor conditions and (d) heat
flux at the heating/cooling plate simulating indoor constant temperature.

Finally, the temperature and heat flux stabilization during the solidification process is now
accurately predicted in the simulations (Figure 6.14).

6.4.6 Validation of the model

Since the artificial Cg curves were calibrated in order to produce accurate results for a
given configuration and boundary conditions, a different test case is needed in order to ensure
the validity of the curves. Thus, the test case 2 (outdoor temperature in the range of 10°C to
25°C) is simulated with the use of the optimized curves and the results are compared with the
experimental data obtained by the DHFMA measurements (Figure 6.15).
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Figure 6.14: Comparison of the experimental with the predicted values using the optimized artificial
Cest curves. (a) Detailed view of Figure 6.13a and (b) Detailed view of Figure 6.13d.

Temperature evolution (Figure 6.15a and Figure 6.15b) show good agreement with the
experimental curves with a small under-prediction of the minimum temperatures. This
discrepancy is probably associated with the specific heat of the SS — PCM in solid state. This
was assumed constant and equal to the specific heat of the SS — PCM in liquid state according
to DSC measurements at 0.1°C-min™’. It appears that the use of a higher heat capacity for the
PCM in the solid state would be more appropriate. DSC measurements of the constant heat
capacity at -10°C provided a value of 2600 J-kgK™. An interpolation between the solid
(2600 J-kg™*K™) and liquid (2200 J-kg™K™) value at the temperature where the constant Ce is
assigned to the solid PCM (ca. 11°C) would suggest a value of 2370 J-kg*K™ instead of 2200
J-kg™ K. This reveals another aspect of the issues arising from the estimation of the effective
capacity at very low heating rates. It is most probably that the resulting low levels of the DSC
signal cannot capture the difference between the heat capacity of the PCM in the solid and
liquid state.

The observations regarding the deviations in temperature results are clearly reflected in the
heat flux curves at the respective measuring locations (Figure 6.15c and Figure 6.15d). The
differences of the minimum temperatures correspond to the differences of the experimental
and numerical heat fluxes during the same period of time. An additional observation concerns
the deviation in the maximum heat flux values at the exposed surface of the SS -PCM (Figure
6.15c¢). A closer look at the temperature diagram at the same location (Figure 6.15a) reveals a
small temperature difference at approximately 22.5°C. This is most likely associated with the
second peak near 22°C in the heating DSC Ce curve that was not taken into account in the
artificial curve.
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Figure 6.15: Comparisons of the numerical simulation results using the optimized artificial C¢ curves

with the DHFMA measurements of test case 2 showing (a) temperature at the exposed side of the SS —

PCM, (b) temperature at the interface of SS — PCM and EPS, (c) heat flux at the heating/cooling plate

simulating outdoor conditions and (d) heat flux at the heating/cooling plate simulating indoor constant
temperature.

6.5 Conclusions

The previous chapters provided the tools (methods and devices) which now can be used to
develop a modeling technique of PCM building components in an integral way. It has been
shown that the DHFMA holds a number of advantages compared to the common DSC and T-
history methods, which cannot deal with the PCM in the scale of building component. In this
chapter the DHFMA was combined with a standard one dimensional heat transfer code in a
new modeling approach. The conclusions can be summarized as follows:
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The effective heat capacity method is a versatile and widely used method for
modeling of the solid-liquid phase change that can be implemented in any standard
heat transfer code.

The key for accurate simulations lies in the appropriate selection of the
temperature dependent Ces; curves of the PCM.

In this context, the DHFMA can be utilized for the derivation of appropriate Ce
curves for incorporation in numerical models.

The core of this chapter was to develop and justify a new modeling methodology based on
DHFMA and DSC measurements combined with a one dimensional heat transfer code in an
optimization procedure. In this regard following can be concluded:

A methodology for accurate simulation of PCM enhanced building components
comprising four distinct steps is developed and explained.

The methodology involves: (i) measurements of the PCM by means of DSC and of
the building component with the DHFMA, (ii) estimation of an initial set of PCM
properties, (iii) optimization of the properties and (iv) validation of the results.
Using the above mentioned methodology, a lightweight building component
incorporating a shape stabilized PCM was modeled and simulated.

The thermal response of the building component was measured by a dynamic
operated heat flow meter apparatus (DHFMA) providing different boundary
conditions in two test cases. The first test case was used in order to define and
optimize the artificial Ces curves, while the second was used in order to validate
the results.

The results from the DSC measurements revealed the limitations of the DSC
analysis, especially in the case of the determination of the cooling Ces curves. The
cooling peak temperature of the studied PCM was a strong function of the heating
rate and even at the low heating rates (1°C-min™ and 0.1°C-min™), it did not appear
to stabilize.

The DHFMA measurements showed a different cooling behavior with a cooling
peak approximately 2.5°C higher than the respective DSC peak at 0.1°C-min™.

A set of initial Cex curves was defined and optimized. Approximately 4000
different pairs of heating and cooling curves were tested in the optimization
algorithm that required a total computational time of approximately 70 hours in
order to obtain the final curves.

The optimized artificial curves were proven superior in capturing the heat flux and
temperature response of the building component associated with intense
solidification and subcooling phenomena.

Validation of the C¢ curves confirmed the above findings and proved that the
curves are not case dependent and can be successfully applied for simulation of the
building component under similar temperature and heat flux conditions.
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Chapter

Conclusions and recommendation

This thesis investigated experimental methods and integral modeling concepts for the
thermal characterization of PCM enhanced building materials. PCM technology for building
applications has been researched since the 1970s with the aim to reduce and shift in time peak
heating/cooling loads in buildings. While the initial focus was on storage tanks and macro-
capsules, the development of microencapsulated and shape stabilized PCMs shifted the focus
toward the direct incorporation of PCMs into the elements of the building fabric. Wallboards,
concrete and insulation incorporated with PCMs showed a number of advantages including
large heat exchange area and application with the existing construction practices.

These combined benefits made PCM enhanced wallboards and concrete innovative types
of building materials which were believed to soon achieve a widespread application in the
construction and renovation of buildings. However, the first large scale research projects and
initial practical applications also showed the disadvantages in PCM technology. First to
mention are the absence of experimental characterization and modeling methods dedicated to
PCM enhanced construction materials. The relatively high cost of the final products and
issues relating to material development (reliability, flammability, infinity cycles etc.) also
contributed to an only hesitant acceptance in practice. The latter issues seem to be resolved
now, but the first two remain to be subject of intensive research.

The dynamic thermal characterization of envelope systems and components incorporating
PCMs is still a cumbersome process. The focus hereby is mainly on the dynamic thermal
behavior of wallboards and envelope components in the form of flat slabs. Many researchers
investigated the thermal storage characteristics of PCMs and came out with a number of new
experimental methods (chapter 2). These methods often gave very good results, but were
limited to only small samples of the material requiring the sample in liquid or powder form.
Hence they were not feasible for the needs of wallboards or for example concrete specimens
with coarse aggregates.

On the other hand, PCM models are mainly based on simplified analytical expressions of
the enthalpy or the effective specific heat of the PCM versus temperature. This may lead to
errors that cannot be tolerated when evaluating the thermal performance of PCM building
components. Even when measured values of the PCM properties are used (e.g. enthalpy
curves measured by means of DSC) the problems related to PCM characterization may
introduce large errors in the simulations.

A solution to the above problems is provided by a new lab-scale testing apparatus based
on the heat flow meter method (ISO 8301). The concept of a dynamic HFMA allows the
dynamic testing of a flat slab specimen (panel, board etc.) at component level, either as a
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single layer component or as part of a multilayer configuration. Therefore the major obstacles
in the accurate measurement of PCMs associated with the sample mass and the integration in
building materials are lifted. This research provides a fundamental theoretical analysis of the
HFMA under dynamic operation (chapter 3). This allows for the design and construction of a
novel DHFMA for the dynamic characterization of PCM enhanced building materials
(chapter 4). By means of the new apparatus existing and new methods are investigated and
novel materials are tested (chapter 5). The apparatus has proven to be highly accurate and was
further employed in a new modeling concept (chapter 6).

7.1 Conclusions

The main conclusions of the research are summarized in the following. Both experimental
and modeling methods are addressed.

7.1.1 Analysis, design and construction of a DHFMA

Based on a profound theoretical steady-state and dynamic analysis of the HFMA, the
concept of the DHFMA was validated (chapter 3). The review of the related standards and the
current literature revealed two critical issues regarding the uncertainty of dynamic
measurements. The first is related to the edge losses from the lateral surfaces of the tested
specimen. The second is associated with the thermal mass of the heat flux sensors. The new
ASTM standard C1784 explains in detail how to eliminate the influence of the heat flux
sensors on the uncertainty of dynamic HFMA measurements. On the other hand, influence of
the edge losses is still an open question that is presented and addressed here.

From the analysis of the edge losses during steady state measurements three equations
were derived (Equation 3.9, Equation 3.10 and Equation 3.11) describing the effect of various
parameters on the heat flux measurement error. It is shown that the residual heat flux due to
edge losses is independent of the temperature difference between the hot and the cold plates
and directly proportional to the temperature difference between the ambient and the mean
specimen temperature. Additionally, the shape of the metering area does not affect the edge
losses error for low metering to total area ratio. Furthermore, the error is function of the
specimens’ length to thickness ratio. In particular, it decreases exponentially with increasing
ratio and the exponential decay constant is a function of the thermal conductivity of the
specimen.

The theoretical investigation of the HFMA in dynamic mode showed that the error due to
the edge losses in dynamic operation is always related to the respective error in steady state
conditions. In all cases, the values of the dynamic error are close to the values of the steady
state error. Thus, the error equations derived from the steady state analysis can be used to
provide an estimation of the error in dynamic operation. This allows the use of these
equations as design criteria for both steady state and dynamic heat flow meter apparatuses.

Overall, it was proved that a small size apparatus of dimensions 200mm x 200mm can
potentially provide reliable measurements. Therefore, we constructed a DHFMA of these
dimensions (chapter 4). The combination of the small size with the thermoelectric technology
for the temperature control of the plate assemblies resulted in a low cost and robust device.
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Besides, steady-state and dynamic measurements with the novel apparatus validated the
accuracy of the apparatus giving high accuracy levels in line with the theoretical calculations.

7.1.2 Experimental assessment of PCM building components

Using the dynamic heat flow meter apparatus that was designed, constructed and validated
in chapters 2 and 3 new methods for the dynamic thermal behavior of PCM enhanced
building materials were investigated (chapter 5). This included the review of classical as well
as new approaches for the dynamic characterization of building materials and components.
The review revealed that classical approaches cannot reliably describe the dynamic behavior
of PCM building materials. Also the new methods do not quantify the potential of the PCM to
improve the thermal behavior of a building element and reduce the heating or cooling
demands of an indoor space.

Based on the lumped capacitance method and the modifying factor method (paragraph
5.2) two new approaches were investigated: (i) the lumped capacitance approach which can
be utilized for the determination of the effective specific heat capacity of PCM components
and (ii) the inner surface heat flux method that can quantify the positive or negative effect of
the PCM on a building component. With the use of these methods two PCM enhanced
envelope components were evaluated.

The first was a novel mixture of self compacted concrete with microencapsulated paraffin.
The lumped capacitance approach was successfully employed revealing various aspects of the
dynamic characteristics of the material. It was shown that the specific heat capacity increases
with the increasing amount of PCM but the thermal mass is bound by a maximum value at 4%
to 5% PCM. An improvement on the thermal performance in terms of potential energy saving
was also observed.

The second component was a lightweight envelope system comprising of an expanded
polystyrene panel and a wallboard made of a shape stabilized PCM. Using the inner surface
heat flux method it was shown that the influence of the SS-PCM is stronger when the panel is
placed at the inner side of the wall. Nevertheless, this influence can be negative leading to an
increase in the energy demands. On the other hand, when the panel is exposed to the external
environment the PCM effect is less prominent but it yields benefits for both heating and
cooling scenarios.

The successful evaluation of PCM enhanced envelope components with the use of the
DHFMA concept is one of the main objectives of this thesis. The dynamic testing of two
different materials demonstrated that: (i) high inhomogeneous building materials can be
evaluated and (ii) the dynamic behavior in the component level deviates from the results
obtained by means of DSC using small samples.

7.1.3 Modelling of PCM building components

Chapter 4 demonstrated that a DHFMA, even of relatively small dimensions, is capable of
accurately measuring the dynamic temperature and heat flux response of a test specimen.
Next, in chapter 5, the advantages of testing a PCM enhanced building material at component
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level were revealed. Based on these observations, an integral modeling concept combining the
effective heat capacity method with the DHFMA has been proposed (chapter 6).

A review of the modern modeling approaches showed that the effective heat capacity
method is a versatile and widely used method for modeling of the solid-liquid phase change
that can be implemented in any standard heat transfer code. The key for accurate simulations
lies in the appropriate selection of the temperature dependent effective heat capacity curves
(Cefr ) of the PCM. In this context, the DHFMA was utilized for the derivation of appropriate
Cesr curves for incorporation in numerical models.

The new concept employs an optimization algorithm which compares experimental results
of the thermal response of PCM enhanced panels with predictions of a numerical model
employing the effective heat capacity method. The algorithm is capable of providing optimum
artificial effective heat capacity curves for the melting and crystallization processes of the
PCM.

The methodology was applied for the determination of the effective heat capacity of a
shape stabilized PCM attached on an insulation panel to form a lightweight building
component combining the advantages of high thermal resistance with increased thermal mass.
The thermal response of the building component was measured by a dynamic operated heat
flow meter apparatus (DHFMA), providing different boundary conditions in two test cases.
The first test case was used in order to define and optimize the artificial Ce curves, while the
second was used in order to validate the results.

Simulations of the first test case using the estimated artificial Ce curves were proven to
outperform the respective simulations using the curves defined by the DSC measurements
with the use of the same numerical model. The artificial curves were proven superior in
capturing the heat flux and temperature response of the building component associated with
intense solidification and subcooling phenomena. Besides, the limitations of the DSC
analysis, especially in the case of the determination of the cooling Ce curves, were revealed.
The cooling peak temperature of the studied PCM was a strong function of the heating rate
and even at the low heating rates (1°C/min and 0.1°C/min), it did not appear to stabilize. The
DHFMA measurements showed a different cooling behavior with a peak approximately 2.5°C
higher than the respective DSC peak at 0.1°C/min.

Moreover, simulations of the second test case using the Ce curves obtained with the
hybrid methodology confirmed the findings and proved that the curves are not case dependent
and can be successfully applied for simulation of the building component under similar
temperature and heat flux conditions. Finally, the artificial curves revealed the real nature of
phase change process in the final form of the PCM enhanced element in conditions similar to
the real application.

7.1.4 Original contribution of the thesis

The present thesis developed and validated accurate and adaptable tools that can be
implemented for the dynamic thermal characterization of PCM enhanced building materials.
A small, low cost and robust apparatus for the lab scale experimental testing of wallboards
and inhomogeneous PCM building elements was developed. A significant improvement in the
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current modelling practice was achieved by exploiting the benefits of the new apparatus and
of the effective heat capacity method. The original contribution of this thesis in the fields of
experimental characterization and modelling of PCMs can be summarized as follows:

e A thorough analysis and theoretical validation of the operation of the DHFMA
under dynamic thermal loads was achieved. Some fundamental design criteria and
calibration aspects for the DHFMA became available.

e A dynamic heat flow meter apparatus for the assessment of the dynamic thermal
characteristics of PCM enhanced building components was developed and
deployed.

e Two new methods for the assessment of the dynamic thermal characteristics of
PCM enhanced building components with the use of the DHFMA were introduced
and evaluated.

e A new hybrid methodology for the determination of the effective heat capacity of
phase change materials for use in numerical models was developed.

As a result, some of the major obstacles for the succesful integration of PCM into the
building fabric have been alleviated.

7.2 Recommendations and future research

The work presented in this thesis provided the theoretical background and some basic
construction guidelines for the innovative concept of the dynamic heat flow meter apparatus.
The construction of a novel apparatus was followed by the investigation of measurement and
modeling methods. Given the time and space limitations of a Ph.D. thesis, it has been
impossible to cover every aspect of these complex research topics in every detail. Therefore,
further research is needed to establish the experimental and modeling approaches presented
and put them in wider practice. The following recommendations could form the basis for
potential further research:

e The theoretical analysis as presented in chapter 3 so far stands only for single layer
specimens. However, the measurement of multilayer specimens will also affect the
edge losses from the lateral surfaces of the specimen and the associated heat flux
measurement error. Therefore, the analysis of multilayer configurations with
materials of notably different thermal conductivity and heat capacity would be
useful.

e The emphasis of the theoretical analysis of the DHFMA was put on a small (200
mm X 200 mm) apparatus. Therefore, most of the correlations and conclusions
derived (Equation 3.11 is an exception) are valid for this dimension. However with
relatively small additional effort the analysis can be extended to cover a wider
range of specimen dimensions.

e The dimensions of the constructed apparatus have been deliberately kept small in
order to provide the benefits of low cost and easy construction of the first
prototype. However, as shown in chapter 3, the heat flux errors due to edge losses
decrease exponentially with increasing specimen length to thickness ratio.
Therefore, it is a design challenge to construct a bigger DHFMA keeping the cost
in acceptable levels given the benefits of measuring much thicker samples.

e Chapter 5 investigated the potential of the DHFMA and the corresponding
methodologies to assess the thermal storage and energy saving aspects of building
elements. Owed to a limited amount of time and research capacity, the capabilities
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of the DHFMA could not be investigated in a fuller extend. Methods for evaluation
of thermal stability and ageing as well as freeze/thaw testing of PCM building
components is possible with the DHFMA and would be extremely useful.

The modeling methodology developed in chapter 6 was based on an optimization
algorithm for the determination of the effective heat capacity of the PCM as a
function of temperature. However, the algorithm is time consuming and requires
manual adjustments in order to provide the optimum results. Therefore, there is
still a large potential for conducting further research to increase its efficiency e.g.
by applying a genetic algorithm in search of the optimum solution.

Finally, instead of optimization algorithms other techniques could be investigated
for the determination of the enthalpy-temperature function. The use of DHFMA
measurements in combination with advanced methods based on the inversion of
the linear heat conduction mathematical model could be an interesting starting
point for further research.
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Ektevig mepiAnyn

Kepdaiao 1. Eveayoyn

‘Exouv mepdoet mepiocdtepa amd capdvta ypovio omd TOTE OV VIO TNV oyidd NG
apepkavikng EBvikng Ymmpeoiag Agpovavtikng kot Aactiuatog (NASA) éhafe yopa m
TPOTN eKTEVNG HEAETN oyeTikd pe tor YAwd Aldayng @aong (YAD). To anotérecpa rav
po €kBeon pe titho «Eyyepidio YAkodv Alhayng @aong», mov agopoboe Wio Kotnyopio
VAIKOV [UE TN «UOVAOIKT TKAVOTNTO VO ATOPPOPEEL Kot VO OTEAELOEPDOVEL LEYAAES TOGOTNTEG
Oeppomrog ympig aforoyn petaforn g Oeppokpaciocy [64]. Zxedov eikoot yxpovia
vopitepo 11 Ap. Maria Telkes, eiye oyedldoel Kot KOTOOKEVAGEL TV TPDTN TEKUNPLOUEVT
epopuoyn tov YAD® yw v madntik nAokn Béppavon evog omtiov oto Ntofep g
Moaocayovoég [43].

Zoyvl avoQepOUEV] MG «Uio amd TIG O TPONYUEVEG EVEPYEWNKEG TEXVOAOYIES Yo TNV
Beltimon g evepyslakng anddoons Kot ¢ aswpopiog tov Ktipiovy [179] kar [200], n
teyvoloyia twv YA® dev elvar kovovpyla. H 10éa g ypnoiponoinong vAkdv aAiayng
@aong ywo v puduion piog otabepng Beppokpaciog eivar TOVAG(IGTOV TOGO TOAE OGO Kot
10 Yyouyeio mayov. QoT10C0, M TEYVOAOYIO TNG EVOOUATOONS TOV VAIKOV dAAAYNG PAoNS 611
doun tov ktpiov givan pdAlov mpdoearn. Egkivnoe oto €A g dekoetiog Tov 1970 pe
depedivnon g evooudtmong tov YAD oe okvpddeua [67], [68] kar [69] .Zt dekaetio Tov
'80 ko Tov '90 o1 peréteg evrankav kol emeKTAONKOV G€ TOAALQ oToLEio TG dOUNG TOL
KTipiov, Onwg yvyocavides, entypicparta, otoyeio okioong KAm. Atyo petd v adloyn g
YAETIOG, 1 CLUVEPYOGIO EPEVVNTIKMV 1OPLUATOV HE BLOPMNyoviKoLg €Toipovs 0ONYyNoe o€
oldpopa epmopikd draféctpia oukodopKd VAIKA pe eveopotopévo YAD mov akoAovOnOnkav
amo apKeTd £pya eMidEENC.

Amo 10TE, M TEYVOAOYIO T®V SOUIKAOV VAMKOV pe eveouatouéve YAD &yve avtikeipnevo
EKTETOUEVIC OepNTIKNG KOl TEWPAUATIKNG €pevvag. QoTdc0, Topd TO OTOOEOEIYUEVA
TAEOVEKTNUOTO KOl TNV EMIALCT TOV OPYIKOV OVCKOADV Yoo TV mopaywyn YAD e
KatdAAnAo Beppokpaciokd €0pog Kot peydin odpketo (NG, N OLVOUIKN Yot TNV gupeia
EQOPLOYN TOVG etvar akdpo TOAD apyn. Avtd BEPara, dev onpaivel e kapio mtepintmon Ot 1
teyvoloyio avt) amétvye. ATAG delyvel OTL TO TAEOVEKTNUOTO TOV OOMK®V CTOWEIWV UE
YAD fpOav pali pe pa oelpd amd TPOKANGES, OM®G M amovcio. KATIAANA®V pedddmv
YOPOAKTNPIGHOD KOt 1) EAAEWYT ETKVPOUEVOV OPOUNTIKAOV HOVIEA®V, Ol OTOIEG EVOEXOUEVMG
va giyov vroTiunOei.

Topa, oxedov 15 ypoévia peETd TV €100YOYN TOV TPOTOV EUTOPIKAOV TPOTOVIWV, O
«KkOGpHoc TV YAD» adrdlel. KatdAinieg pébodot Sokiudv yio Tic 1010TNTES TOV SOUIKOV
otoyeimv, ol omoieg avapévovrov €d® Kol OpKETO Kapod, tvmomolovviol. Emmiéov,
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AVOTTTOGGOVTAL EVVOLEG Kal epyoleia povielomoinong kot oyedlacpov [31], [164] ko [19], ta
omoio KaB1oTOOV TIG TPONYOVUEVEG TPOCEYYIGELS «OOKIUNG Kot oQAAN0TOC) Eemepacuéves. H
TOPOVCO, £PYACIO. OMOTEAEL CUVEICPOPAE OTN] GLVEXDS OVENVOUEVT] EUTEIPiOL Yo TNV
emTUNUEVN evoopdtowon twv YAD oty KTIPLoK dop OOTE Vo Yivel 1 texvoAoyio vt
mpoypotikd "pio omd TG MO TPONYUEVEC EVEPYEIWNKEG TEXVOAOYlEG otV €vioyvom NG
EVEPYELOKNG ATOS0CONG KO TNG 0ELPOPIoS TOV KTIpimv".

Opropdég Kot 16TOPIKA GTOLY ELN

Ta YAD givor €& opiopod «wAkd o omoiot aALALoVV TV KOTAGTOGN TOVG 0md oTEPEd OE
VYPO 1 HETOEL OV0 OlOPOPETIKOV GTEPEDMV KPLOTOAAIK®V OopmvV o€ éva Kabopiopévo
Beppokpactakd e0poc. Avty N dwdikacio eivar avtioTpenty Kot pmopetl va a&lomon el yio
0éppo-teyvikong okomovg .[150].

O mpoteg mpoomdBeleg vy tn Peitiowon g Oepuikng dveong ota Krtipto pe v
a&lomoinon g Aavldvovcag Oeppommroc tov YAD oyetiCoviav pe ) yprion avopyoavov
VAK®OV og deapevéc amobnkevong kot pokpo-kayovieg [172] kou [96]. Tovtopo €ywve
AVTIANTTO OTL QLT M TPOGEYYION EYE OMNUAVTIKODG TEPLOPIGLOVG OTMG 1) 1GYLPN VITOYLEN Ko
0 JOPIOUOS TOV QACEDV TV £VOOP®mV OAATOV, 1M YOUNAY ETLPAVEIL GUVOAAAYNG
Beppomrog kot o kKivouvog kataotpoeng Tov YAD katd ™ ypnon Tov Ktipiov.

X oekoetio tov 1990, og pa mpoonadeia va Eemepactodv ta Tapandve TpofAnuata, To
evolpépov dpyloe va petatomileton mpog to opyavikd YAD (kupimg mapapiveg kot Aumapd
oféa) [171]. AwamiotdOnKe OTL Opiopéva amd oVTA T VAIKA &iyov 1oyvpd TAEOVEKTAATAL,
OT®G M LGIKY| KOl YNUIKN oTAfePOTNTA GE GLVOVAGUO LE TNV KOAY Beppukn cupmeplpopd
Kot to puBulopevo gbpog aArayn @dong. EmmAéov, mpotdOnke n péBodog g amevbeiog
evooudtoong kot gufantiong tov YA® ota dopikd vikd [69]. Avotuydg, n angvbeiog
evooudtmon omodeiydnke 0Tl pumopel va odnynoel oty aAinAeniopacn tov YAD pe v
doun tov ktipiov Kot vo mpokoiécel mpoPAnuota. Emiong, n dwppon tov YAD kotd
oapkelo CmNg Tov doKOD LAKOV NTav mlavr). A0y avTdv TV TpofANUdTmV, KavEve omd
vt To doptkd VKA pe YAD dev £ytve amodektd omd TV 0kodopuikn fropnyavia.

2m dekaetia Tov 2000 1 mpdodog oV TEYVOLOYiD TV HKpoopapdiny YAD kot n
avanTuén piag véag Katnyopiag, tov YAD ctabeponompévou oxfuatog (XX - YAD), dArace
10 tomio [71] wou [70]. Ta pkpoceapide YA®D, koatéotnoav dvvar v omevbeiog
evoopdtoon 1oV YAD® g supuPatikd VAKE KaTaokeung aveEdptnTa ard ) @don (otepen 1
VYpPY), KOOMOG T0 KEAVPOC TV GPUIPLOi®mV EUTOOIlEL TNV OO0 TOTE AAANAETIOPOACT LETOED
oV YAD ko Tov dopkod vAkov. EmmAéov, ta pkposeaipiowr YAD frav apketd pukpd
MOOTE Vo LEAVETOL CNUAVTIKA 1 emPavel cuvaAlayng Beppdtrag kot va gumodiletan 1
KOTOGTPOPT] TOVS KATAL TN XPTOT) TOV dOHKOD VAIKOV.

H éAAn Abon ota mpoPAnuata e dueons evompdtmong kot epupantions, 1o XX - YAO,
OV GPYIOE VO AVOTTVGGETOL TEPITOL TOVTOYPOVA UE TO [Kpooalpidta [85], uropovoay va
dlTnpnoovy 6Tadepn T LOPON TOVS, akOUN Kot 0Tov 1 Ogprokpacio avEdvoviay Tave ord
10 €0POog TNENG. AvTd emtedybnKe e TNV EVOOUATMOON G€ UIKPOGKOMIKO enimedo tov YAD
oe pio mopddn doun. H ypnom tov mopa@vov ce doUEG TOAVUEPOVS YPYOPQ ETIKPATNGE
TV TBoavOV AVcewv KaODS TPooipepe LYNAO m0c0oTd evoouatopévor YAD. Mg v
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avamtuén Tov HKposealpiov kot tov XX - YA® 1o mpodto dopukd mpoiovia pe YAD
£€yvay TEMKA UTOPIKE O1aBEcLa Yo TNV 01KOOOUIKT Propmyoavia.

Q061000, TOPA TV TPOOSGO GTOV TOHEN TOV VAIK®V kKot pio oglpd and a&toonpeloteg
EQUPUOYEG o€ UEYOAO EUTOPIKA Kot Onuocto ktiplo, To doukd vAkd pe YAO
avTipetonilovtol aKOpo Le OKEMTIKIGHO. Mepukéc amd Tig autieg oyetiCovtal pe To KOGTOG Kot
T0 YEYOVOC 0TL T opyovikd YAD eivan evprekta. Kupimg dpmg, ta mpofAnuato eotidlovtal
011 OLOKOAID UEAETNG TV DEPUIKOV 1010THTOV TOV VAIKOV Kol TNG OVOALGNG TOLG UE TN
XPNON VOIGTAULEVOV EPYOLEIDV EVEPYELOKNG TPOGOULOIMON KTIPi®WV.

Ymapyer oaxoOpo peyaAn ofePotdtnto OYETIKA UE TIG OVOUOOTIKEG 1O0TNTEG TOV
owKodoK®V Tpoioviov pue YAD. To moapddetypo ov evBodmiec oAlloyng ¢@daong mov
avaeépovtal otn PiAoypagio eivar oxeddv mdvta xapnAdGTEPES OO TIG TIES TV EUTOPIKAOV
TPOIOVIWV TTOL TOPEYOVTAL OO TOVS KotaokKevaotés. EmumAéov, molvdpiOueg peiéteg mov
0GYOAOVVTOL LLE TOV TEIPAUATIKO YOPaKTNPIoUO TV YAD pe S10popeTIKG HECO KoL TEYVIKES
&yovv deiéel peydieg amokAioelg ot pétpnon Tov Wiottov d1ov vikov. To 2012, évag
YVpog KukMkav dokiumv (round robin) ue petprioelg toAov YAD og didpopa epyactipla
oe Vo oebvn diktva (IEA mapdaptnua 24 kor COST TU0802) amokdAvye moALEG OLGKOALEG
otV axpipr] pétpnon tov 1othTev Tov YA® (Zynue 1.1, ogi. 4) [123].

Ao v aAAN, N a&lomioTio TV SLVOUIKOV EPYOAEI®V TPOGOUOIMONG KTIPIOV 1E SOUKE
otoyeion YAD g&axorovfel va sivan yoaunAr. H gpmotocdvn ota vadpyovta poviédo YA
dgv elvar emapkng vy va ypnoipomomBovv oty axpifn mwpoPreyn g Oepuikng
coumepLpopds evog Ktipiov. H cuvolikn Bepuikny cuumepipopd TV LVAIK®OV aAlayng edong
elvar EAdy1oTa YVOOTH, Onpovpydvtag pia £yyevn advvapio ota povtéra. Ta idwa Ta povtéra
cuvBmg dgv elvan motomompéva e Bacn mepapatikd dedopéva. Emmiéov, paiveton 0TL M)
APNON OMAOTOMUEVOV TAPOUETPOV dev Umopel va meptypdyel pe akpifela ) QLGIKY TNg
aAhayng edong, mpokeévou va TpoPrepBel cootd n enidpaocm g tpocstnkng YAD oe éva
Ktiplo [44].

Tomomoinon Kot TGTOTOIN G TOLOTNTAS

[Tpwv v avdntvén tov mediov e@apuroyng ™S mapovoos datpPng and ta mapamdve
mpofAnpata, pio chvioun avackomnon otig televtaieg &gl otov Eheyyo NG modTNTOG
KOl TNG TUTOTOINGMG GYETIKA e oKodoukd poiovia pe YAD, deiyvel 0Tt pepika Prpota
€xovv yivel aAAd LEVOUY aKOUO TOALA.

Mio and T1Ic TPpOTEG KO {0MG e TN UEYUAVTEPY EMPPON EPELVNTIKEG EPYOUCIEG OF
EVPOTAIKO eMimedo oyetikd pe ta YA® frav to mapdpmmua (Annex) 17 g Aiebvovg
Emutponrg Evépyelag (IEA) [65]. L1ox0¢ ¢ epyaciag Ntav va Eemepaotodv Kamoa ond To
TEXVIKA KOl EUTOPIKE eumodta yoo v aélomoinon tov YA®D ce KTplokés, YempYIKES Kot
Bropnyovikés epapupoyés. To Mo onNUAVIIKO GULUTEPAGLO, TOV TOPUPTHUOTOS MTOV OTL M
EQOPUOYT| TOV TUTOTOMUEVAOV HEBOSOAOYIDV HETPNONG Y10 TOV TPOGOIOPICUO TNG TOLOTNTOGC
Kol TV OEpUIKOV YOPOKTNPIOTIKAOV TOV CUUPATIKOV dOMK®V DVAMK®OV £Vl GTIG TEPIGGOTEPES
TOV TEPMTOGEMV AKUTAAANAN Y10 €pappoyn o€ VAKE pe YAD kot o¢ ek To0TOL éva amd To
Baowkd epmddia yio v gupiTEPT YPNIoN TOV TEXVOLOYIOV Y AD otnv Evpdn).
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['a va Eemepaotel To umdo10 owto, To 2005 1WPVHONKe N évaon Tlolotikov eAéyyov YAD
(Quality control association PCM e.V.) kot avéBeoe oto Kévipo Evepyslokmv Epguvov tng
Bovopiag (ZAE Bayern) kot 1o Ivetitovto Fraunhofer yio Hhoxd Zvomuota Evépyetog
(ISE) v avémrtuén KotdAANAov Slodikacidv Yo ToV ToloTiKO €heyyo mpoidviev YAD.
Metd v ohokAnpwon tov épyov, 10 ['eppavikd Ivetitovto Alacediiong Ilowdtntog Kot
[Tiotonoinong (RAL) eonyaye tov Ampidio tov 2007 tnv odnyio Stac@dAiong moldTNTog
RAL-GZ 896 ko évo onjua mototntag yio to. YA®D [150]. Ta kopro kprmpla oldttog mov
gEetaotniav NTav 1 Aavldvovco Beppdtra wg cvvaptnon g Beprokpaciog, n SdpKel
Conc ko N Oepuikn ayoyipuodma tov YAD. EAdelyel Tavevponaikdv tpoTumtmv 1 oonyia
RAL-GZ 896 mapeiye Tic poveg dtabéoipeg Katevbuvinpileg YpopES.

Amd v dAAn, otov xopo tev debvav mpotdnwv, 1 ASTM International onpocievoe
npoceato 10 mpotvmo C1784-13 pe titho «lIpdtumn pébodog ehéyyov yuw tn ypnom g
OLOKELNG HETPNOTG pong Beppotntag yo T pétpnon tev Oeppukadv wothtov YAy [10], to
omoio éywve emionua dwbéoipo tov lavovdplo tov 2014 kor givar vd ™ SIKALOSOGIN TNG
Emutpomg ASTM C16 ywo ) Oeppopdvoocn. Me 1o mpoétumo avtd va tifetor og 16x0, M
ovokevn pETpnong pong Bepudmrag (EMPO) éywve n mpodtn TEWPAPATIK OdToEn 7OV
ypnoonoleitor o€ tvmomomuévn puébodo dokiung YAD. Avtd avoiyel to SpoOpo yio TV
TePULTEP® avanTuén g TMPO kot v gl0aymyn véwvV Kot BeATiopévey nedddmv dokiudy
BocIoUEVOV GE VTN TN CLGKELT, TOV ATOTELOVV KOl TO OVTIKEIIEVO TNG TapoVGaG SLoTPPS.

XopakTnpiopog Kot povreiomoinoen tov YAD

Onwg avaeépbnke mopandve, n amodoyn Tov YAD and tv otkodopkn Prounyovio
e€aptdTon Kuplwg omd TV IKOVOTNTU TOV VE®V VAKOV Kol GCUCTNUATOV Yo TN BeATioon ¢
EVEPYEWKNG OmOOOCONG TOV KTIPIOv MOTE VO SIKAOAOYEITOL TO EMTPOGHETO KOGTOG Yo TOL
EMIAEOV DMK(, GUOTHLOTO 1) KOl TOVG EAEYYOVG OV AmOTOVVTOL Q0TOGO, 1 EMTUYNG OO
EVEPYEWIKY] Amoym evoopdtowon tov YA® ota ktipio egivar éva odvBeto (nuor mov
e€aptdtar amd mTOAAOVG TAPAYOVTEG, OMMG TO YOPUKTINPIOTIKE OepUikig amodnkevong Tov
YA®D mov ypnoponoteitat, 1 B€0om 610 KTiplakd KEAVPOG TOV dOUIKOD GTOLYEIOV TOV TTEPLEYEL
10 YA®, o1 KMpatikég cuvOnKeg, o oxe010GLAGC KOl O TPOGAVOTOMGUOS TOL KTpiov KAT. g
€K TOVTOV, O OKPPNG TMEPOUATIKOS YOUPOKTNPIGUOS KOl 1| TPOGOUOIMON TV JOUIKOV
otoyeiov pe YA® sivon omapaitnto epyaieio, yio TOVG ETIGTHUOVES, TOVS OPYITEKTOVES KOl
TOVG UNYOVIKOVG OTNV ETAOYN PEATIGTOV ADGE®V.

O «Oplog oKomdc TG MOPOLGHS €PYAciag elval vo OVTILETOTIOTOOV TO. dVO OVTH
{nmuata, oNAadn ToL YAPOKTNPIGHOL Kol NG povteromoinon tov YAD, pe v avdmtuén
KOl EPOPUOYT TEWPAUATIKMV Kol DVITOAOYISTIK®OV peBodoroyidv mov Pacilovtal 6Tnv cuoKeu

pétpnong pong Beppodtroc (XMPO).
AwapOpmwon g dwaTpipnc

To £€pyo mov mapovcialetal oe ot TN STPLP] KOAVTTEL TIG SIUPOPETIKES QALY TTap’ AN
AVTE GTEVEL GUVOESEUEVES TTEPLOYES TOV TTELPALUOATIKOD KOl TOV VITOAOYIGTIKOV YOPOUKTIPLGLOV
dopkdv vAMk®V pe YA®D, ot omoieg cuvdcovian pe v 10€a ¢ PeAtioons towv dabéoiumy
peBoOd®V pe TV ¥pNom TG CLOKELNG HETpnong pong Bepudttac. H apywn eotioon oty
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TEPALATIKY] 0EOAOYNON TS OEpUIKNG CLUTEPIPOPES SOUIKAOV VAIKOV pe YAD pe n xpnon
™mg XMPO dnuovpynce ypnyopo U0 cLTOTPOPOSOTOLMEVN Ovvaukn. H Aemtouepng
avéilvon g EMPO yio duvapikég LETPNOELS SOUIKAOV ototyeimv pe YAD £deiEe 0TL 1 véa
pébodog Ba umopovce va cuvdebel e ) Ao kamolwv tpoPfAnudtmv poviedonoinone. Kotd
™ Sudpkela TG HEAETNG TG duvapkng TMPO (AZMPO) kot TV GYETIKOV TEPAUATIKOV
puefddwv mov avamtvydnKay oty Tapovoa dtpiPr, arodelydnke otL N véa TpocEyyion lxe
poe oepd amd opéAn o€ GOYKPION HE TNV TOPASOGLOKY TEXVIKY TNG OLPOPIKNG
Beppidopetpiog ocdpwong (AGX). H ypnon peydrlomv Selyldtov G HETPNOELS KAT® OO
PEOMOTIKEG OplokeEg ovvOnkeg Bo pumopovoe va cLAAAPEL pe akpifela T CLUTEPLPOPA
oAAaYG @AoNG OM®G OUTH OVOUEVETOL G TPAKTIKEG epopuoyés. H mapatipnon vt
00nNynoe oty 10€0 ToL GLVOLAGHOV NG HeBddoV AZMPO e €vov ETKLPOUEVO KMOTKO
povooldotatng petagopds Oeppotmrog oe  pio vED  OAOKANPOUEVN]  TPOGEYYION
povtedomoinone. H ypnon mepopatikdv anoterecpdtov g AMPO oty dwdikacio g
HOVTEAOTTOINONG, ME TN OEPd NG, ONpovpynce v avdykn yuw ovEnuévn axpifela
UETPNOE®V KOOIGTOVTOG EMITOKTIKY Mo 01e£001KT]  SlEPELYNON TOV GPOAUATOV OV
glodyovtat Katd tn ddpkela g SLVOUIKNG Agttovpyiag g ZMPO.

Avt 1 euoikn €EEMEN TV EPELINTIK®OV EVLOPEPOVTOV 0dNyNoe o€ pio daTpiPn
OmOTEAOVUEVT] OO Tpiot HEPT, €K TOV OMOI®V TO TPMOTO EMIKEVIPMOVETOL O0TN Oewpntikn
depevvnon TV ceoipdtov pEtpnong e AZMPO, 1o de0Tepo KOADTTEL TNV OvVATTTLEN Kot
Kataokevt| piog véag AXMPO kot KatdAAnAov petpntik®v pefddwv, Kot To Tpito pHeetd pa
VEQ TPOGEYYION LOVIEAOTOINGNG OV TTPOEPYETAL OO To. OPEAN NG TeEYVIKNG AXMPO. Xt0
Zyua 1.2 (oer.10) mapovoidletat 1o TAAiG10 TG TaPovGAS dloTpPrc.

Kepdraro 2. Ta Yiuka AALayfic @aoNG 6TO KTIPLOKO KEAV QOGS

Tnv televtoio Oekoetio €xel avomtuyBel évag peydrog apBuoc véov YAD wo
KOvoTOU®V dopikav ototyeiov pe YAD yuo yxpron oe Ktiplakés epapuoyés. H teyvoloyia
v YAD £&yer ovvovootel pe S0Qopa. OIKOOOUKE TPOTOVTIO, GLUTEPIAUUPOVOUEV®Y
YOWOGOVid®mV, GTOLElV JATESOV Kol OPOPNS, CKLUPOOENOTOS KAT, Le oTOYX0 va avénbel n
Beppukr toug pala. Ov Kalnaes xor Jelle [101], petd amd pion €KTEVR EMGTNUOVIKA
AVOOKOMNOTN TOV KOWOTOU®V £UTOPKOV Tpoidvieav YAD pe dibeopes mBaveg mePloyEs
YPNONG OE KTIPLOKEG EQUPUOYES KOTEANENY OTO CLUTEPACH OTL Ol SOUIKES CAVIOES Kol TO
okvpdoepa pe YAD mapovstdlovy 101oitepo eVOLOQEPOV EMEWDN UTOPOLV VO EVGOUAT®OOVV
GTO KTIPlo pe EAMAYIOTEG LETABOAES OTIC TPEXOVOEG TPUKTIKEG KATAGKELT|G.

Muepa, M etoupios KOAOGGOG GTNV Tapay®yn YNUKov mpoidviov BASF, mapdyer kot
dwbéterl pkpoopapiolr YAD oe dhdeg Toupeieg ol Onoieg TO EVOOUATMOVOLY GE EVal VPV
QAGLO. SOUKADV DAMK®OV, CUUTEPILOUPBOVOUEVOV TAVEL OPOPNS, YOWYOCAVIO®V, GKLPOOELATOG
kAt. H Knauf omv Evpdmn kor n National Gypsum otnv Apepikn ypnoiLomolovy o
pikpooearpiole g BASF yuw v mopayoyn yoyocovidwv pe YAD pe dudpopeg
Oeppoxpacieg arliayng eaong. H ymuun etoupeio DuPont €xetl o dtopopetikny otpatnyikn:
mopdyel kot owbéter mn O pio dopkn ocavida pe Paocikd ocvotatikd Eva YAD
otabepomomuévon oynuatos. H eicaywyn avtdv tov mpoidvieov oty ayopd deiyvel 6Tl ot
dopikéc oovides pe YAD givor pio oA VIToGyOUEVT] TEXVOLOYICL.
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Amo ™V AN, N TOoOTOTN OVATTLEN TOV VAMK®OV otV 0£Tel Lo apeiopnmon Tig
VIAPYOVoEG HEBOSOVG YIOL TOV YOPAKTNPIOUO TNG OEPIKNG CLUTEPLPOPAS TOVG O0ONYDVTOG
OTNV OVAYKN Yoo avamTtuén Kot epoppoynq véov Kot BeAtiopévov pebddmv pétpnone Kot
povtedomoinone. Avt eivor pio amd TIc KOPLES TPOKANGELG TOV OVTIUETOTILEL GTNV TOPOVLGA
QAoN 1 £PELVA GTOV TOUEN TV SOUIKMOY VAMKOV pe YAD.

To ke@dlono avtd, HETA Ao o GUVIOUN El6ay®YN ot Bewpia TG aAlayng edong, v
opoloyio, ko To dopukd VAKd pe YAD Oo emkevipwbel, otTic vmdpyovoeg pebddovg
pHETpNoNG g BePUIKNG ay@YILOTNTAG KOl TOV XOPOKTNPLOTIKOV amodnkevong Beppotntog
Tov YAD. Qo mopouclostovy To TAEOVEKTHUOTO OAAGD Kol TO KOPLO TPOPANUOTE TMV
peBOOOV aVTMOV YPNOILOTOIDOVTAS TapadeiypaTo Kot dedopéva PETpRoemy amd T O1ebvn

Bproypapio.
Yrovyeia Osowpiog

H edwn Oepuoyopntikdotnta vnd otabepn mieom, Cp, opiletar wg m mocodHTNTA TG
BeppodTTOog mov amorteiton Yoo TV avENoN pog povadag palag evOg opotoyeEVons LAKOD
Katd pio povéda Oeppokpociog pe v mieon va dSwatnpeiton otabepn. Exepdaletor mg
evépyela ova povado palag ko ava povada petafoing g Bepuoxpaciog (J/(kgK)).

H Oeppommra mov cuvaridooetl pe to mepBdiiov tov £va LAIKO ov 1 Beppokpacio Tov
aALAaCeL, apnvovtag apeTdPANTeg OPIGUEVES GALAES LOKPOOKOTIKEG HETAPANTEG OTTMC M Tigom
Kot M @aon ovopdletor ouoOnty  Oepuodtnta.  Eivor 1o ywvopevo g €0KNG
Beppoyopnrikdétrog Kor g dweopds Oepupokpaciog. o oteped kot vypd LAIKA pe
apeintéa HeTafoAr dyKov 1 oyéon petald g arsOnig Bepudtnrag, q, g evlaimiag, h, ko
g €W0KN BeppoywpnrikdtnTa VL6 ctadepn mieon diveron amod v E&icmon 2.1 cel. 16.

Xe avtiBeon pe v aoOnt) OBeppdtta, M EVEPYED TOVL OMOPPOPATOL 1) EKAVETOL
1600eppokpactokd amd &va LVAIKO 1 éva cOotnuo Katd TN SdpKew piog oAAayng eaong
ovoudletar AavOdvovoa Oeppotnta. H edikn AavBdvovsa Oeppotnta, L (I/Kg), ekppalet tnv
mocotNTo. TG OepudTnTOog TOL OmouteiToOl Yoo MANPN OAAay @dong avd povado palog
(E&iowon 2.2, oek 16)

H Oeppucn palao evog dopkod vAkoo ivar n 10t ta ekeivn mov ekepalel TNV KovOTNTA
TOL VAKOV va amofnkevel kot va amedevfepmvel Oeppotro. Xe cupPatikd SopKd VA
elvar 10 yvopevo g palag Kot g €0IKNG BEpUOYOPNTIKOTNTOS TOV LAKOV. ZVVETADGC, M
avénon g Beppukng palag amortel v avénon tov Papovg Kot Tov GYKOV TOV KATUCKEVDV.
Qo1660, N TPEYOVOA TACN OTOV TOUEN TNG OKOOOUNG &ivol eAaPPES KOTAGKEVEG UIKPOD
OyKov.

Ao v dmoym avtn, 1 evooudtoon YA® ot doun evog KTipiov amotelel o EAKVLGTIKN
Aon. Ta YAD €yovv 1 duvatdtnto vo amofnkevovy moAd peyoldtepa Tocd OepUikng
evépyetog avd povada pndlog 1 0ykov, e GOYKPIon e To CLUPATIKE OUKOOOUIKE VAIKE OTwg
oL yoyooavideg Kot TO OKLPOdepa, pe TNV omoBnkevon TG Oepuikng evépyelag ®g
AoavBdvovoag Oeppotntog (Zynua 2.1, oeh. 17).

e éva 10eatd YAD, n &, n mupnvomoinor Kot 1 6tepeonoinon Aapupdvovy yopao otV
010 Oeppoxpacia, tn Oepuokpacio aArayng edong, Tpe. ‘Etot, éva 1deatdo YAD, ddvator vo
mePLYpaPEl  TANP®G pe T ypNon  tecchpov  Pabuwtdv  peyebBov: v e
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OeppoympntikéTTa ™G O0TEPENS PAONG (Cpsol), TNV EWIKN BeppoyOPNTIKOTNTA TG VYPNS
@aong (Cp,lig), TV evBoAmio alhayng edaong 1 AavBdvovoa Beppdtra (L) kot T Beppokpacio
aAhayng edaong. H Bepuomnta mov amobnkedetar 1 exkhdeton avdpecsa e 000 Beprokpocieg
mov Ppilokovior ekatépwbev tov onueiov ™Eng divetar oy E&lcwon 2.3, oed.18. H
evBoAmia wg cvvaptnon g Beppokpaciog exepdleton amd v E&icwon 2.4, oeh. 18. Onwg
eatvetar oto Zynuo 2.3a, 6er.19, n aAlayn edong cvpPaivel oe pio avotpd Kabopiopévn
Oeppokpacio pe amotélecpo va punv opiletor M ocvvdptnon g evBoAimiog wg mpog
Oeppokpacia. Aviifétmg, n cvvaptnon g Beppokpaciog mg mpog TV evBoAmion pmwopet va
optlotel kot pdAioto anoteAel TNV Bdomn T VTOAOYIOTIKNG «uebddov g evBaAmiog» [135].

Metaoynpatifovtag v E&icwon 2.3 omv E&icwon 2.5, cek.19, umopovpe va opicovpe
NV eovopEVN BEPLOYOPNTIKOTNTA, Ceff, OC Uiot TEYVNTA O1OTNTO TOL SVVOTOL VO, TEPLYPAYEL
TANPOG ™ cvuneplpopd evog YAD g mpog v amobrjkevon Oeprottog 6e 0moladnmoTe
Beppokpacic. H pobnupoatikny dwatdmmon g eovopevng Oeployopntikotntog yuo 10e0td
YA Bpiokerar cvvovdlovtog tig EEiodoeig 2.3 ko 2.5 oty E&icmon 2.6, oegi. 109.

v wpdén, o YAD mov ¥pnoIomolodvTal 6TIG KINPLUKES EPOPUOYES, 0ALALOVY @don
oe plo meprocoTepo N Atydtepo gvpeia Beppokpaciakn mepoyn. H xoumdin mg evBaimiog
T0VG aKoAoLOel pia opoAn petdfacn omd TV YPOUULIKY TEPLOYN TOV GTEPEOV UE KAIGM Cpsol
GTNV YPOLUUKT TEPLOYN TOV VYPOL pe KAIoN Cplig Zynpa 2.3B, oel. 19.

Yhiwka arrayng aong (YAD)

Koatd ta tedevtaio mevivia xpovia Eva Heyaio €0pog VAIKOV, GUUTEPIAUUBOVOUEVOY TOV
EVLOPOV OAATOV, TOV TOPAPIVAV, TOV MITOPOV 0EEDV, TOV EVTNKTIKAOV LUYUATOV OPYOVIKOV
KOl U1 OPYOVIKOV EVOCEDV KOl TOV TOAVUEP®V €xovv peketnBel g mboava YAD. TToArd
GpBpa avackomnong Kot apketd PiAia cuvére€av kol opydvooay avTd To VAKE € Sapopeg
katnyopieg. To Eynua 2.4 mopovoidler v ta&wvounon mov mpoteivel 11 ZAE [128] ko
vioBetnke and Tovg TEPLoGOTEPOLS epeuvnTés. Emedn ot Beppokpacieg mov agopodv og
KTIplokég epappoyéc kopoivovion amd 0 £og 90°C ot katnyopieg evol0QpEPOVTOC OTIG
EQOPUOYEG aVTES elvar To Evudpa dhata, ol Tapapiveg kot To Amapd oEéa.

Ta évoopa drato eivar avopyovo GAOTO OV TEPLEYOLV KPULOTOAAIKA HOPLO. vVEPOD
oynuatiovrag ynuikés ooués pe yevikd ynukd tomo AB-nH20. Eivor oyetikd Ompoeiin
YA® Moym g vynAng AavBavovoag Bepuotntag Kot Tov youniov tovg kéctovs. Ta kvpa
pelovekTUatd Toug eivor m vynA vroyvén kol 0 SWY®PICUOC GACE®V KOTd TNV
otepeomoinon tovg. Koatd tig teAevtaieg dekaetiec, apketéc mpooeyyioelg avamtuyOnkay
TPOKEUEVOD VO EEMEPACTOVV TA TAPUTAVE® UEOVEKTHHOTA. Aloamotddnke OtL pe Vv
TPOCONKN TPOTOTOMTMOV 1EDI0VS, TAPAYOVTIOV KPUGTUAAOTOINONG Kol GAL®Y TPAGHETMV Ot
WBO10TNTEG OALOYNG PACTIG TOV EVVOPOV OAATOV pmopovv va Pedtiobodv onuavtikd [128] kot
[50]. ZAuepa, por peydAn mowkidio. TPOIOVI®MV GE OLOPOPETIKEG OEPLOKPAGIOKES TEPLOYES
aAlayng edong sivor dwbéoipes. Qotd6c0, avtd To0 YAD dev umopovv va evempatwbovv
amevBeiog oTa 0IKOOOKA VAIKE KaBmG N TEXVOAOYiD LKPOGPUIPIOI®MV EVUOP®V OAAT®V eV
elvar akopo EQIKTN.

Ta plypoto mopa@vev Aoy ord To TPAOTH VAKG Tov HEAETHONKAV Yo TV TEXVOAOYin
tov YAOD. [Ipokettor ,w¢ eni to mAeiotov, Yo piypato gvbeiog aAvcidng (Kovovika oAkivia).
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Ta kovovikd aikdvie pe ynpwkd tomo ChHansez eivor pio otkoyévelo amd KOpEGUEVOLS
vopoyovavlpakec e mapopoteg 1010tTeg. OAeg o1 evidoelg mov givol mo eAaeplEg omd 1o
neviavio (CsHiz) etvan aépia oe ovvnbelg Oeppokpaocies. Exeiveg petald Cs ko Cis givan
VYPEG, €V Ol vmolowmeg eivar KNpoddn oteped. Xvvnlog TNKOVIOL GE  LYNAOTEPES
Beppoxpacieg and Ott ot avticToryeg SoUES SLOKAAIIOUEVNG AAVGISOG.

Ot MUKEG 1010TNTEG TOV TapaPvedV eEaptdvtol omd ™ doun tovs. Ot evocelg vbeiag
aALGIBOG KO 01 CUUUETPIKG SlakAadIGUEVES EVDOELS £ivan ot o otabepés [57]. Ot mapapiveg
pe Gptiovg aplBpovg atopmv dvBpaka yPMCLLOTOOVVTOL EVPVTEPO OO EKEIVEC HE HOVO
apBpd atopuwv avlpaxa, encdn elvarl TEPIGGOTEPO O10OEGIUES, TO OIKOVOUIKES, KoL YEVIKE
&yovv vymidtepn AovBavovcsa Oepudtnta. To onueio ™éENg teiver va av&dvetor pe to
poplaxod PBapog. H opun teyvoroyio pikpoo@oupdiov pe mapoeives Tic kabiotd 1o Pacikd
YA®D mov xpnoiponoteiton GNHEP Y10 EVOOUATMOOT) GTO KTIPLKO KEAVPOG.

Téhog, o Mmapd o&éa mov avtimpoownevovTol amd tov ynukd tro CH3(CH,),,COOH
€YOVV TPOGEAKVGEL TNV TPOGOYN TOAADV EMGTNUOVOV MG TOAAL VLTOGYOUEVA LMKA Yo
amofnKevon OepUIKng evEPYELNG, OEGOUEVOL OTL TAPAYOVTAL OO YEWPYIKEG TTNYEC, Kot O)L O
10 metpeloiov Omwg ol mapaeives. ‘Exouv mokvomntes omobnKevong TopAmAGLES LE OVTES
TOV TOPAPVAV K, OTwg ot mopapiveg, 1 Bepprokpacio ™EeD Tovg avédvel e T0 HopLakd
T0UG Bapoc. Av kot ynuikd otafepd KoTd TNV XPNOM TOVG, TELVOLV Vo OVTOPOLV LE TO
nepPdArov Tovg, emedn| sivon 6&wva. Efvar oyetikd Onvd kot ypnoyomolovvial 6e LeydAn
KMpoKo 6€ 014popovs TOUEIS.

Aopikd vika pe YAD

Katd ™ dudpkewo tng dekaetiog tov 1980, dwbdpopor tomor YAD epgvvinkov kot
STEONKAY 61O EUTOPLO Yol EVEPYNTIKA Kot TaNTIKA NAlaKG cuoTiHoTa o€ KTipla. QoT1000,
N GYETIKA YOUNAY| EMPAVELL CUVOAAAYTG BEPULATNTAG TTOV T TEPIGGOTEPQ OO TO. GLGTHLLOTO,
amofNKELONG TPOGEPEPAV, NTOV AVETOPKTG Y10 VOL ETLTVYEL TNV TANPT POPTIOT| KoL EKPOPTIOT)
™m¢g AavOdavovoag Bepudtnrog tov YAD. Avrifeta, 1o YAD evoopatopéva ce dOUKd
otoyeion TpoopEpovy UeYAAN mEPLOY cuvaAiayng OeppdTnTOog KOl EMTAEOV LITOPOVV V.
eNOQEANB0VV amd TIC HEYAAES EMPAVELEG TOV KTIPLOUKOD KEADPOLG.

Ot dopkég cavideg pe YAD® 6nwg ot yoyooavioeg 1 o YAD otafepomonpévov oynotog
UTopovV VO DITOKOTAGTHGOVY KATOW amd To CLUPATIKE VAIKG KOTé TNV KOTAGKELT 1| TNV
avaxaivion evog ktpiov avéavovtag €tol ) Bepuikr pdlo tov. To okvpddepa pe YA
Umopel emiong Vo VITOKOTAGTIOEL LEPOS TOV GLUPATIKOV oKLPOdENATOS. Kabdg ta vAIKA avtd
epeavifovior Kupimg pe ™ HOpPN TOV EMIMEI®V GOVIO®V Kol TAAK®OV GTO KEALPOG TOV
KTIplov 1 QLUVOLLKY] GUGKELT HETPNT poNG BepproTnTog ivorl WOVIKY Yol TOV £PYOCTNPLOKO
Beppikd yopakmmpiopd tovg. g ek TOLTOV, 1 dtatpPn avty| Oa avarTvyBel YOpw amd avtd ta
VAKAL.

Ot dopukég cavioeg pe YAD, pio amd T1g mo onpoeireic epappoyéc tov YAD, Bpickovton
070 EMKEVIPO NG €pevvag TIg TPeL Terevtaieg Oekoetieg [156]. Apketéc melpopaTKég
HeAETEG OV TpaypoTomomOnKay 6€ d1dpopeg KMUATOAOYIKEG cuvOnKes Exovv deilel OTL N
EPOPLOYN TOVG GTO KEALPOG VOGS KTIPIOV Umopel Vo TPOKAAESEL LEIMOT) TOV POPTIOL aLyUNG
KOl HETOTOMION TOL YPOVOL atyung TS {NTNong He amotéAespa TV €TNole €£01KOVOUNON
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evépyetog £mg kot 20% [174] ko [170]. Zta péoa g dekoetiag Tov 2000, ot e&gAi&elg otv
teyvoloyia TV piKpooeopiny kot tov XX - YAD odnynoe oe onuavtiky Peitioon g
TEYVOLOYIOG QVTNG KoL TA TPMTO TPOIOVTA Eyvay UTOpkd Olafécia. Amo TOTE, 01 OOUIKES
oavides pe YAD, £xovv epeuvnBel ektevag.

Ot Koschenz ka1 Lehmann [108], avéntv&av éva evepyntikd TAVEL 0pOONG UE avapelEn
pikpoo@apdiov YAD kot yoyov. Amédeilav HEGH TPOCOUOINMCEMV Kol EPYOUCTIPLOKOV
UETPNOEMV OTL 5 cm TOL Hiypatog ovtod Oa apkovoe yia va datnpnoel o Bepprokpacio
Gveong éva ktiplo ypapeimv. Ot Schossig et al. [153] digpgdvnoayv ) ypnomn yoyocsoviowv
ov TepLEYEl  UiKpooeapidie YAD o€ €0mTEPIKOVS TOIYOLG YO TNV OTOPLYN NG
vepBépavong Kat T pHelmorn Tov YukTiKov @optiov 10 Kahokaipt. To Zynfua 2.6, cel. 25
napovotalet po eikova SEM piag epmopikng yoyooavidag pe YA®D. Awokpivovtol kabapd to
pkpoo@otpidle. YA® peta&d tov kpuoTtdAAmv Tthg YOWoL Kot Tov wvodv omiopod [104].
2Muepa, apketd mpoiovia dopkmv covidmv pe YAD pe dtopopetikés duvapikés Oeppikéc
W0 1ES, OMMG Beprokpacio acn aAlayng kot AavBdvovsa Bepuotnta etvar dabéoia yuo
ypNon o€ ktplaxés epappoyés. O Iivaxag 2.2, oel. 26 mapovotdletl peptkd amd avtd.

[Tépo amd TG dopkég cavideg, TO okvLPOdepa HeAeTONKe emiong evtatikd omd
dexaetioo Tov 1980 wg mpog Tov cuvdvacuo Tov pe YAD [67], [68] kot [69]. Kot og awtd t0
VAKO M tEXVOLOYiD TV UIKPOGOAIPioV @aivetar 0Tt emkpdnoe. EEetdomke yioo mpdn
@opd amd to ypnuotodotovpevo and v EE mpodypoppe MOPCON mov dpyioe 1o 2003 ko
oAoKANp®ONKe 10 2005. O1 Cabeza et al. [25] diepedvnoov TV €TidpPOoT TOV GKUPOSELOTOG
pe YA® mov avamtdydnke oe oavtd 10 TPOypoupa otnv Oepuikn cvumeprpopd €vog
TEPOLOTIKOD OIKIOKOU KOl TOPATNPNCAY CNUOVTIKY] HEI®MON KOl YPOVIKY LETOTOTION TNG
LUEYI0TNG ECMTEPIKTG Beprokpacio oe GUYKPLION LE EVAV TOVOUOIOTUTO OIKIGKO aVAPOPAG.

Ot Entrop et al. [47], aoyolOnkav pe v dueon epappoyn tov YAD oe dameda
oKVPodEUATOC. O KOPLOG GTOYOG TNG MEWPOUOATIKNG LEAETNG TOVG MTOV VO, SIEPEVVIICOLV KT
1660 1t YAD pmopovv va cvppfdriovv omn OEpUOVOT ECOTEPIKOV YOPWOV KOTA TIG
OTTOYELVHOTIVEG DPEG Kal Vopig 1o Ppdov oe éva Mmo KAMpo pe ) ¥pnon HOVo NG NALOKNG
axtvoBoMag g mnyne Oepukng evépyswc. IMapammpnoav o6tt 1o YAD pmopodv va
amoONKEVGOVY ATOTEAEGHATIKA OEPLIKT] EVEPYELL GTO KTIPLOKO KEAVPOG YWPIg TNV EQOPHOYN
UNYXAVIKOV GUGTNUATOV.

Qot000, TEPA MO TNV £PELVA GE KApOKO KTIpiov dev vrdpyel oyxeddv Kapio oabéoun
HEAETN Y10 TOV EPYOCTNPLOKO TPOGOIOPIGUO TOV SLVOLIK®V YOPOKTPLOTIKOV oofnKeLonG
Beppomrog tov okvpodépatog pe YAD. Ot dwbéoyeg onuepa péBodor pétpnong eivon
OKOTAAANAEG OTNV TEPITTOON TOV GKLPOOEUNTOS TOL TEPLEYEL LEYAAOVL pEYEBOVLG adpavn
vAKd. Qg ek TovTOL, amattovvTon vEEG EBOSOL XapaKTNPIGHLOD.

Oeppikn] ay@YIROTNTO VKOV 0AAOYNS @OoNS

H Beppicn ayoyywommro tov dopkodv vAkov pe YAD sivor g 1010tnto peydang
onuaciog mov ennpedlel kabopiotikd Tov puOUd EOPTIONG KOl EKPOPTIONG TNG OEPUIKNG
EVEPYELOG OTO KEALPOG TOL KTipiov. Qg ek TovTOV, M POOUION KoL N péTpnon g BepUikng
ayoyottag tov YAD® amotélece avtikeipevo molhav pedetdv [187], [48] xon [189]. Ot
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puébodol mov ypnoomorovvrol ywpilovtor oe OVO Katnyopiec: T HeBOOOVE HOVIUNG
petadoong Beppotnrog kot tig pebodoovg petafatikng petadoons Beppdtnroc.

O1 péfBodot poviung kataotaong meptropfavovy v texvikn g Bepung midrkog [54] ot
[55] kot v teyvikn pétpnong pong Oepuotntog [89] xan [11]. Ko ot dvo teyvikég facilovran
o1 onovpyia piog ereyyOpevNg BEPLOKPAGIOKNG O10POPAS OTIC dVO EMPAVEIEG EVOG 1 dVO
dokipiowv oe pope1| emimedne mAdkac. Me tn pétpnon g pong Bepuodtntog otn poviun
KOTAOTOOT TPOocdlopileTar 1 OepUikn ay®YUOTNTA TOL SOKLUIOV.

To xvpo wpdPfAnua twv pebddwv avtdv ot pétpnon YAD eivar 0Tl o1 UmOPIKES
GUOKEVEG, KOTOUOKEVOGUEVEG COUPMVO, LLE TO OVTIGTOTYO TPOTLTO, OOLTOVV OPKETA LEYAAN
Oeppokpaciaxy dtapopd (cuviBwg 10°C) otic dvo mhevpéc Tov dokiuiov yio TV emitevén g
emBounmg axpifeloc. Zvvendg N peTpodpevn Tun Oepikng aywyywottog elvar pio péon
TN TOV aVTIOTOXEL 6T Péom TN g Bepprokpaciog. Avtd dev amotehel TPOPANUA Yo Ta,
ocopfoticd vAKa kabmdg m petafoAdn g Oeputkng ayoYOTNTOG TOVS Yol HETAPOAES
Oeppokpaciog g TaEng tov 10°C eivar pikph kot oxedov ypoupkn. Qotdco, ta dokipio pe
peyaha mocootd YAD molhéc @opég mapovstalovv €viovn UeTofoA] TG Oeprukng Tovg
ayoypdmrag g mpog N Beppokpacio. Avtd €xel GOV OMOTEAEGHO Ol HEGEC UETPOVUEVES
TIéEG va unv gival kaBOAov AVTITPOCOTEVTIKEG TOV TPAYUOTIKOV TILOV TOV OVTIGTOLYOVV
ot péon Beppokpacio pétpnonge.

Ot Ahmad et al. [2] ypnowomoincav v texviKn g Oepung TAAKAS TPOKEUEVOL VO
petpiioovv ™ Bepuikn ayoypdmmra yoyooovidos pe YA®. Ta ypnowwonowodusvo YAD
EVoOUATOONKOY 6N YOYooavido G LOPPT KEPUUIKOV copaTdiov e didpetpo 1-3 mm, mwov
neplelyav mepimov 35% «k.f. mapoaeivn. O petpovpeves TYWEG cLYKPIONKAV e EKTIUNGELG
AP CLOTOUDVTOG OLUPOPETIKA KAUGIKE LOVTEAL. & OAES TIG TEPIMTAGELG Ol OE@PNTIKEG TUUES
Bpétnkav va VTOEKTILOVY TIG TELPOUATIKES.

H debtepn katnyopia, ot péBodotl petafatikng amodKpiong, EYOVV TEPLYPOPEL AETTOUEPDS
and tovg Wakeham kot Assael [187]. H apyn Aertovpyiag toug Paciletar otn pétpnon g
Bepokpactokng amdkpiong evog acOnTpa mov ecdyston o€ éva delypa otav epapuoletan
pe wpokaBopiopévn, yapnAov eminedov Oepuikny S€yepon. To wvpo mpdPfAnpa mov
TPOKLITEL AOY® TG HETARATIKNG GPUONS VTOV TV HeBOOV glval OTL N TAPAYOUEVT] TOTIKA
Oeppikn evépyeto umopel va amoppoendei ev pépet amd 10 YAD katd v adlayn eaong pe
OTOTEAEGLLO. TNV TPOTOTTOIN O™ TG OEpLOKPAGIOKNG OTOKPIONG TOV 00NYEL GE GOAALLOTAL.

Ot Cheng et al. [32] pelémoav tig Oeppikég 1010TEG €VOG VEOL XX - YAD pe vymiq
Oeppikn ayoyom o kot avépepay aloonueimm avénon OV 610 VPO AAAIYNS PACTC
Eympo 2.8). Ot ovyypageils katéAnéov oto cvumépacuo 0Tt 1 nEBodoc Mtav ce Béon va
TOPEYEL OELOTIOTO ATOTEAEGLLOTO, EKTOG TNG TEPLOYNG AALAYNG PAONG, OAAGL NTOV OKOTAAANAN
€VTOC NG TEPLoyNG AOY® TG evBuimiog aAlayng edonc. To 1010 TpdPAnua avaeiépdnke amd
toug Wang et al. [188].

Métpnon wottov arodfkevong Oeppotnrog

H Baoin texvikn yua m pétpnon tov 11ot)tev arodnkevong Beppdtrog tov YAD eivar
N dwpopikn Beppidopetpio cdpmong (ABL). H apyn Aettovpyiog tng £YKELTOL GTI GLYKPITIKN
avéAvon g 0eploKPOGIOKNAG OmOKPIoNG TOV VO UETPNON OElYHOTOG KOl €VOC OEIYUATOC
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avapopds. Ta kOpa pépn evoc AGX paivovtarl oto Zynua 2.9, oeh. 32. Xto Zynua 2.10, cel.
33, amewovifovtol ot 000 PaciKéc TOPAAAAYES TOV JLOPOPIKOV BEPLIOOUETPOV CAPMONG: TO
A® avtiotdOuiong 1oyvog kal 10 AOX pong Bepuotntag. Me v teyvikn e AGX dvvavrol
va petpnBodv ot e1d1kég BeppoympnTikdTnTEG TG VYPNS Kot otepeng eaong (ASTM E1269
[12] wan 1ISO 11357-4 [88]), n AavBdvovca Beppotnta (ASTM E793-06 [74] kou ISO 11357-3
[87]) xou ) Oeppokpacio ariayng edong Kaboupmv kKpuoTaAMK®OV ovotdv (ASTM E794[15]).

Qc1000, TO TPOTLTTAL OVTA ElVAL OKATAAANAC GTNV TEPIMTO®ON OTOL 1 CAAXYN PACNMG
happavel ydpa oe pio gupeion OepUOKPAGLOKT TEPLOYN. XE QVTEG TIG MEPIMTACELS, 1) EVOaATiOL
®¢ ovvaptnon g Beppokpaciog Kot n eavopevn Beppoy@pnTikdTNTe ATOTOHVIOL Yol TO
XOPOKTNPIOUO TOV VAKOV. Xt BiAoypagio tpoteivovtar dVo drapopetikég péBodot yio Tov
TPOGOOPIGHO TV peyeddv avtdv pe xprion ™g AGX: n dvvopkn péBodog kot ) péBodoC
ToV 1600gppokpactok®v fnudtov [58].

H dvvopkn pébodoc ocvviotatar amd TPelg dadoykég SLVaUIKES peTpnoel; AOZ: pia
HETPMNOT AVaPOpPas, pia HETpnon evog TpdTLov VAKOL Kot pio pétpnon tov ostypoatog YAD.
Me 10 amOTEAEGLOTO TOV LETPHCE®V KoL TN ypnon g eicmwong 2.7, oei. 34, vmoloyileton n
eowopevn Bepuoyopntikotnta tov YA®. Ov Mehling et al.[132] =npétewvav pio
AmAOTOMUEVT] AL OMOTEAECUATIKY TOPpaALOy NG dvvapukng pedddov mov amortel pia
pévo duvapkn pétpnon. Me m ypnon Tov KoUTLA®V Tov doxeiov avaeopds kot Tov YAD
Emua 2.12) ko g E&icwong 2.8, oeh. 35, umopel va mpocdiopiotel M @arvopevn
Oeppoyopntikdtta 6e TOAD WIKPOTEPO YPOVO HE 0EOMOTION GLYKPIGIUN TNG OPYIKNG
uebddov.

To mpoPAnpa tov duvapukodv pebddwv £ykertar oty enidpacn g palog Tov delypuatog
Kot Tov puOLoL avEnong g Bepuokpaciog otn peTpovpevn amd 10 AOX gvépyela (Zymua
2.14, 6€l.36). H emidpaon avtn opeiletor 610 Oeprokpaclokd TPOQEIA TOL OVOTTUGGETAL
€VTOGC TOV UETPOVUEVOL OEIYLOTOC TNV TTEPLOYN TNG OAAYNS pdomng (Zynua 2.13 og). 36). To
TPOPANUA AVTO ATOTEAEL CNUAVTIKO TEPLOPICUO GTN XPNoN TS ABOX GTO YOPAKTNPIGUO TV
YA®.

o mv oavipetdmon ovtod Tov  TPoPAnupatog mpotdbnke mn  péBodog TV
oobeppokpactok®v nudtov [26]. Edd, to dvvapukd Oeppokpactokd Tpo@id avrikadictotot
amd ddoykée, KpES wobepuokpactakeés avénoelg oty Beppokpacio tov detyparoc. H
Oeppikn amodkpilon amoteAeitor amd Eva TAN00¢ Kopue®V OIS Paiveton oto Zynua 2.15 cel.
37. H ohoxkANpmwon KaOe KopueNg TapEXEL TNV EVEPYELD TOV OTOPPOPATAL ) EKADETAL OO TO
delypa katd ™ dtdpkeln Tov avtioTotyov Beppokpaciakoy Prpatoc. H tyun avtiotoyel ot
Stpopd evBoAmiog LeETOED TV S0 emMmEd®V Beppokpaciog. EeKvOVTOS omd pio opytkn TN
evBaAmiog, hy, N evBaimia, h(T;), oe kdbe eminedo Oepuokpaociag, Ti, ivor o aOpolcpa TG
nponyovuevng Tiung evlaimiog, h(Ti.1), kot ¢ dtopopdg evlaAmiog Tov Prnatog. e avtibeon
pe v ovvapiky péfodo, m mpokvmToOvca KApmOAN evBoAmiog dev givarl cuvveyng, oAAG
amoteAeitan amd TOAATALG SLO00YIKES OLoKPITES TIHEG (Zyfua 2.16, oel. 38).

‘Eva onuovtikd mheovékuo e nebddov ovtng o€ cOykpion pe t dvvapkn pébodo
elvar 60TL N afePordmra oty akpifela g Beppokpaciog eivar yvmorn, enedn nepropileton
oto péyebog tov Beppokpaciakod Prpatog. Qotdco, Ta TOAD HKpd Beprokpaciokd Prpoto
£€YOVV MG AMOTEAEGHO YOUNANG €vTaong ofua kKol peiowon g akpifela otng pérpnon g
Beppopong [59].
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Me ) pébodo tov 1600eppokpaciak®y fnudtwv 1 enidpacn Tov puouod BEpuavong kot
™G Halag Tov OelyHaTog OTIC HETPOVUEVEG 1010TNTEG eAdyloTomotEiTal. Opmg e§akoAovBovv
va vdpyovv TpoPAnpota mov oyetifovror Kupimg pe ) pikpn palo Tov delyHoTog Kot TV
vtoyuén. Ta pkpd detypota YAD mov ypnoiponoodvrar oty AGX pmopel va unv eivon
OVTITPOCOTEVTIKA TNG TPAYUOTIKNG cOvOeoNS Tov VAIKOD. EmmAéov, n vdyvén eivar cuyva
woyvpoTEPN oe pIKpd deiypata. H Ao og avtd ta mpoPAnpata givol n xprion HeyoAutepmv
detypudtov o€ véeg Tepapatikés pedddovg yio ta YAD.

Mia tétown pébodog, m T-history, oavamtdydnke amd tovg Yinping xot Yi [193] ko
Baciletatl otn dtapopikn Beppikn avirvon evog detypotoc YAD kot evOg VAKOU avopopag,
cvvnBw¢ vepov. Ta detypota Beppaivovion o Beppokpacio avotepn g Oeppokpascioc TENS
KOL OTr OLVEXEWL YOYOVIOL G €AeyYOuevn oatudoeapa. Amd TNV Kotaypoen g
Beppokpaciag Tovg detylaTog, Tov vepo Kot TS ePPAALovGas aTdGPaLpaG VITOAOYILETOL M
AovBdvovoa Oeppotnta tov YAD. Ov KpoPPapitng et al. [116] wor [87] Peitiwoav
onuavtikd v péBodo dote va pmopet va VITOAOYIoTEL Ko 1 ovopevn BeppoywpnTikdTnTa
¢ ovvaptnon g Beproxpaciog.

Yopnepdopora

e H Oeppukn ovumepipopd evog dopkod vAkov pe YAD givar 10 cuvovaouévo
OTOTEAEGHO TNG €WIKNG OeppoywpntikdOtnTag Ko e AavOdvovca Beppdtnroc.
Avtp M ovvdvacuévn  emdpoon  WEPLYPAGETOL  Amd TNV QUIVOUEVN
OeppoyopnrikdTna.

e 'Evog amd 10Ug TO amoTteAECUATIKOVG TPOTOVG Yo v mpoctnkn YAD oto
KEALPOG TOL KTIpiov gival 1 ypron dopk®dV covidmv kot okvpodépatog pe YAD.

e H pértpnon g Oegpuikng mmg ayoypodmrog tov YAD pe 116 vOIoTAUEVES
TUmOTOMUEVEG HeBOOOVE TaPOVCIALEL ONUOVTIKEG OVOKOAlEG, 1dloitEpO GTNV
TEPIMTOON TOV UETAPATIKAOV TEYVIKAOV.

e H Odwopopwn Oepudopetpia ocdpwong (AOY) eivaw 1 mEPLGGOTEPO
ypnooroovpevn nEBOS0G Yoo ToV TPOGOIOPIGUO TMOV 1O0THTOV ATobKELONG
Beppomrog v YAD. Ardpopeg teyvikég mov Pacilovtan ite oe duvapuxn gite og
16ofeppokpaciakn capwon £xovv Tpotabel Kot ypnoporombel pe emtrvyia.

e O «x0plog mepopiopds e (AOX) elvar m ypNom OYETIKE WKPOV SEIYUATOV.
2VUYKEKPIUEVO, [e puKpd dstypata o Babpdg vroyuéng pumopel va avéndel, evd to
Oslypor  evdéyetor vo UMV €ivol  AVIUTPOCOTEVTIKO, OIVOVTAG  OlPOPETIKA
QTOTEAECLLATOL OO TNV TPAYLLOTIKY PNON TOV VAKAOV G TPOKTIKG GUGTNLOTO.

e Xt uébodo T-history to péyeboc tov delypotog eivar peyoldtepo Kot
OVTUTPOGMOTEVTIKO EVOG OVOLOI0YEVOVS VAKOV. [Tap’ dAa awtd, owtd dev umopet
Vo XpNOHOTOMOEL Y10 TOV YUPOUKTNPIGHO OAOKANP®Y GTOLKEIDV KEADPOLS OTMG
dopkég oavideg 1 oxvpddepa pe YAD.

Kepaiaro 3. Ocopntikn avaivon g Suvopknig cvokevig pons Oeppotnrog

Onwc avoldOnke 6TO TPONYOLUEVO KEPAANLO, O TEPAUATIKOC OepUIKOS YOPOKTNPIOUOG
dopkdv VAIKOV pe YAD pe 11 ovpPatikég pefdoovg Ko 6pyove mopouctalel OnUOVTIKES
ovokoAieg. Mio omd Tic mpooeyyicelg mov efetalovror Ta tEAEvToion YpdVIL TPOS TNV
KatevBuvon g Pedtioong kot g dnpovpyiog véwv peboddwv eivar  duvapukn Asttovpyio
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™G GLOKELNG pETpnong pong Bepudmrog (EMPO) [161]. v mpocéyyion avt, 1 EMPO
tpomonoteitol €161 dote M por| Bepuorag vo pmopel vo petpndel, evod n Bepuokpacio oe
TOVAGIOTOV pia omd TG TAGKeEG 1 / Kot 6To Oty petafarietan e TO XPOVO.

H Biproypapio oyetikd tig Tpé)ovoes e€eAiEelg otov Topéa TOV BEPUIKOV YOPOKTPIGLOV
Tov YA®D pe ypnon g dvvapkne EMPO (AXMPO) katadeikvoel 0Tt auT 1 TEPAUATIKN
TPOGEYYION AmOKTA OAO KOl peyaAdTepn amodoyn amd TNV emioTnpovikny kowvotnta [195],
[177] xon [112]. Qotdoo, omwe avagépel o Shukla et al. [161], £vag and Tovg TPOTOTOPOLE
otov Oepuikd yopoktnpiopd twv YAD, ivol akOpo vod avamtuén Kot oVTIKEIUEVO EVTATIKNG
épevvag. Ot meplocoTepeg, av Oyl OAEC Ol OYETIKEG OATAEELS 7OV  YPTCLLOTOLOVVTAL,
GTEPOVVTOL EVOEAEYOVS OVAAVONG OGOV OPOPA TIC TAEVPIKES OmMAELEG BeproTnTOC, vy amd
TOVG ONUAVTIKOTEPOVS TTAPAYOVTEG EIGAYMYNG COOUANATOV ot péBodo avty. EmmAiéov, 10
YEYOVOG OTL 01 TEPIOCOTEPEG AMO TIG GLOKEVES AVTEG £ival OVOIKTEG 1O10KATACKEVES (YWpPig
TEPLPEPELOKO KEAVQOC) TIC KaO1oTA mMo emppenel oe MAeLPKEG ammdAeleg OepuoTnToc.
Emmpdcheta, o1 epmopikég EMPO €xovv oyediaotel kot Babpovoundet yia va Asttovpyodv e
péviun petddoon pong Bepuotnrog.

To mpoéceato tpdtvmo ASTM C1784-13 [10] sionyaye yio TpdTN QOPE i TVTTOTOUEVY
dwdwkacio yi ) Pabpovounon mg EMPO yio duvapukés petpnoets. Qot000, 16Y0VEL LOVO
Yo Ho. GLYKEKPLUEVT TEpapotiky péBodo (Hikpd, wobeppokpactiarkd Prpate Kot ot 0Vo
TAOKEG) Kal, MG €K TOVTOV, OgV €lval €MAPKNG Yo VO KOADWEL TIC OVAYKES TOV d0pOpOV
mpopil Bepuoxpacioc kot pong Bepudtroag mov ypnopomoovvrol oe peréteg YAD. Qg
arotédecpa, ot AXMPO® BabBuovopovvior ce povipeg ovvinkeg pong Oeppdtmroc kot to
GOAALOTO TTOVL 1] TPOKTIKT QLT EIGAYEL GTIC LETPNGELS OV £YOLV HeAETNOEL akOLOL

H ovokevm] pérpnong poig Oeppotnrog (XMPO)

H IMPO avoldetar die&odikd o dvo oebvr mpdtuma: to ISO 8301:1991 [89] ko to
ASTM C518-10 [11]. H apyn Aertovpyiog ¢ ykettar ot dnpovpyio piog kabopiopévng
povoodtdotatng pong Bepuomtag péca amd Eva okipo, £Tot MGTE TO dOKIUIO VO 1600VVOLETL
Oeppikd  pe pio mAdko ameipov mAdTovg mov  oprobeteiton amd SVO  TOPAAANAQ
ooBeppokpactokd emimeda. [Ma v dnuovpyio g povooldotatng pong Beppotnrog
ypnoorotovvrol 6vo TAdkeg pvOulopevng Bepuoxpacioc. H Beppdtnta péet amd v Bepun
TAOKO 0TV Yoypn TAdKa péca and to dokipo. H dwapopd Beppokpaciog petadd Bepung kot
yoypng mAdkog dwtnpeital otabepn péypt va emrevyfodv cuvinkeg pOViUnG HeTAoooNmg
BeppotnrTag gviog tov deiypatog. Xtn ocuvvéxelwn, N Oepuikn ayoypdmra, A (W/(mK)), tov
doxipiov vroroyiletan cvppova pe v e&icmon Fourier (E&icmon 3.1, oel. 49).

H okpifelia g pebodov e€aptdror kupimg omd tov akpin mpocsdlopicpd g pong
Beppomrag. ['a to Adyo avtd, mpv and kdbe pétpnon ot acOnpeg porg Beppotnrag mpémet
va Pabuovopovvtor pe ) Ponbela mpotvmwv derypdtov. H Bgpuikny ayoyudmmra tov
TPOTVIIEOV  delypdtwv mpocsdlopiletonr pe Pdon v amoivtn péBodo pétpnong mov
neptyphoetar ota mwpotvma ISO 8302 [90] 4 ASTM C177-13 [9] ypnoyiomoidvtag uio
ovokevn Bepung TAGKOGS.

H epoappoyn mmc pebddov mepropiletar xvupimg amd v 1KovOTNTo TG GLOKELNG VO
Tapdyel povodidotatn, poévyun pon OBepudtnrog kot amd TV okpifelo otn péTpnomn g
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dlapopdc g Bepurokpaciog, To mhYog Kol TO G YOUNANG TACNG TOV TOPAYETOL OO TOVG
aloOnpec pong BepuotTog.

Ot yevikég KatevBivoelg yia to oyedtacud Kot tnv Kotaokevn piog EMPO divoviot omd 1o
ISO 8302 ka1 to ASTM C518. Ocov apopd otn 8o Kot Tov aplfud TV SEYHATOV Kol TN
pétpnomn pong Oeppotnrag, TPELS €ivol Ol MO GLYVA YPNOUOTOIOVUEVES TOPUAAAYES TNG
YXMPO (Zynue 3.1, oek. 50). Zopeova. pe ta tpotumo. ta Pacikd ototyeio poag HFMA eivar:

e 'Eva mhaic1lo mov pépeL dV0 1600epLOKPOUCIOKES TAGKES
Mia povada B€ppavong kot po povado yoéng
TovAdyiotov évag asOntipog pong Bepuotntog
AweOntpeg Beppokpaciog

2H0TNH0 GLALOYNG KO KOTAYPAPNG LETPTGEDV
Xvotnuo EAEYYoV

To Baockd tunpa g cvokevng givar ol Thdkeg OEppavong kot Yoéng ot omoieg mopEyovv
TIG OmOUTOVUEVEG 1GO0DEPLOKPACIOKEG EMPAVELES G EmOPN He TO dokipo. O €reyxog tng
Oeppokpaciag tovg emtvyydvetor cvvnbme pe otabepn KuKAoPopia vepod GTO £CMOTEPIKO
toug. Ot d1adpopég Tov vepol mov ypnoiponotovvtar aneikovitovtal oty Ewdva 3.2, cel.
50. H péyiot amodexty| andkiion omd Tig 1600eppokpaciokés cuvinkes cOUQmva pE TO
ASTM C177 givar + 0.3°C xor copeova pe to 1ISO 8301, 1% tng drapopdg Oeppokpaciog
KaTé UKo TOL dOKIioV.

Ot emdveleg TOV TAOK®V GE EMAPT UE TO Selypa (EVEPYES EMPAVEIEG) OTOTEAOVVTOL OO
KOmolo pETaAlo vynANG Bepuikng ayoyotntas. H amaitovpevn Bepuikn| emaen petald tov
EVEPYADV EMPAVELDY KOL TOV OELYHOTOC EMTVYYAVOVTOL LE TNV KATAAANAN ene&epyocion TOvG
amd Gmoyn TPoLTNTOG Kol GUVIEAECTN BEPLUKNG EKTOUMNG. TNV EMPAVELD TNG piog 1] Kot
TOV dV0 TAUK®OV ToToBeTovVTOL KOTAAANAOL acOnTpeg pétpnong pong Beppottog (Zymua
3.1, oeh. 50). To Tunpo TS TAAKAG OE €MAPN e TOV alcOnpa pong Bepudmrag amotelel
™V mepLoyn HETPNONC.

BaOpovopnon

H pébodog g EMPO yia t pétpnon g Bepukng ayoyotntog etva pia devtepevovsa
N oxeTIKN HEB0JOG, dEGOUEVOL OTL 1] BEPLUKT AVTIGTAGT TOL SOKLUIOV OVCIUGTIKA GVYKpiveETaL
pe eketvn evog detypotog avaeopds. Avtd yivetal pe tn dadikoasio fadpovounong, og moan
kpiowng dadikaciog kuping egartiog Tov 0Tl ot TAeVPIKEG Oeppukég andieieg/ KEPON dev
umopoHv va eEaAeIPOOHV eviEADC, aAAd LOVO Vo LetwBovv PE TN (PO TAELPIKNG LOVAOOTC.
o va eacpariotel 6Tt 1 EMPO Aertovpyel cwotd, n pétpnon kot n Pabuovounon Oa
pEMEL Vo dteEdyovion KAT®m amd Tig 1d01eC GVVONKEG OTMG AVTEG TOV YPTCIHLOTOONKOY KOTH
TN HETPNON TOL SEIYHOTOG AVAPOPAG.

Mo ™ ovppetpkn drdtaén povov deiypatog (Zxnua 3.1, oek. 50) mov eéetdletan oty
mapovoa daTplPn, kot av vrotedel 6TL Ta dVO delypato avaeopds TOV HETPOVVIOL GTN
ovokevn Bepung mAdkag (ZOIT) €xovv 1o 1010 YOG KO TAPOHOLL BEPLUKN aywydTNTO, Ot
ouvtekeotéc Badpovopnone, S (W/(m2V)), tov aisdnmipov poric Beppdtnrog vroroyilovral
pe v dadikasio mov opiletor oto ASTM C518 ko t1g E€iodoeig 3.2, ogh. 51, kot 3.3., oel.
52. EvoAloktikd, yioo deiypato ovaQopds He AOQPOS popeTIKd Tdyn vroioyilovtan
ovppwva pe to Tpotumo ISO 8301 kan tig E€iodoeig 3.4, oeh 52 kan 3.5., oeh. 52.
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Av 1 owdikacio emavainebel oe dbpopeg Bepurokpaciec kol pe Oetypato mov £xovv
OlPOPETIKEG  Bepikéc  ay@ydTTEG Ko TAYN UTOpPOovV Vo TPOKOWYOUV  KOUTOAES
Babuovounong M ko e€lodoelg. Qotd60, N (PNOTN TOV KOUTLAGV Babuovounong ypetdaletot
wWwitepn mpoocoyn Kupimg yotli ta oEAApATO PETPNONG &ivarl €vag GLVOVLAGUOS TMV
OOTEAECUATOV TOV TOPATAVD TOPOUETPOV TOL OV UTOpPoVV va amocvigvktovv. [Ma
TOPASEYIO, KOTA TN UETPMNON TV Oelypdtov Pabuovounong pHe Sopopetikés Beppukég
AYOYILOTNTEG, TPOKEWEVOD VO TPOGIOPLOTEL Hio KAUTOAN Pabpovounong, ot EKTIUMUEVOL
ovvteheotés Pabuovounong emnpedlovion emiong and 1 Oeppokpacio mepiPdriroviog (ko
KOTA GUVETELDL OO TIG TAEVPIKEG OTMOAELES) KO TO TTAYOC.

I[nyéc ocpaipdtov otig peTpioseig pong Beppotnrog

H BaBuovounon tov acOnmpov pong Oeppomnrag piag EMPO, avtictabuiler to
GLGTNUATIKA GOAALATO TTOV OYETILOVTOL LE TN YPOUUY HETPNONG, TOV 1010 TOV osOnTipa
péTpnong Kot v amdkAion g petddoons Beppudrag omd v veobeomn g HovodldoTaTng
UOVIUNG peTapopds BeproTnToC, TOL OQEIAETOL OTIC OMMAEIES OO TIC TAEVPIKEG EMPAVELES
tov dokiiov. Evd 1o ocedipata ot ypouun pétpnong etvor idw ommv mepintmon g
pOVIUNG Kot NG OLVOUIKTG Agttovpyiag, ta o@dApata mov oyetiloviol HE TG TAELPIKES
anOAelEG BepuoOTNTOG PUTOpEl va SPEPOLY MYOTEPO N TEPIGGOTEPO EEAPTMUEVO OO TOAAEC
TOPOUETPOVG.

ZYAETIKA E TOL COAALOTA TTOV OQEIAOVTOL GTN VPO UETPNONG Kot TOV aisOntipa, ot
poéviun  Aettovpyia, - Poabpovounon avtictabuiler v emidpacn g Oeppoxpaciog ot
Oeppikn ay@yOTNTA TOV LAMKOV TOV TLPNVO KOl 6TOVG GLVTEAESTEG Seebeck TV kpapdtwv
™G ovotoyiog TV Beppolevy®mv. TNV TEPIMTOON TWV OLVUK®V LETPTGEMV 1) ETLOPACT TNG
Oeppikng palag tov aohnmpov mpénel eniong va avtiotabuotel. To moapdptnuo A tov
ASTM C1784 meprypdpetl AETTOUEPDOS TN SLOOIKAGIO Y10 TOV TPOGOIOPIGHO TOV GUVIEAEGTN
d10pBmonc Loym g petafatikng petapopas epuommroc pécm tov actnmpov [173].

Ta cedipata mov opeidovtol ot TAEVPIKEG ammdAeleg Beppdttog eivor mo cvvOeta
kabmg emnpedlovrol amd ToAAoVS TopAyovTeg Tov GyeTiovion pe To doKipo, Tic cuvOnKeg
UETPNONG KO TO YOPOKTNPIOTIKA TNG CLOKELNG. X HOVIUN Aertovpyia (OnAadn pétpnon
Oeppikng  ayoyluomntag), O0edopévov 0Tt ot ovvOnkeg pétpnong eivoar otabepéc, M
BaBuovounon tov awchnmpov pong Bepudtntog pe va VAKO ovapopds mopoolo e TO
dokipo kot kate and TG 101eg ovvOnkeg pétpnong (Héon Bepuokpacio Tov delypatog Kot
Beppokpacio mepPdriovtog) eEoreipel TV eMIOPAON TOV TAELPIKAOV OTOAEIDV. ATO TNV
AN, Kotd TN OdpKeElD SVVOIK®OV HETPNOE®Y, N HETAPOAN TG péong Beppokpaciog Tov
doKipiov Kot T@V TAAKOV Katd T dtdpKeln TS pETpnong kabiotovv ) Pabuovounon Evavtt
TOV TAEVPIKOV OTTOAEIDV TEPITAOKT).

Ot avapopég ot PifAtoypagio yioo TNV ETLOPACT] TOV TAEVPIKOV ATMOAEIDV GE SUVOUKESG
petpnoelg pe ™ EMPO eivor eEAdyoTeg — 0V Ol AVOTTOPKTES. X€ L0 ATAOTKY] TPOGEYYIoT], Ol
Tleoubaev et al. [173] mpdtevay v a@aipeon TOV TOPAUEVOVTOG GUATOS TOV oodnTHpa
pong BepuoTTOg 0md OAEC TIG LETPNGELS KATA TN OIAPKELD EVOS SUVAUIKOD TPOTOKOAAOL Yo
TOV TPOGOOPIoUO NG €10kNG Beppoyopnrikéttoag. To addvapo onpeio avtig g
TPOcEYyIoNg etvan 6T N Tapapévovsa pon BepudTTag vVToAoYileTol 6TO TEAOG TNG SVVOAUIKNG
pétpnong, 6tav n poviun petddoon Beppomrag £xel mAéov amoxkotactadel. H vmdbeon 6t 1
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mopapEvovca pon Beppotnrag eivor mopovoo kot aUeTAPANTN kab® OAn T SLVOUIKTY
ddkacia, dev eaivetal va 1oyveL, OTmg Ba eEnyndet oty mapdypapo 3.5, cel. 61.

‘Eva mpoto Prjpa mpog v katebBuvon g avaivons tov ceaiudtov g AAMPO katd
yevikd tpoémo elvar vo. vrobécovpe OtL M Beppukn palo Tov delypotoc M Ko o puOuog
petafoAng g Beprokpaciog Katd Tn StipKeL LG SVVOUIKNG LETPNONG Elval apKETA LKPOL
moTe va. OE®PNOOVLE TIG CLVONKES YEVOOUOVILEC.

Ov mhevpikég ammAeleg o€ poviun Asrtovpyia

[Tpokeyévov va peremBel n enidpacn TV TAELPIKOV OTOAEWDV OTNV OoKpifelo TV
petpnoewv pong Oepuomntoag pog XMPO, éva 1plodidotato amAOTOMUEVO LOVTEAD €VOG
TETPAYOVOL SOKIUIOL HETAED 000 1600EPLOKPACIOK®Y EMPAVELOV TPOGOUOOONKE WHE TO
eumopkd Aoyiopkd ANSYS. Onwg avaeépbnke oty €l60ymyn, N TO KOWN TPUKTIKY Y10,
NV TEPapaTIKn aviivon tov YAD pe cvokevég XMPO gival 1 ¢p1ion avolKT@dV GUGKEVMOV.
["a 10 A0y0 avtd, 6TV TaPoHoo AvAALGT, 0L TAEVPIKES EMPAVELES TOV delypaTog Bempovvtal
dueca ektedelpéveg oto mepPIPAALOV.

Ot mopdpuetpor mov e€gtdoray givor n dtopopd PeTaEd TG péong Beppokpaciog Tov
doxpiov kan g Oepuoxpoasiog mepiBdrrovrog, DT [°C], n dtopopd Oeppokpociog petacd g
Oepunc kar e yoyphc mhdkac, dT [°C], to méyoc, d (mm) kot 1 Oepuiky oyoyudTNTo, A
(W/(mK)), Tov doxiyiov, o oynua Kot 10 eufadd tov acntipa pong Bepudtnrag Kot to
UNKOG T®V TETpayoVIKOV TAokdv L (mm). To oyetikd cedipo Aoym anmieidv Oeppotnrog
vroAoyiotnke pe 11§ E&lowoeig 3.6, 3.7 ko 3.8,0€1.55.

To Zynuo 3.4, cei. 57, mopovctdlel EVOEIKTIKA amoTEAECUATO amd €vol peydho mAn0og
TPOGOUOIDGEMY Y10L TOV OoONTNPA TNG YLYXPNG ETPAVELNS Kol Yo dopopd Bepuoxpaciog
20°C peta&d Bepung Kot yoypng empdavelag. ovolka, n E&locwon 3.9, ceh. 62, gaivetan va
glvol o TOAD 1KOVOTOUTIKY] TPOGEYYIOT] TOV GYETIKOV GOAAUATOS MG GLVAPTNON 1TNG
Oeppikng aywydtnToc, Tov Thovs, TS dpopds Bepurokpaciog Hetabd TV TAUK®OV Kot TNG
dpopdg g Beppoxpaciog meptpdalovtog pe ) péon Beppokpacio tov deiypotog. Amo Tig
E&iodoeig 3.8, oel. 55 kot 3.9, cel. 56, pnopel va vmoroyiotel Kot T0 amdOALTO GOAALO
(E&iowon 3.10, 6gA.57).

Oecopodvtog undevikn 1 owpopd Beppokpaciog petasd Oepung Kot youypng TAGKAS, M
povodtdotatn por| Beppotntag unodeviletal, €161 ®oTe T0 0plotePd okéAog ¢ E&lomong
3.10, oeh. 57, va avtiotoyel oty mopapévovsa porn Bepuotroc. Etor, and to 6e&i okéhog
¢ e€lomong yiveton @avepd 6t N Tapopévovsa pon Beppdtrag yro dedopévo dokipio ivat
avéioyn pe TN Olpopd HeTaEL G Beppoxpaciog mepiPdAloviog kol TG HEOMS
Beppokpaciag tov detyparog ko aveEdptntn and ) dwpopd Bepuoxpacioc petald Oepung
KoL TG Yuypng mAdKag. AAA®GTE, 0VTOC elval Kot 0 AOYOG Y10 TOV 07010 YPNGILOTTOLEITAL Yo
™ Babuovounon g EMPO.

Vv mopondve avdivon n meployn HETpnong Bewpnnke TETPOYOVIKN HE JOCTACELG
30mm x 30mm. Meyolvtepn meployn UETPNONG, 00NYel o€ avEnon Tov GEAANATOS, OTWS
eaiveton oto Zynuo 3.5, oer.58. Tlpokeyévon va exktyunbel n enidpacn Tov GYNUATOG TOV
aoOnmpa ot petpovpevn por OBepuotnrag, eEetdotnrov TPiol SPOPETIKG CYNUATO
awoOnmpov (Zymue 3.6, oer.58). Ta amoteAéopato €£0ei&av OTL Yy ooONTAPES 7OV
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KaAvmTouy péxpt Ko 10 40% g empdvelng Tov mAakav 1 pon Beppotntag sivor oyedov
avedptn tov oynuatog (Zynua 3.6B, oel.58). Emmpdcbeta, o1 cuviedeotéc g E&icwong
3.9, oeh. 56, vmoloyiotnkav vy akoun €5 Twéc epPadov meproyng pétpnons. Ta
amoteléopata mapovstalovtar otov [livaka 3.2, 6el.59. Me 1 ypnon g E&icwong 3.9 ko
tov [Tivaka 3.2, 0 Tpocdlopiopds G ENOPACNG TOV TAEVPIKAOV ATMOAEIDOV Elval EQIKTOC GF
éva gupLy PAGHLO GLVONK®OV HETPNONG KoL TOPAUETPOV.

Oa mwpénel va onuelwdel 01t 1 E&lowon 3.9 oyder yio EMPO pe dwnotdoelg mhakmv
200mm x200 mm pe mAevpikég emdveles dpeca exktebeléveg otov meptPdAlovto aépa Kot
ouvteheoth] ouvayaypdmrag 3 W/(m’K). To opédpa eEeTGoTKE €K VEOL Yo dOKILOL
peyolvtepav dtactdoewv Kot tpoékvuye 1 E&icmon 3.11, oe).60.

O mhevpikég anmiereg 6 duvapkn Aettovpyia

Me Bbom 11g €£loMGES TG TPONYOVUEVNG €VOTNTOC, T OYECT TOV GOOALOTOS TMOV
TAELPIKOV OTOAEIDOV HETAED UOVIUNG Kot OLVOUIKNAG Asrtovpyiog g XMPO umopel va
dtepeuvnbel. Ot O O100EO0UEVEG TTEPUTTMOOCELS OLVOUIKNG Asttovpyiog €ivar ot akdAlovbeg
TPELG:

o  Xtabepn avénon/peiwon Beppokpaciog oe pio 1 kot 6T S00 TAUKEC.

e  Ogpuokpooctoxd Pripa Kot oTig VO TAUKEC.

e Hurovoewdng petaforn g Oeppokpaciog ot pio mhdka xor  otabepn
Beppokpaocio, 6TV GAAN.

O meputOoEL OVTES TPOCcOUOI®ONKAY Yol dVO dtaPopPeTKd Tumikd €idn dokiiwv. To
TPOTO glvar yapmAng Oepuikng ay@ydTNToS Ko Oeppikng Lalog avtiotolydviog o€ eErappd
VAkd povoonc. To oedtepo eivor vymAdtepng Oeprukng oy@yyoTNTo Kot TUKVOTNTOG
avTioTolydvtag o€ cuvion dopukd VAIKE pe YAD (my. XX - YAD, yoyoooavideg pe YAD
KATL). X& aUQOTEPES TIG TEPIMTOGELS TO delypa eivan daotdoemv 200mm x 200mm x 70mm.
["a tov kéBe TOHTO delypaTOC 1) TEWPAUATIKY O10O1KOGTI0 TPOGOUOIDONKE Y10 VO OLUPOPETIKES
KOTOOTACELS OGOV aPOpd TIC TAEVPIKES AMMAEIEG: OOUPATIKEG TAELPIKEG EMPAVEIEG KOl
TAEVPIKEG EMUPAVELEG AUECO €KTEDEEVEC OTOV a€pa TOV TEPPAAAOVTIOC LE GUVIEAEGTN
cuvay®yns ico pe 3 W/m?K. 2uyKpivovtog To amoTEAEG AT LETAED TNG eKTEDEEVNG Kot TG
adPOTIKNG TEPITTOONG TO GOAALN AGY® TAELPIKAOV OATOAELDV UTOPEL VoL VTTOAOYICTEL.

Ot Ogppoxpaciec otnv mepintwon tov Bepuoxpaciokod Prpatog mapovotdlovial 6To
Tyua 3.9, oeh.62. To doximo pe apyky Ospuoxposio -10°C eicdystor oy TMPO pe
Oepuokpacio mhakmv 50°C. H Oeppokpocia mepipdrrovrog givor 20°C. Otov anoxadictatol
péviun pon Bepudtmrag n mapapévovsa pon (otnv mepintwon tov ektedeyévon deiypatog)
vroroyileton amd v E&icwon 3.9, cel. 56, kot eivan mepinov -1,5 W/m? kot -4,2 W/m? Yo
TO0 VYNNG Kot youning Bepukng palag dokipo avtiotorya. To cedipo tov SvvVOUIKOV
petpnoemv pong Bepuotntag (Zynua 3.10, oeA.62) Eekvd and pundevikn Tiun Kot Kobmg M
Beppoxpacio Tov detypotog avEdvetor mive and tn Bepurokpocio TepPAAALovVTOC, T0 GEAALQ
HEIDVETOL GTNV TEMKTN TN HOVIUNG Katdotaons. Eival mpoeavég 6tL 1 amdoikn mpocéyyion
™G Pabpovounong aeolp®vtog TV Tapanévovso pony Beppdtroc amd OAeg TIC LETPNOELG,
onw¢ mpoteivetar otn Piproypagia [22] eEareipel To dSvvapukd cEAANN KOVTE 6TO TEAOG TNG
dwdkaciog, aALG elGAYEL VoL GALO LN VITAPYOV COAALN KATO TNV EvOapén TOV LETPNCEWMV.
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["a ™ pekétn g mepintoong avénong g Beprokpaciog Twv mhakmv pe otadepd puOuod
0l OPLOKEG GLVONKEG TTOL YPTCILOTOLOVVTOL GTNV TPOCOHOImon eaivovtol oto Zynua 3.11.,
oel. 63. Evac otabepd puduog 0épuovone 1°C/min epoapuoletal 6TV Woypt ETPAVELD, EVD
n Oeppokpacio e Oepunc empdvetac pudpiletar otovg 20°C. Apyucd, to detypo Ppioketan
oe péviun xotdotoon pe oplokég Ogpuokpacicg -10°C kar 20°C. H  Ogpupokpaocio
nepiBérroviog Bempeitar otadepy, ion pe 20°C. To Zynua 3.12, ced. 64, mapovsidlel To
o@AaAipo mov vroloyiletar amd TO OMOTEAEGUOTO TNG TPOGOLOIMONG GE GUYKPION HE TO
ocQaApo poviung Aettovpyiog mwov vroroyiletor and v E&icwon 3.9, cel.56. Xy nepintoon
Tov dokipuiov yauning Bepuikng palog (Zynuo 3.12a, oel.64) 10 cedApa Kotd ™ JtdpKELN
TOV SUVOUIKOV HETPNGEMVY EIVOL KOVTA GTO GPAALN LOVIUNG KATACTUONG. ZVUVETMS, POIVETOL
6t 1 Baduovounon tov actnNTpov 6 noviun Kotdotaon oe Oeppokpacisc mhakmv 20°C
kot 0°C pmopet va eEadelyel T0 GOUALN TOV TAEVPIKOV ATOAELOV KATA T SIGPKEWL TV
SVVOLIK®OV HETPNOEMY. ZTNV TEPITT®ON TOL dokipiov vymAng Bepuikng pdlog, To duvapuko
cpdApo Tov acOnTpa TG YuypNs TAdKag ivol VYNAS Yo Ta TpOTO S AETTE TNG HETPNONG,
oALG oTadlaKd peldVETOL AVTIOET®G, TO GEAARO TOL ooOnTipa TG Oepung TAGKOC
ALEAVETOL KOVTO 6TO TEAOG TNG SLVOAIKNG HETPMONG. XtV TepinTmon avty|, 1 Pabuovounon
NG GLOKELVNG G€ cLVONKEG LOVIUNG KaTdoTaonS, dgv Ba umopovce vo e€ahelyel T0 GEAALL
AOY® TOV TAEVPIKOV OTOAEIDOV KATE T1 OAPKELN TOV OVVAUKADV LETPCEDV.

Téhog, M mepimtwon TG MUTOVOEWOVG HeTAPOANG OepUoKpaCIiog TPOCOUOIBVETOL
YPNOLOTOIDVTAG TIS Oplakég cvvOnkeg mov omewkoviCovtar oto Zynua 3.13, cel.65. Ta
AMOTEAECULATO Y10l TO OMOALTO KOl TO GYETIKO duvapkd c@aipo divovtor oto XZynuo 3.14,
cel.66. Ao 1o Zynuo 3.14c xor Ewova 3.14d kaBictoton cogéc OTL 1 €QOPUOYN LUOG
OOpOHONG OTIG OLVOIIKEG HETPNOELS poNG BepudtnTag, cOUE®VA LE TN oTofepn TN TOV
COAALOTOG UOVIUNG KOTAGTOONG Wopel Vo LETATOMIGEL TIG KOUTOAES COAALOTOS TPOS TO
Unoév.

Yopmepaopato

Ta kOploL eMTELYHOTO KOl GUUTEPAGLLATA TOV KEPOUANTIOL Elvat:

e To ocopdlpo otig petpnoelg pong Oepuomrog g IMPO Adyw mhevpikdv
amoAElOV Oepuomrog eivol €vog omd TOvg MO KPIGOLG TOPAYOVIES TOV
emmpedlovv Vv akpifela TOV GTATIKOV 0AAL KO SUVOUIKOV LETPTCEDV.

Y& uovyueg ovvonkec:

o Xe Aetovpyion poviung petdooong Oepupomroc, Ppébnkav tpelg elom®oEg mOL
TEPLYPAPOVY TNV EMIOPOCT] AEITOVPYIKMOV KOl GYESOCTIKAOV TAPAUETPOV GTO
GOAALO TOV TAELPIKAOV OTOAELDV.

e To cpdipa tov awcONMpPo ™G YUYPNS EMPAVELNS glvar TAvTa 6YedoOV 100 pe TO
avtiBeTO TOL GEAANATOG TNG BEPUNG EMPAVELNG.

e To amdivto ocedaipa eivar aveEapmmro amd T dpopd Bepuoxpaciog petald
Bepung ko youypng mAdkog kol evBEme avdloyo Tpog ™ dapopd Bepuoxpaciog
peta&d tov mepPdAlovtog kot g péong Beprokpaciog Tov detypatog.

e To oyetikd odipa elvalr cuvlptnon Tng avoAoyiog UNKOVS TPOG TAYOS TOL
doKipiov. Xvykekpluéva, HEIOVETOL EKOETIKA pte TV adénon g avaroyiog kot M
exBeticn otabepd eivar cuvaptnon g BEPKNG TOL AYOYIUOTNTOC.
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Ye dSuvoKEG cLVONKEG:

o Y& Suvolkég LETPNOELS He Bepprokpactokd Prpata To cedApna givol younAotepo
amd OTL OTIC AVTIOTOLYEG GLVONKEG LOVIUNG KOTACTOONG KoL Y1 TOL OOKIUIOL VYNANG
KoL Yo, To dokipa younAng Oeppikng palog.

e Avrtifeta, og petpnoelg pe otabepd pvoud avénong g Beppokpaciog TV TAAKOV
Ta dokipa younAng Bepukng palog GUUTEPLPEPOVTAL SLOPOPETIKA OTL TO. VYNANG.
210 TPATO, TO COAALN KOTO TN OAPKELD TOV SVVOUIKOV HETPCEMV €ivol KOVTA
0T0 aVTIoTOUY0 GPAANN LOVIUNG KATAGTOONG. XTa OEVTEPA, TO GOPAALN PpiokeTal
o¢ ent 10 mielotov &viog tov £ 3% TtOL OVTIGTOWYOL CEAALNTOS UOVIUNG
KATOGTAOTG.

e [0 peaMoTIKEG Oplakég cvuvOnKeg (MUITOVOEEC TPOPIA Beppokpaciag yia Tn pia
mAGKo Kot otafepn Bepuoxpacio yoo v GAAN), T0 dSVVOUIKO amOAVTO CEAAUO
eaivetol vo petotomiletol ypoviKa oe GYECN UE TNV OVTIGTOLXO UOVIHO GOAALL.
Qot660, N Pabpovounon yo otatikny Asttovpyio Umopel vo LELOCEL GLOVTIKA TO
SVVOIKO GOAALLL.

2VVOMKAL:

e To cpdipo AOY® TOV TAELPIKAOV OTOAEIDV GE OLVOLKT Asttovpyia oyetileTon
VIO PHE TO OaVTIOTOWO GPAANN o ocuvOnkeg povyung katdotaons. Etol, ot
e€1000E1g TOL 00ONKAY GE AVTO TO KEPAANLO UTOPOVV VA ¥PNGILoTotnBodv Yo TNV
EKTIUNON TOL GEAAUATOG Kot 6T duvapkn Aettovpyio. AVTd emTpEmEL T XpNon
AVTOV TOV £EI6AOCEMV MG KPLThpla oyedacpob pioag EMPO 1660 yuo 6ToTikn 660
KoL 1oL SUVOULKT AgLTovpyia.

Kepdraro 4. Avantodn plog OuvopiKiS 6VeKELN G RETP OGS pOoNS OeppotnTog

AVTO TO KEPAAOLO EMIKEVIPMVETOL GTNV OVOTTLEN Kol UEAETN LG OLVOLUKNG GLGKELTG
pétpnong pong Beppomtog (AXMPO) yo v mepapatikn oEoAdynon OOUKOV cTotyeimv
nmov mepEyouv YA®. H oyetikr| Piprloypapio avapépetar oe dvo katnyopieg mapouomv
ovokeLOV: gunopikéc XMPO tpomomompéves Yo SUVOUIKT AELTOVPYIR 1 OLOKOTOGKEVEG
OYEOGLLEVEG EOTKA Y10 TNV OVAYKT) OLVOUIKOV petpiceny YAD.

H npdtn gpevvntikn epyacia YAD pe yprion g AXMPO Ntav po HEAETN GYETIKT LE TV
gvoopdtoon pkpos@apdiov YAD o yoyooavideg mov o1eénydn and toug Schossig et al.
[153] ot0 gpevvntikd idpvpo Fraunhofer ISE. Ze avti ™ pehém, pia AAMPO pe yolkiveg
TAdKeg donotdoemy 50cm X 50Cm ypnoIHoTomOnKe Yo TV EMKLPOCT TOV OTOTEAEGULATOV
evOg VITOAOYIoTIKOD KMJIKO Tpocopoimons YAD. [oapd 1o yeyovog Tl | TEWPOAUATIKY] LOVEAda
OV KOTAOKELAGTNKE €lye Ta 1010 Yevikd yopaktnplotikd pe pio EMPO, ov cuyypapeic dev
aVaPEPOVY KOO GUUHOPPMOT) UE TA GYETIKA TPOTLTO.

To 60 1oyvel kar yio 1 perétn tov Ahmad et al. [2] mov aoyolbnkav pe v
TEPOLATIKY] KOl DTOAOYIOTIKY Olepehivnon Sopikav covidmv pe YAD. Zmv TEPOUOTIKY
owtaén AXMPO mov avémtvéav ypnowomoincav mAdkes oamd ovoleidwto ydAvfa 1
Beppokpacioc TV omoimv eAEyYovVTav He GLOKELES GUUPOTIKOD WLKTIKOD KOKAOL. Mia
mopopol cuokevn oavamtoyOnke kot amd Tovg Younsi et al. [195], mpokewévov va
dtepevvnoovy éva €vuopo GAag. H xopla dapopd Mtav 0Tl XpNOYOToincav TAGKEG
arovpviov. H 1810 cvokevn ypnoomombnke apyodtepa kot and tovg Joulin et al. [97] ko
[99]. ZnVv mtpdTN HEAETT, | GLOKELT YPNOILOTOMONKE Y10, VO YOPAKTNPIGEL EVaL EVVOPO ANOG
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Yoo ypnom oe madnTkég MAlakég Toryomoueg kol emiong yw TNV €mMKOPOON SopOpwV
aplOUNTIK®OV HOVTEA®V. 2T de0TEPT peAéTn pia vEX HEB0JOG avamTOyONKE Yo T GLYKPLTIKY
HEAET £VOG KOVIAATOG LE pikpooatpiote YAD.

Ot Trigui et al. [177] xotookevoaoav pio AEZMPO, mpokelpévoy va HEAETHOOVY TIC
Oepuikég 1010t TeC amobnKkevong evépyelag evog XX - YAD. Xpnowuomoinoav mTAGKES
alovpuviov 6g oplovTia O14TaEN Kol CLUPATIKOVS YUKTIKODG KOKAOVG. X€ o TPooTabELlo va
avénoovy v gvaicHncio TV HETPRoE®V PoNg BepuoTnTag YpMoCIOTOINCAY AIeONTAPES HE
euPadd 400 cm? Mia @A Pedtioon frov n TPoodEKN VoS MAEKTPIKOD OepUOVTIKOD
OTOLYEIOV OTNV EMPAVELN L0 EK TOV TAOK®MOV TAAKEG TPOKEWEVOD VO, EMTHYOVY KAADTEPO
éleyyo g Beppokpaciog otV TAELPE TOL delyOTOC TOV EKTIBOVTOV GE MLUTOVOELDEG TPOPIA
Beppokpaociog.

Ot Kosny et al. [115] ftov ot TpdTol mov Katackevacay pic AXMPO copugovo, pe 1o
mpotvmo ASTM C518 yia va pehetioovv ) Beppukn amddoon SoKipinv HOVOoNG KuTTOpivNng
mov mepteiye 10% €wg 40% wxatd PBdpog xkor YAD. Avty Ntav n mpdOTN 6€ Ho GEPA
onuoctevcemy mov ofomoincav ™ EIMPO Onwg meprypdoeton oto 61ebvry mpdTLTTOL
TpoKeEWEVOL va. peAetn el n duvopikn Beppikn GuUTEPLPOPE SOMKDV GTOLYEIMV KEADPOVG e
YA® [112], [110] xou [161]. Ot Shukla et al. §tav €xiong ot TpOTOL OV ¥PNGIUOTOINGAY TOV
o6po AXMPO vy va teptypayovv o EMPO mov Asttovpyel o petofatikés cuvOnkeg pong
Beppotrag [162].

Av10 10 KePOAOO eEnyel TO OYEOOGHO, TNV KOTOOKELY Kol Tr Agtovpyio HoG VEOS
AEXMPO. O oyedoopog tov cvotnudtov B€puavonc/yioéng, ot PETaAMKEG TAAKEG KOl O
éleyyoc g Bepupokpaciog toug avaidetat. To cVOOTNUE GLAAOYNG KOl KOTOYPOONG TOV
LETPNOE®V TTEPLYPAPETAL KO YivETOL piot AETTOUEPNG OVAAVGT] COOUAUATOV. XTr GUVEXELWD, T
Aertovpyio TG CLOKELNG AELOAOYEITOL GE GTATIKT KO QUVOLLKT) AELTOVPYIaL.

[eprypagn TS cVGKEVNGS

H dvvapum Aertovpyio g AAMPO amottel ™ pétpnon mg Beppopong kot otic 600
TAOKES. ZUVEMDS 0 oyedondg e Paciletar ot ocvppetpik; EMPO povov deiypartog
(Eynua 3.1, ogh. 50). T Adyovg peimong kO6TovE Kot xpOVOL KOTOUOKEVAGTNKE [io ovotyTh
(xopic k€Aveoc) obtaén. H ddtaén ancuovileton oto Tynua 4.1, ceh. 74 ko mepthapfavet
000 mhakeg Bépuavonc/yHéng, 000 OeplonAeKTpikég CLOKELEG, WO HOVAOH GULUPATIKNG
YOENG pe o de€apevn amodnkevonc, Eva TPOTEVOV Kol VO OEVTEPEVOV KUKA®LO VEPOD, TNV
povéoa eréyyov, acOntpeg Beppokpaciog kot pong Oepponrag, o GLGKELY] GLALOYNG
Od0UEVOV KO EVAY DTTOAOYIOTY| [LE TO KATOAANAO AOYIGLUKO.

O mupnvag TG oLOKELNG €lvol TO CUOTNUO GLYKPATNONG TOL JoKIiov TO OTMOoio
nepapPdaver Tic ovo mAakeg Oéppavonc/yoéng tomobetnuéveg kabeto oe €va mAaiclo
otpiéne. Katd ) Aettovpyia g dtdtaéng, n povéada eréyyov pvOuilel t Bepuoxpacio oTic
emeaveleg Tov mAakov. O éheyyoc g Oepuoxpaciog emrtuyydvetor pe v KukKAo@opio
vepov amd TG Oeproniektpikés cuokevEg oTig TAdkes. H Beppoxpacio kot n pon Bepuotnrog
OTIG TAGKES KOl o€ dtpopes BEcelg eml Tov HeETPOLUEVOL doKIioL KaTaypdpovTal amd &va
oLGTNUA GLAAOYNG Oedopévev mov amoteAeital amd awcbntipeg OBeppokpaciog kot pong
BepLoOTNTOC, 0l CLOKEVT ANYNG OEOOUEVDV, KOt £VAV NAEKTPOVIKO VTTOAOYIOTY.
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O mAdkeg Béppavong kot YyHéng Aettovpyobhv ¢ evorrdkteg Bepuodtntog petad Tov
doK1iov Kol TOV CLGTAUATOS YOENG/OEpHOVENC. Ot amOITACELS TOV TPETEL VO, TKOVOTOLOVVTOL
KOTA TN AErtovpyio Tovg elval opoldpopen Oeppokpacio GTNV EMPAVEID. TOVS, YPNYOPN
amoKpIon Kot amoOcPecn TOV HKPOV OEPUOKPACIOKADV JOKVUAVOE®Y TOV GLGTNUOTOS
eréyyov. o 10 oxomd AVTO YL TNV KOTOGKELY] TOLG YPNCLOTOLEITAL QAOVUIVIO TTOV £)El
peydAn Oepprukn oy@yldTTo Kot GXETUKE (UKPT) TUKVOTITA.

Ot dotdoelg mov emA&yOnkav givor 200mm x 200mm. XZopeova pe v E&lcoon 3.9,
056, o1 6100TdoES 0VTEG GE GLVOLOCUO HE GYETIKA HKPOLG ausOntpeg pong Bepprotntog
UTOPOVV VO, EMTOYOVV YOUNAA emimeda o@AApaTog. O oXedIOGUIC TOV TAUKADV QAIVETOL GTO
Zyua 4.2, oel.75. Téooepa Eexwpiotd koaviio eEacpaiilovv OTL 11 por] TOv vePOD givar
e€loov kataveunpévn o OAN TV emeAavela g TAdKoc. To Tuua cepdyiong etvor pio TAdKo
PVC 200mm x 200mm «oat tdyovs 12 mm. H younin Beppkn ayoypdmra tov PVC peidvet
T1G ammAELEg OeproOTTOS 0 TO TGM PEPOG TV HOVAd®V BEpLOVeN G/ YOENS.

o tov éheyyo g emoeavelokng Oeppokpaciog kdbe mAdkog ypnotipomotovvtal S0
Eexmprotol Bpdyot eléyyov Kdabe évac amd ta dvo Bpdyovg mepthapupdvel téooepa otoygia:
NV TAGKO Kot T0 KOKA®UO vepol (gAeyyduevo cvotnua), pion OepponAekTpikny cvuokevn
amotelovpevn amd téocepo Oepponiextpikd ototyeio peltier (emevepyntéc), Evav asOntipa
Beppokpaciog kot po povado eréyyov (Zynua 4.3, oel.76). O khelotdc Ppoyos eréyyov Kabe
mAdkag eaivetor oto Zynua 4.4, oel.76. To oynuatikd ddypappa g Asttovpyiag tov PID
eleyk eoiveral oto Xynua 4.5, el /7.

Mo t1g amoutoelg ™G VYNANG evotdbetog kot axpifelag tov eAéyyov tng Bepurokpaciog
TV TAOK®V, eopuoletor M Bepponiextpikn  texvoroyia  Oépuavong/yoéng. Kabe
Bepponiextpikn owdraln meplhapPdvel téccepa OepuoniekTpikd oToryel To  omoia
Aertovpyobv ®¢g avtiieg Beppomroc. To péyioto Bempntikd @optio BEppavonc/yHéng mov
umopel va emiPAndel oto dokipo eivar 360 W. Qotdco, ov anmAieeg Oeppommrag amd 1o
TPOTEVOV KUKA®UO TOV VEPOL Kol 1 UEWWUEVN amddoon Tov ototyeiwv Peltier kabmbg n
dapopd Beppokpaciog HeTaEd TOL TPOTEHOVTOG KOl TOL OEVTEPEVOVTOG KUKAMUATOS YOENG
av&avet, mepropilel onpavtikd ™ dabéoiun 1oyd (Kupimg TV YUKTIK) G€ YOUNAOTEPES TIUES.

To ocvoTnRO GVALOYNG OEOONUEVOV

To yevikd dudypoppo TOv GLOTHUATOS GLAAOYNG dedouévav (ZXA) mapovcstdleTor 6To
Syuo 4.6, cel. 78. H povdada cvAloyng dedopévov (MZA) mov ypnoylomoleital sivar n
Agilent 34972A. Eivol oe 0éom vo moapéyel Quecec petpnoels tov Oepuiotop Kot g
eEAIPETIKA YOUNANG TAONG TV OEPLOPOOUETPOV Y®PIG TNV OvAYKN TPOCHETOV LOVAdWV
npocappoyng onuatoc. [epthappdver éva eocwtepikd ynoakd moAvpetpo (DMM) kon o
HOVAda Yo T GOVOEST) TV 0IeONTHPWV.

To ecmtep1Kd TOAVUETPO TEPAAPEVEL KOKA®UO evioyvong (1 e§acBévnong) onuaTog Kot
VYNNG avdivong (éoc 22 bits) avaroyikd - ynoelaxod petatponéa (ADC). H povada yio
ocuvoeon tov actnmpov sivor n 34901A pe moivmAéktn 20 kavalwv. Xopiletor e 600
tpaneleg 10 xovalidv 1 Kabe pia.

H Oeppokpacio perpiéton pe 1 ypnomn owcntipov Oeppictop apvntikod CLVTEAECTY|
Beppoxpaciag (MCD 10k3MCDI). Ta Oepuiotop €xovv peyordtepn evoucOnoio amd to
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Beppolevyn N ta Bepudpetpa aviictaons. Avtd Ta Kabotd Waviky ETAOYN Yo T HETPNON
TOAD kpdv petafordv ot Beppokpacio. Xto €dpog and -20°C Emg 70°C mapéyovv kain
axpifeta kot yaunAd xpovo amodkpiong. Ot Tpodiaypapés Tov osntipov cuvoyiloviol 6tov
[Tivaxa 4.1, oeA.79. Eivow amevBeiag cuvoedepévol ot MZA 6mov petpdet Ty avticToon Kot
N omoia petatpénetar o Oeppokpacio pe ypnon g e&icmong tov Steinhart kot Hart [168]
(E&lowon 4.1, oeh.80). Ot ovvieheotég g elowong kabopilovion yioo kGbe aicOnipa
Eeymplotd pe ypnon tov Pabpovount g Fluke, poviého 9142. Me tov 1pdmo owtd
emruyyavetal axpifelo pétpnong tov arsdnhipo + 0.04°C.

To ocvvolkd c@dApo otn pétpnon g Bepupokpociog opeileTon oty emidpacn Tov
COAALOTOG TOL acOnTpa KOl TNV EMOPACT) TOL GPUAUOTOC TOL TOAVUETPOL KOTA TN
pétpnon g avtiotaons. H cuvelspopd tov 6dANaTog Tov ToAOUETPOL vVToAoyileTot amd
v E&lowon 4.2, 6er.80, pe ypfon TV YopaKTpIioTIK®@V HETPMoNG Tov cuvoyiloviol GTov
[Tivaxa 4.2, oer.81. To Zynua 4.8, oer. 80, ameikovilel T GLVEICEOPA TOV COAALATOS TOV
TOAOUETPOL Kot TO ZyMua 4.9, oeh. 81, to cuvolikd cedApa dnwg avtd vwoioyileTot amd v
E&lowon 4.4, cer.81. To cpdipna otn pétpnon g Beprokpaciokng dtapopds peta&h dvo
asOnmpov ivoar pikpotepo kot vroAoyiletar and v E&icwon 4.4, cel.81.

H pérpnon g pong Oeppdmmrog elvar dyiomg onuaciog yww v oéomotio tov
amotelecpdtomv g AXMPO. 10 kepdAaio 3, amodeiydnke 1L n ypron evog acOnTpa pong
OeploTnTOg He UIKPT TEPLOYN LETPNONG EAAYIOTOTOEL TO GOAALN TOV TAEVPIKMV OTOAEUDV
Beppomrog. Qotdco, mepropilel v evoucOnoia tov acOnTipo Ko, KOt GLVEREWD, TNV
axpifelo pétpnong mov oyetileTon pe 10 ynelokd moivuetpo. H amaitnon tov dvvopikov
peTpnocwv yo acOntipa yauning Beppkng ndlog Oa mpémnel emiong va tebet voyM.

Aoappdvovtag vmoyn TIC TOPATOVEO TOPAUETPOVLS, YPNOLLoTOMONKE v EUTOPIKA
dwbéoo BeppopodpeTpo moAd pikpod mhyovg e Omega (povtého HFS-4 (Zynpa 4.10,
o0er.82). H Aewtovpyio. tov owoOntipo Poaciletar o€ pia ovotoyion Oeppolevydv
tomofeTnuévoy ekatépmbev evoc muprva moivyudiov (Kapton). H cvotoyyia ¢éper 112
Beppolevyn mopéyovrog pa mepoyn pétpnong 30mm x 30mm. Aegdopévov 6tL 0 puOudS
petapopds Bepuottog ivor evBEmg avaAoyog pe ™ dtapopd Bepurokpaciog KTl HKog TOV
mopnva, 0 akKppg pLOUOS ™G HETAPOPAS UTOPEL VO VTOAOYIOTEL LETPOVTAG TN Olopopd.
avt. H €£odog tov ausOntipa eivar pio Tdom g TAEEMS UEPIKADV OEKAO®V UIKPOPOAT
avdAoyn pe tnv povodidotatn pon Bepudtmrag péow g empdvelng g mAdKag. Ot
Tpodlypapés Tov arcintipa cuvoyilovtar otov [ivaka 4.3, oeA.83.

H axpifeio pérpnong g OBeppopong emnpedleton amd v akpifelo Tov ynerokoo
TOAOUETPOV Ot PETPMION TG TAoNG €5000V TV atctntpov kot and T Pabuovounon pe
APNON OOKIUIWV avaPOPdS e YVOOTO cLVTEAESTN Bepkng aymypndmras. To cedipa g
Babuovounon eEetdletor oe endUEVN TOPAYPAPO. TYETIKA LE TO GOAALN TOV OPEILETOL GTO
moAbueTpo, divetonr amd v E&lowon 4.5, oced. 84, ue ypfion @V TPOSYPUPOV TOV
TOALUETPOV Yo PETPNOT Thong Onwe cvvoyilovtal otov Ilivaxa 4.4, 6el.84. To cpdipa
avtd eivar Tuyoio, cvvendg pmopel vo pewwdel mepoutépm avéavoviag 1o mANHoC TV
LETPNOEWV.
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A&wohdynon g AXMPO c¢ otatikn Asttovpyia

H a&oloynon g AZMPO o¢ otatikn Asttovpyio mepropfaver pio Aemtopepn| e€étaon
™G OepLOKPOUCIOKNG KOTOVOUNG OTNV EMQPAVEINL TOV TAUK®OV KOl UETPNOELS OepUkng
ayOYWOTNTeS 68 CLUPATIKG AAAL Kot VAKG pe evompotopéve Y AD.

H otobepdmra kor M opotopopeio g Oepuokpaciog OTIG EMPAVEIEG TOV TAUK®OV
eetdotnke pe ypnomn veépudpng Beproypaeiog Kol TOTIKMOV HETPNoE®V BepHoKpaciog He
a1eONTNPEC GLVOESEUEVOLG OV OTIS EMPAVELEG. XLVOAMKE, eEetdotnkav Tpio emineda
Beppokpaociag. To Zynua 4.12, oeh. 85, mapovoidlel ta anoteAéopata, 6tav 1 Beppokpocio
givor puOuopévn otadepr otoug 23°C. Xto Tynua 4.12a, cel. 85, gaivetar 1 £kdéVAL TG
Oeppoxapepas. To Beppokpaciakd mpoeik ce o KAOeTN Kot pio oplovIio YPOpUU 61O
KéVTpo ¢ mAdkag divovion oto oynua 4.128 ko Zynqua 4.12¢ avtictorya. Aappdvovrog
VILOYN TNV TEPLOPIGEVT amddooT TG Kapepag IR and daroyn otabepdtnrog onpatog, n téon
TOV KOUTLADV TOPOTEUTEL GE OUOWOHOPPN empoavelaky Oeppokpacio. H otabepotnra
eAEyyeTon pe ™ xpnon evog acOntnpa Beprokpaciog ypyopns amdKplong 6To KEVIPO TNG
mhdakag. To amotedéopata divovtar oto oynua 4.12d vy éva ypovikd Sidotnua 150s
gmdekviovrag enineda otadepod o TG Téécmg Tov + 0.01°C.

H mponyovuevn avdivon eravorappdvetar 600 akoun eopég yia eninedo Oeppokpaciog
oAV TAve Kol Kdte and T Bepuoxpacio TeEPPAAAOVTOC KOl OC K TOVTOV O OITOLTNTIKG
amd Vv dmoym tov Aéyyov e Oeppokpaciog. YrépuOpeg stcdveg otovg 13°C (Tyfua 4.13a,
0€A.86) kar otoug 33°C (Tyua 4.14a, ceA.87) emPePoidvovy Ta KAVOTOMTIKG emimedol
opowopopoioc. H otabepotnta (Eymua 4.13d ko Zynpoa 4.14d) swanpeiton og yopumAég Tipég
(uipodtepeg Tov + 0.03°C).

[Tpwv ™ de&aymyn pertpnocwv egetdleton n Pabpovounon Kot 10 GEAALN TN HETPNON
™m¢g Bepuikng ayoyomrtag Onwg avaeépbnke MoM oto kepdioo 3, 1 EMPO eivon pa
devtepevovoa (oyetikn) pEBodog yi ) pérpnomn ¢ Oeppkng ayoylpotntag (Ko Kotd
cuvéneln G pon Bepuotnrog) kabog n tdom €£600v TOoL ausOnTPa pong BeppotnTog
TOALOTAAGLALETOL LE £VOV CLUVTEAESTT POOLOVOUNGNS TOV £1VOL TO AMOTEAEGLOL TNG LETPTOTG
evog dokipion avaeopds. Xuvenmg, 1 akpifela piog EMPO eEaptdrton oe peydro Babud amod
TO GOAALLO TTOV EIGAYETOL KATA TOV TPOGOOPIGHO TOL GLVTEAEGTN PabLovounonc.

Xe oty T perétn ot ovvtereotés Pabuovounong vmoroyilovior cOHEOVO pE TN
dwdkacio Tov Teptypaeetot otnv mopdypago 3.2.3, oed.51. Mg ypnon tov E&ichoswv 4.6,
oeh. 88, ko 4.7, ocel. 88, vmoloyiletonr 1O OYETIKO GEAAUNO TOL KOBE OCLVTEAEGT
Babuovounong. T'a 1o okomd avtdv, M Beprikn AYOYHOTNTO TOV OEYUATOV OVOQOPAS
HETPLETOL GE GLOKELT Oepung TAdKOG pe oyetikn akpifeta SA/A =+ 2,96%. Ta cedipata SAT
kot OE/E divovton amd tic E&lowoeic 4.4, oed. 81 ko 4.5, ceh.84. H dwapopd duvapukov, E,
Tov aucOnpa porg Beppdtrog petatpénetol e pon Beppomrog cvppwva pe v E&lcmon
4.8. Katd ovvémeia, n tiun g Oepukng ayoyndtntog og cuvaptnon g pong Bepuottog
vroloyiletan pe v E&lowon 4.9, cel.88. 'E1ol, 10 oyetikd c@dipo otn pétpnon g
Bepkng ayoyudtntag tpokvmtel ond v e€icwon 4.10, oeA.88.

2 ovvéyela, N akpifela ¢ cuokevng agloloyeital pe HETPNGELS OEPKNG y®YILOTNTOG
SPop®v VAK®V. Ol HETPNOELS CLYKPIVOVTOL LE TIUEG OO L0 EUTOPIKY] GVOKELT Bepung
mhakag (povtédo TLP 300 tng Taurus instruments). Ta amotedéopato mapovstdlovtal 6To
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YyMua 4.15, oer.89. Topatnpeitor 0TL T omoTEAEGHOTA TOV AAUPAVOVTOL LE TN VEQ GVOKELT
glvol o TOAD KOAN ovpueovio pe Tig TWES avapopds. Ta dplo GPAALATOS TOV HETPNOEDV
vrohoyiCoviar copemva pe v E&lcmwon 4.10, oeh. 88, kon givan 3,6% yio v d10yKopévo
TOAVGTLPEVIO, 3,1% Yo TV appddN ctlkdvn Kot 3% Yo Ta GuUTOYY GIAMKOVY.

Métpnon g Oeppikns ayoyipnotnros YA® otabepomomnpévov oyqpatog

Eivor yvowotd o611 1 Oegpuikn ayoyywomro evog PCM aAldaler avaloyo pe tm @don
tou[197] wou [53]. Qotdoo, Aiyeg peléteg €yovv MPOOTOONOEL VO TOGOTIKOTOUGOLV
TEWPAUOTIKA TV emidpaocn g cvvimapéng tov 600 edoswv. Ot Inaba et al.[85] avagépovv
OTL M eovopevn Bepuikn ayoydtTa HETOPAALETOL YPOUUIKA pe TN Oeppokpacio péso 6To
€0pog oAhayng eaong eved ot Yang et al. (2011) [191] vmootpilovv 6Tt N oyéom dev eivan
YPOUUIKY) 0AAG emmpedleTal Kupiwg amd To GYETIKO KAAGHO OYKOV NG KABE (pdomng.

2V mpocéyyion Tov Yang viofeteitan 10 KAAGIKO LOVTEALD T®MV VAIKOV GE GEPA Yo TNV
eawvouevn Bepukn ayoyotto (E€lowon 4.11, 6el.90). To kAdopa dykov g kdbe pdong
npocdlopiletar ontikd Ko Tpooeyyiletar pe molvdvopo 2% Babupov (E&icwon 4.12, 6eX.90).
Me ovvovaoud tov eficooenv 4.11 ko 4.12 mpocdiopiletar 1 @owvouevn Oepuikn
ay@YoTTa VTOG TOV E0POVG AALOYNG PACTC MG GLVAPTNOT TG OepLokpaciag.

H mopandve pebodoroyio éxer d0VO onuavtikovg meplopicpovs. Ilpdtov, o omtikdg
TPOGIOPIGHOG TOL LYPOV KAAGUOTOC MG cuvdptnon ¢ Oeppokpaciog eivar éva SHGKOAO
épyo mov amottel €Kl oYedOoUEVT) GUOKELY. AEVTEPOV, O OMTIKOG TPOGOIOPIGUOS TOV
GLVOPOL OAAOYNG Pdong dev glval EPIKTOC OTAV 1 aAAay] @dong AapPavel yopa ce peydio
ebpog Bepupokpocidv 1 oy wepintoon tov XX - YAD 11 dAlov viukov 6mov to YAD
EVOOUATMOVETOL GE £VOL 0TEPEO LAKO Pdomg.

Mo avtd to €i0M TOV LAIKOV, pio EVOALAKTIKT ADON Y1l TOV TPOGOIOPIGUO TOV GTEPEOD
KAaopatog Tov YAD wg cuvaptnon g Oeppokpaciog eivar n ypnon AGL, vrobétovtag 6T 1
mocodtTa NG BepuoTnTag eivon evBEmG avdioyn pe to KAaopa dykov g kdbe @dong. To
Zymua 4.16a, oeh. 91, delyvel v kapmoin AOX tov XX - YAD. ZOppova pe v avoTEpm
vtoBeo, 10 KAAGHa otepeds pdong tov YAD mg cuvaptnon g Beppokpaciog divetor 610
ynua 4.16b, oed.91. Topa, cdpeova pe v E&icwon 4.11, oceh. 90 n powvopevn Beppukn
ayoypdmra propel vo vtoloylotel qv gival yvoot n OgpUiKn ay@YYOTNTO TOV GTEPEOD
KOl TOL VYPOV.

["o Tov TPOGdoPIGHO TG GTEPENG KOL TOL LYPNG BEpUIKNG ay@yoTnTog Tov XX - YAD
ypnowonoteiton n AZMPO. EmimAéov, 1 Oeppikn ayoytdmro HeTpatol 68 apKETEG TEPLOYES
g OBepuokpaciog péoa oto €Opog oriayr @dong. To amoteAéopata TV UETPNOEWV
napovctalovtar otov Ilivaxa 4.5, 6ed.92. To Zynua 4.18, cek. 92 deiyvel 6TL vAGPYEL o
KOAN SLHE@VIO HETAED TOV UETPOVUEVOV TILAOV Kol TOV TIUOV TOL LIToAoyiloviol amd v
E&lowon 4.11, cei. 16, pue ) ypnon KAACUATOG GTEPEOD TOV TPOGOIOPIGTNKE UE YPNON TNG
AGX.

A&ordynon g AXMPO o dvvapiki) Aertovpyia

Apycd aloloyeital 1 SUVOUIKT] ATOS00T TOV TAAK®DOV GE GYECN LE TNV ATOKPIGY| TOLG OE
otafepd puOud petafornc Oeppokpacioc. Eéetdomiay Vo pvuoi petaforng, 0.1°C/min
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kot 1°C/min (ZyAuo 4.19a, oegh. 93 kot 4.200, cel.94). Te aueOTEPES TIC TEPITTMOGELC, TO
gupoc Oeppoxpociag kopudvonke and 10°C éog 30°C. v mepintoon tov 0.1°C/min n
otabepomoinon g Beppokpaciog oto KEVTIPO TG TAdKag (Zynua 4.19b, cer.93) eivon kbt
amd Tovg £ 0,05°C xoté ™ Sidpketo 1660 ¢ Sradikcaciag OEppavenc 660 kat g yoene. O
¥POVOG OMOKATAGTAONG OTO OPYIKO TUNMO TNG KApmOAng Béppavong sival mepimov 9 Aemtd
(Eymua 4.19¢, 0er.93) ko katd TN dbpkela TG Pdong peTafaong amd BEppaven oe Yyoén
Myotepo and 2 Aemtd (Zynua 4.19d, oel.93). Xy akpoio mepintwon ™G HETAPOANG pe
1°C/min n ané8oon Tng cvokevn aivetan oto TyAua 4.20, oel.94. Topa, N Siépketo. Tov
KOKAOL Oéppovonc/yoéng eivor povo 40 Aentd (Zymua 4.20a, cer.94). O apykodg ypovog
arokatdotaong (Zymua 4.20c, 0el.94) eivar vynAdg o€ GUYKPION LLE TN GLVOAIKY] SLAPKELN
Tov KOKAOL. To 1810 1oYveL Kot Yo TO ¥POVO amoKaTAGTAONS ald T BEpUavVoT 61N O1adTKaGia
yoéng (Eymuoa 4.20d, oel.94). EmmAéov, t0 GOOTNUO OTOTLYYAVEL VO OKOAOLONGEL TO
emPardlopevo mpoeid Oepuokpacioc kotd T Sudpkeld G dwdikaciog Woéng yio
Oepuokpacieg kbtm tov 20°C. Tvvolikd, N amdd00n TS GLGKEVHC Sev sival amodekTy o€ £va
1660 VYNAO pLOUS peTafoing Bepprokpaciog TV TAAKOV.

2 ovvéyewn axkoAovBel M aflohdynorn TG GLOKEVNG GE SUVOUIKEG UETPNOELS HIOGC
yoyooovidog pe pkpooeoipiote YA®D pe yprion nUtovoetdovg 0epprokpastakng d€yepong.
Apycd Aappdaver yopo Babuovounon tov aentipmv Kot avaAlvuor ceaALaTog 6T HéTpnon
pong Bepuodtrog. Xto kepdroto 3 amodeiytnre OTL Yia Suvapkd TpwtdkoAila Tov PBacilovton
G€ NUTOVOEN] dlakvpaven g Beprokpaciog ot pio TAdko Kot otabepn Beppokpacio otnv
dAAM, M KoAOtepn mpokTikn efvor 1 Pabuovounormn g ovokevng pubuiloviag v
Beppokpacic g pog mAdkog ion pe ™ Ogpuoxpacio mepipdrriovioc. To dokipo
tonoBeteitar ot AEZMPO Omwc o@oivetor oto Zynpo 4.23, cer.98. Ilpwv ond v
BaBuovounon, n Bepuikn ayoyyotto tov dokipiov €xel petpndel pe m Pondeia cuokeLNS
Bepung mAdkag.

O ovvieheotg Pabuovounong tov kdbe acOntpo pong Bepudtnrag vroroyiletonr amd
v E&icwon 4.13, 6el.95. H tdon tov aicOnmipov pong Beppuottog katd ) Sidpkelo g
BaBuovounong sivar mepimov 70puV. Koatd ocvvémein, to codipo SE/E ocOppova pe v
E&iowon 4.5, oeh. 84 eivar ico pe = 0,46%. To opdiua 6(Th-Tc)/(Th-Tc) cdoupwvo pe v
E&iomon 4.2, oek. 80 xan 4.4, oel. 81 givon ico pe £ 0,03%. To ocpdipa SA/A etvor £ 2,96%.
‘Eto1, T0 cuvolko oyetikd opdipa tov cvviedeotn Pabuovounong, 8S/Si (E&iowon 5.13,
oel.114) eivan £ 3,0%. H tyun g Beppopong katd tn dtdpKelo TG SVVaUIKNG HETPNONG etvar
TO YwOUEVO TOV cuvteleoT Pabuovounong ent v HETPOVUEVN TACT|. ZUVETMG TO GYETIKO
oc@aipa divetor amd v E&lowon 4.14, 6el.96. And v e&iowon avty mpocsdiopiletar 10
OYETIKO KOl TO OATOAVTO GOPAALLO MG GLVAPTNON TNG HETPOLUEVNG TING (Zynpa 4.21, 6el.96).

[Ma ™ devépyela TV SLVOUK®V PETPoE®V TO Octypa tomobeteitar ot AZMPO pe
owtaén mov oeaivetor oto Zynua 4.23, cel.98. Ta oamotedéopato TV UETPNOEMV
napovctalovior oto Zynuo 4.24, ceh. 98 ko to Lynua 4.25, 6el.98. O xoumdAeg porg
Beppomrog (Zymua 4.24, 6el.98) etvan Aeieg (ta enimeda BopvPov £yovv elayiotomoindel) ko
1N enidpaomn ¢ aAloyng edong eaivetrol kabapd. To 1010 1GyvEL Kl Yio TO, ATOTEAEGLOTO TG
Bepuoxpoaoiog (Zynua 4.25, oer.98).

H andédoon 100 cvotiuatog eA&yyov 6cov agopd Tov akpipn éAeyyo tng Beppokpaciog
napovotaletar oto Zynua 4.26, oegi. 99 ko Zynuo 4.27, oel. 99, 6mov aiveton 1 dropopd
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Oeppokpaciag petald g TIUNG €AEYYOL Kol TNG mpaypatikng twne. H axpifeia tov
OLOGTAUOTOG EAEYXOL OTNV TepinTwon ¢ petafAntic Oepuokpaciog (Zyfuo 4.26, cgAr.99)
Kopoiveton Katd Kopro Adyo evtdg g meproync twv £0.01°C. v mAdxa pe ™ otodepn
Beppokpacio £xel GOEMOSG KAADTEPT) GLUTEPIPOPA MG TPOG TN oTAfePOTNTA Kot TNV akpifela
Emuo 4.27, 0er.99).

H vrobeon g opodpopeng Bepuoxpaciog eAEyyeton pe tn ypnon Kamoiwv pondntikomv
aoOnmpov Beppokpaciog Tov TomofeToHVTOL KOVTE OTO AKPO TNG TAAKAG KOl TOV OEYUATOC.
Movo ot Thevpég mov eivar ektebeléveg oty nuItovoedn d€yepon e€etdlovtat, dedopévon
0Tl TOPOVGLALOVY  TIC YEPOTEPEG TMEPUTOGES OGOV  0QOpE TNV opolopopeio. 1ng
Beppokpaociag. To Zynua 4.28, ceh. 100, aneikovilel TiC d1apopeTIKEG BEGEIC TV KOPLOV Kot
BonOntikdv oeOnmpwv kot v ovopacio tovg. H opotopopeio aglioloyeitor cuykpivoviog
11§ petpnoelg Bepuokpaciog petaé&d tov doedpov actntipov (Zyfua 4.29, cel.100).

Onwg eival avapevopevo, 1n Slopopd HETAED KOPLOL Kol OEVTEPELOVTOC ausbnThpa GTNV
mAdKa (Kot ot 000 PpIoKOVTIOL GTO KEVIPIKO TULO TNG EMPAVELONG) ivarl apeAntéa Kot evtog
oV o@aipatog £ OAT omwg didetan otnv E&lcwon 4.4, oeh. 81 (Zynua 4.29a, cel.100). H
amoOKALoT NG Beppokpaciog 610 dKkpo TG TAdKOS etvat vynAOTEPN Kot Kupaivetal amo -0,02
éw¢ 0,02°C.

AvT6 TO QUIVOLEVO E1VaL TTIO £VTOVO GTNV TEPIMTOON TNG EMPAVELNG TOV doKIiov (Zynpo
4.29b, cel.100). H dwpopd Oeppokpaciog pHeta&d TOL KEVIPIKOD KOl TOV TEPLPEPELOKOD
TUALOTOG Tov dokipiov eivan kotd KOplo Adyo evtdg tng mepoyrg = 0.1°C. Avtd, BéPaa,
AVOUEVOTAY AOY® TNG amoOcTaong HeTAED TOL SelyIATOg KOl TNV EMPAVELNG TNG TAAKOC. XTO
kepdiao 3 (Zymua 3.3, oeAd.55) éxet anmoderyBel 611 KaBOG avty N amdcTocn avsaveTat, N
amoKAlon G Oeprokpaciog amd ™ povodidotatn Beprokpacio KOVId 61O KEVIPIKO TUNLLOL
g mAdkag eniong av&avetat.

Yopmepaopato

Ta cvunepdopata tov keporaiov cuvoyilovtor mg €Ng:

e Muw dvvoukr] cvokevn pétpnong pong Oeppotnrog yio v a&oAdynon Tov
SVVAIK®OV BEPIIKADY YOPOKTNPIOTIKOV dOUKOV ototyeiov pe YAD oyedidotnke
Kol Katookevdotnke. Ta kOpla otoryeion TG CLOKEVNG KOl Ol OTOLTH|GEL Y10
akp1Peic SLVOUIKES LETPNGELS EVIOTIGTNKOV Kol oVOADONKaV.

e H ypnon mhaxdv aiovpviov kot 1 Oepponiextpikn teyvoroyio OEppovons/yoEng
TOPEYOLY Hio YOUNAOD KOGTOVG ADoM Yoo Tov akpiPn éAeyyo tng Bepupokpaciog
TOV EMPAVEIDV TOV dOKLLiOV.

e H ypion tov oyetkd pkpov (200mm x 200mm  yAootd) TAOKOV
0éppavong/yHEng cuvovdaletl v evkoiio TNG KATOGKELNG KO TO YOUNAO KOGTOC.
EmumAiéov evioyvel v axpifelo T0L GLUGTHUATOG EAEYYOL KOL TNV OTOLTOVUEVT
opotopoppion Bepuoxpaciog. Amd v GAAAN TAELPA, N UIKPN ETIPAVELD TAUKOV
ALEAVEL TNV ETOPOCT] TOV TAEVPIKOV OTOAEIDOV Kot £TG1 O TPETEL VOL GLVOSEVETAL
HE TN xpNon KpaV aieOntinpov pong Beppdtnroc.

e  Yiomombnke éva cuoTnUo LETPMONG Kot GVAAOYNG dedopévav e LYNAN akpifela
Kol ypnyopo ypovo amdkpiong. H ovvolkn afefoardtmro ot pétpnon g
Beppokpaociog Ppednke va eivan pkpdtepn amd = 0.050C. To oyetikd ceaipa ot
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pétpnon Beppikng ayoyuodmrog fTov  pikpotepo amd 4%. Avtég ol Tiég
emPBePardONKOV TEPOUOTIKA.

o  Xpnotuonmowwvtog tm AXMPO mov avoamtoyOnke, diepguvinke n emidpacn g
aAlayng eaong ot Bepuikn ayoyuodTnto evog XX - YAOD.

e H emrevyBeica axpifela g péTpnong TV apKETE LVYNAN Y10 VO, ATOKAAVYEL TNV
téon g Oepukng oyoywodmrog, otav petofdiietor m Oeppoxpacio. Ta
TEWPOUATIKE  amoteléopata  cvykpidnkov pe po Bepntiky KOpmTOAN 7OV
Aoppavetor pe TN xpNom Tov HovTELOL CEPAg Kol peTpnoel; AOX, delyvovtog
KOAY] GUUO®VIOL.

e Ot dvvoukég petpnoelc yoyooovidag pe YAD mov mpayuotomomOnkov
amoKdAvyay o TOAD KOAN OomOd00T TNG OLOKELNG GE CLVONKES OLVOUIKNG
Aettovpyio.

Kepaiaro 5. Avvopikn Ogppikn} afrohdynon dopik®v otoryeiov pe YAD

Onwc o avaeépnke 610 KePAAMIO 2, 1 depedhivnon ¢ BepUIKNG CLUTEPLPOPAS TOV
YAD og eninedo vAKoV aocyoAeitonl KaTtd KOPLO AOYO WHE TOV TPOGOIOPIGHO NG EOIKNG
Oeppoyopnrikdtrog Kot g Oepuikng oyoyldmroc. Xe emimedo OOMK®OV OTOVKEI®V
AmOLTOVVTOL O TOAVTAOKES dvvapkés mopduetpol. o ta cvoppatikd vAKA, TETOLES
napapeTpor gwonydnoav ot dekaeticn tov e&nivra Kot Tov gfdopnvta Pacilopeveg otnv
aVOALTIKN AVoT TG povodtdotatrg e&lomong un povipng petdooons epuotnrog.

O Mitalas [136] avémtvée v péBodo oLVTEAEST®OV OmMOKPIONG. X€ U0 TOPOUOL0,
npocéyylon ot Stephenson kot Mitalas [169] eionyayav ™ uébodo cuvaptnong HeTapopdig
oV amotel TOV TPOGOOPIGUO TV cuvtereot®V petagopds aywyywomtoas (CTF) tov
dopkov otoryeiov. O Loudon [126], mpokeévon va meptypdyet T Oeppukt] amodkpion tov
doUK®V otoryeimv o€ TePlodkn Beppokpactakn di€yepon swonyaye ) nEBodo g andkpiong
610 medio cvyvotToc. e avtifeon pe Tig mponyovueveg pebdoove, Paciletor otn Adon g
eElomong petadoong Beppotrog oto medio TG cLYVOTNTOG KOl EIGAYEL TPELS CLUVTEAECTEG
anokpong: (1) Tov mapdyovta peiwong, (i) Tov mapdyovia £160d0v Ko (iil) Tov Topdyovia
emoaveng. Kabe évag amd avtodg tovg mapdyovteg yopoktnpiletor amd por avtictoym
yYovia eaons HETaED attiog Kot amoTeAEcHATOG dNAASN Lio XPOVIKY LOTEPTOT).

Qotoco, ot mapomdve pébodol Paciloviar otV avOALTIK AVON NG YPOUWKNG UN
HOVIUNG HOVOSIACTATNG HETAO00NG BepuOTNTAG GTO TEGIO TOL YPOVOL 1| TNG CLYVOTNTOG Ko
0€ UTOPOLV VO AVTILETOTICOVY TN U1 YPOUUKOTNTA OV €16AyeTAL otV e&icmon e€ontiog TG
aAlayng edong tov YA®. To Zynua 5.1, oed. 106, diver o ypoeikny emeEnynon Tov
TpoPAnpatog mov avtipetoniletar, Otav 1 péEB0d0G amdkplong oTo MESIO CLYVOTHTMOV
YPNCLOTOIEITOL Y10 TV TEPLYPOAPT| TNG SVVOUKNG CUUTEPUPOPES EVOS SOULKOL GTOLYEIOD LE
YAO®.

Xe po Tpoomabela va EETEPACTOVV 01 TEPLOPICHOL TV peBdOwV 6To TTEdi0 TOV YPOHVOL O1
Barbour xou Hittle [94] mpdtewvav pa eméktaon ™ uebddov CTF mpokeyévov va
ouumePAGPeL TNV evépyelo TG OAAOYNG AoNG pe evariayr petald dvo (1 TeplocdTEP®V)
opddwv ocvvieheot®v CTE. Iapd tov 1oyvpiopd tov epeuvntav 6t  nébodog Ba pmopovoe
va wpoPAéyet pe akpifeta ™ Svvapikny cuuTePLPopd doptkdv ototyeiov pe YA®D, 1o €pyo
ToVG 0ev Ehafe Kapio mpocoyn Kot 0ev avapépnke and tote otn PpAoypagio.



218 Extevig mepiinyn

Mo GAAN perétn mov acyoAndnke pe 1o 1010 Béua, addd oto medio TG cLYVOTNTOS NTOV
avtn tev Zhang et al.[199]. [Tpokeiévon va avaAHGoLV TIC TTUYEG TNG EVEPYELNKNG ATOS00NG
plog dopkng ocoavidag pe YAD mpdtewvav tn ypnon ovo véwv mapapétpov. H mpdt
TPAYUOTELETOL TNV amddoon eE@TEPIK®V Toly®mV pe YAD kot opiletonr g o Adyog g pong
DepUOTNTOG OTNV €0MTEPIKY] EMPAVEIDL TPOG TNV UOVIUN pon BepudTNTOC OV Oyvoel T
Beppukn palo. H devtepn acyodeitor pe ecmteptkong toiyovg kot opiletal amd to AdYyo g
Bepporag mov amoppoPd o Toiyog mpog ™ BeppoywpnrikdmTa Tov Kat ot dvo eivor kaAd
KaBopIoUEVEG TOPAUETPOL KOl LITOPOVV Vo, TEpypdyouy pe axpifeta m Oepuikn amoddoon
evOg Ttolyov, eite ecwtepkol eite eEwtepkod. Qot1dcG0, 0gv UTOPOHV VO VITOAOYIGTOVV
YPNOUOTOIDVTOG TIG OepUikég 1010TNTEG TOV VMK®V NG Toryomoliag. O pudévog tpomog va
TPOGOI0PIGTOVV Elval PE aplOUNTIKES TPOGOUOUDGELS.

To mapov Ke@AAoo avTLeTOTIEL TO aveTEP® TPOPANL LE TN OlEPEHVNOT EVOALAKTIKOV
pefddV Y To SLUVOUIKO YOPOKTNPIGUO dopik®dv otolyeimv pe YAD pe ) ypnon g
AXMPO.

Hewpapatikég pédodor pe ™ ypnion ™ AXMPO

H éAewyn dvvopukdv mopapéTpov yio o yopoktnpiopnd dopikomv otoryeiov pe YAD
00MyNnoe apketovg epeuvnTég otn xpnon g AXMPO. Ot Sheossig et al. [153] Atav omd Tovg
TPMOTOVG TOV TEPIEYPOY AV KATOLEG OVVOUIKES TEPALOTIKEG dtadikacies. 261060, dgv £0wGaV
GLYKEKPLUEVA GTOLYEIN GYETIKA LE TO MG ALTEG Ol dadikacieg Bo pmopovcay va mapéyovv
Kémol TocoTIKA otoyeion oyeTikd pe tv amddoon twv YAD. Ta mepdupoto mwov
TeEPEYpOy AV ELTNPETOVCAY KVPIMG TNV EMKVPOOT) APOUNTIKOV LOVTEA®V.

Ot Ahmad et al. [2], ypnowonoincov piocc AIMPO yia va yopoaktnpicovy pio, SOUIKA
cavida pe YA® mpocopoidvovtog eEmtepikéc ocuvOnkeg Oeppokpaciog otny o TAAK, VO
n Beppoxpacio g GAANG BewpnOnke otabepn. H dvvopikny amddoor ektiundnke pe 1o
0AOKANPOLO TNG OAPOPAS HETAED TNG EEMTEPIKNG KOl TNG E0MTEPIKNG pong Beppotntag. H
TIUT TOV OAOKANPAOUOTOS YOl €VOL OPIGUEVO YPOVIKO OlAGTNUO, OIVEL TNV TOGOTNTO TNG
Beppodmtog mov amobnkevetron 1N ameAevBepdveton omd dopkd otoryeio. H idw péBodog
ypnoonomdnke apydtepa kot amd tovg Trigui et al. [177]. Qot660, T0 1066 TG OeproTNTOC
ov koBopiletan pe v péBodo avtn dev mpocdlopilel av 10 YAD cuvelopépetl Betikd ot
Bepukn Gveon).

210 mopdv kePaioto mpoteivovton kol gpapuolovral 000 dpopeTikég pnEbodot yioo Tov
TEPAUATIKO YopaKTNPIoUO dopk®v ototyeiov YAD pe m ypnon g AZMPO. H mpot
gtvon n péBodog g ecwtepkng Beppopong Katd v omoia to vd eE€Taom dokipo Bempeitan
oToyelo KNP0 KEADPOLG oV dtaywpilel To e6mMTEPKO amd TO eEmTEPKO TEPIPdiiov. H
pilo mhdka g AZMPO mpocopowdvel v e€mtepikn Oeppokpacio evad 1 GAAN v otabepn|
e0mTEPIKN Beppokpacio. Xvvenmg, N cLVOMKN BepudTNTO TOL GLVOAAGCGCETOL HETAED TOV
doKpiov Kot ¢ mAdKag otabepng Beppokpaciog avtioTotyel 610 OepUikd 1 YOKTIKO POPTio
7oL omonteiton yio va otatnpnei n Beppoxpacio Tov vTOHETIKOD E6MTEPIKOL YDPOL GTOOEP.
Yty mpocéyyion tov Zhang et al. [199], to dokipwo pe YAD cvykpwvotoaviov pe €va
vrofeTikd dokipto punodevikng Beppikng pdloc. X péBodo mov mpoteiveTon £0M cuvykpiveTol
pe éva dokipo avaeopds oto omoio animg Exel apalpedel 10 YAD mopéyovtag €101 akpiPag
v enidpaon Tov YAD 610 KTiptokd KEALQOC.
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To Eyqua 5.2, oeh. 109, omewoviler éva tomkd dSwdypappe g Oeppopong otnv
E0MTEPIKN emMEeAveln evog dokiiov pe YAD kot evog dokipiov avapopds Omwg mpoKVTTEL
amd TG petpnoelc pe m AZMPO. Me ypnon tov E&ichocewv 5.2, oeh. 109, ém¢ 5.5, oei. 109,
vroloyifovtol ta amottovpeve Beppikd 1 Kol YuKTikd @optio yio T otabepomoinon g
Beppokpaciag Tov ecwTEPKOD YDpov. Me ypnon twv eoptiov pe YAD kot tov goptiov
avapopds, amd Tig ESiodoelg 5.6, oel.110, 5.7, oeA. 110 ko 5.8, oek. 110, umopei va
VTOAOYIOTEL O GLVTEAEGTNG OMOS0GNS TOV dopkov ctotyeiov pe YAD yio v mepintwon g
Bépravonc, e yoEng kot g otabepomoinong g Beppokpaciog aviictorya.

H devtepn pébodog Paciletar otnv mpocéyyion ¢ onuelakng Bepuikng pnalag yo vo
pocdopicel TNV awvopevn BeppoyopntikdétTnto Kot ) Oepuikn pdlo SOMKOV VAIKOV pe
OYETIKA peydAn Beppukn aymypdmra. To dokipto tomobeteitor 0T GLGKELN £XOVTAG YOUNAN
Beppokpaocia kol Oeppoiveror 1 Egovroag vynAn Bepprokpacio ko yoyetor. H Bgppopon| and
TIG TAQKEG TPOS TO OOKIUIO KOTAYPAPETOL MG GLVAPTNON TOL ¥POVOL KOl UE TN YPNON TNG
E&lowong 5.11, ogh. 111, ko 5.12, ogi. 111, vmoroyiletan 1 pawvopevn Beppoywpntikdtnra,
Kot 1 Beppukn pélo avtictoyya. Amapaitntn tpoindOeon yio va 1xLOVY Ot EICMGELS Etvarl 1)
apeintéa KAion g Beppokpacio 610 ecmTEPKO TOV dokipiov. H cuvOnkn ainbevel 6tav o
Tpomomompévoc apludg Biot mov vroloyiletow amd v E&lowon 5.10, oei. 111, sivon
pkpotepog amod 0,1.

OepuiKig YOPUKTNPLONOS OKVPOIEpATOGC pE YAD

e ovtn Vv evomta e€etdletar o BepuikOg YOPUKTNPIGUOS EVOG KOVOTOUOV UEYHOTOG
okvpodépatoc pe YAD pe pikpoospatpioter YAD. O cuvduacuog g VYnNANG TukvoTnTog Kot
BeppoyopnTikdTTOog TOL CKLPOOERATOG [Ee TN AovOdvovoa Bepudtnta tov YAD pmopei va
ypnoworombetl oe cvotuaTe E0IKOVOUNONG EVEPYELNS YO TOPAOELYLO GE GUVOVACUO LE
v nAoakn evépyeta [106] ko [20]. EmmAéov, n mpoctnikn YA® ce vornd okvpddepo Oa
UmopoVGE Vo amoTPEYEL TIC LYNAES Oeprokpaciec evuddtwong odnNydvtag o€ VYNAITEPES
avtoyEs o€ OAlym.

['a 1o oyedaocud Tov LAKOL YpNCLOTOMONKAY TO EUTOPIKA dobEctipa PIKpoo@apiot
YA® g BASF, Micronal DX 5008 mov mepiéyovv piypo mopa@vov He €0pOc aAAOYNG
edong otnv mepoyn twv 23°C. EEetdotkov cvvolikd téooepo dlapopetikd piypoto: éva
piypa avaeopds (0%) yopic YAD® kor tpia piypato mov mepeiyav 1%, 3% ko 5% xotd
Bapog YAD. Xta piypota 0%, 1%, 3% 1 vroiewmopevn mocdtta YAD (oe oyéon pe 10 5%
piypo) oviikatootddnke pe poppopodckovn 010G KOKKOUETpiog doTe T piypoto vo eivon
petah Toug GLYKPIoIHO KOl Ol OTOlEG OPOpPEG otV Bepuikn TOvg GLUTEPLPOPE V.
opeilovtal oty mpoctnkn YAD. Ta vAkd mov ypnoipomomdnkay yio. Ty mTopacKELT TOV
okvpodépatog ovvoyilovrar otov ITivaka 5.1, cel. 113. H KOKKOUETPIKN KOTOVOUR TOLG
eaiveton 6to Zynua 5.4, 0el.113. O oyedloopuog ToV PiyHaTog Tpaypatomomonke amd Tovg
Hunger kot Brouwers [79] kot meprypdgetan d1e£odikd ot didaktopikny dtarpipny tov Hunger
[77].

H avtoyn oe OAlym, 10 mopmddeC Kol N TLKVOTNTO HEAETONKAYV GTO €PYOCTHPLOL TOV
nmavemotnuiov Tov Twente. o v avtoyn oe OAlyn petpinkav 5 kKuPikd doxipo aKpung
150mm vy ké0e piypo cdpewva pe 1o EN 12390-3. Ta amoteAécpato gaivoviol 6To Xymuo
5.5, oel.114. Eivar @avepd 6Tt 1 avénomn tov mococtod tov YAD odnyel oe peiwon g
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avtoyng oe OMym. H mokvomta petpndnke ocvpgpova pe 10 mpdétvmo EN 12390-7. To
TOPMOEG voAoyiotnke pe Pdorn T perpnoelg g mokvotnrog ko v E&lcwon 5.14,
o0el.115. Ta dvo avtd peyédn mapiotdvovior ypagikd oto Zyfua 5.6, oeh. 115, cuvaptioet
0V 10606ToV YAD o0 piypa. Onmg yivetar @avepo, 1 TuKVOTNTA LEIMVETOL EVE TO TOPMOEG
avédvetal KAt mov e€nyeital amd Vv yaunAdtepn mukvotta 1ov YAD ce oyéomn pe
HopUopOoKoV OAAG Kot omd KAmoleg MOOVES OOMIKEG OAAYEG OTY] CLUTIEST] TOL
OKVPOSENATOC, OTIWG OTOKAAVTTEL TO QLENUEVO TOPDIEC.

H pétpnon g Bepukng ayoyudtntog Tpoylatonomdnke Le m ¥pnon Tov eE0mTAMGHOD
tov Epyaotnpiov AiBog — ITME. Xpnoomombnke 1 cuokevy CT-METPE mov vAomotet
péBodo tov petafatikon Bepprod vipotog copewva pe to tpoétvmo ISO 8894 - 1: 1987, DIN
51046 xou ASTM D2326. H pébodog dev eivar epappooiun ot Oeprokpactoky] meployn
aAlayng edong. Ia va Eemepaotel 10 TpoOPAnua, ta detypato petpridnkav ce Beppokpacio
30°C. Ot perpnoeic g Oepuikng aywypotrag nopovctdloviol 6to Zyfuo 5.7, oel.116.
Daiverar 0tL | TpooOnkn YAD ot pdala tov okupodépatog odnyet oe peimon g Oeppikng
ayoypdmras. Avtd eEnysitar amd v adénon ov TOPOAIOVLE Kol Ao TNV CYETIKA YOUNAY|
DepLLKN ay@YLOTNTO TNG TTOPAPIVIG TTOL TTEPIEXOVV Ta. Lkpospatpidle Y AD.

H ooawobdpevn Bepuoympntwcomto kot 1 Oeppuxn palo 1Tov 1E664pOV  UIYHATOV
npocdopiotnke pe ™ AEZMPO pe v TEXVIKT TNG CNUEWNKNG LALAG OTMG TEPTYPAPETAL GTNV
[Mopaypapo 5.2.2, cer.110. Ilpokeyévou va emtevyBel o yapnAdg Tpomomoinuévog aptdpog
Biot mov amatteitor amd ) péBodo, peTa&d TV TAOKOV Kot TV SoKIUiov TapeufAnonke Eva
Aemtd OALO pOVOONG YOUNANG TUKVOTNTOS OPPOOOVS TOAVUEPOVS, TAYXOLG 5.5 mm Kot
Oeppikng ayoypdmrog nepimov 0,055 W/(mK). H dwdtaén yia ™ pérpnom oeaivetar oto
Zyua 5.8, 0el.116. 1o Zynua 5.9, oei. 117, ko Zynqua 5.10, oeh. 117, mapovoidlovion To
OTOTEAECUATO TOV UETPNOE®Y NG €WIKNG Beppoympnrikdtnrog Ko g Oeppukng palog
avtioToryo yio To Téccepa dglypata cvvaptnost g Beppokpaciog. “‘Onmg avapevotav, 1
avénon ¢ moocodttog Tov YAD oto piypa odnyel o€ onuovtiky] adENoT NG EOKNG
Bepproyopnrikdmrag (Léypt kot 3,5 eopég Yo mepiektikdtta YAD 5%). Qotdco, gaivetan
VoL VTAPYEL £V avAOTEPO Op1o Yo TV avénon g Bepukng patoc. To piypa 5% YAD €yxet
eMaQpag peyarvtepn Beppikn pnala and to piypa 3% evtog Tov VPOV aAAAYNG PAoNG TOV
YA® oldd AyOtepo €KTOC NG TEPLOYNS avtng. Avtd elvar cuvémelo g Helwong g
TLKVOTNTOG TOL GKVPOOERATOG e TNV avEnon g mepiektikotrog o YAD. Q¢ anotéleopa,
TEPLEKTIKOTNTES TAV® amtd 4% -5% ce YAD dev evogikvovra.

211 GLVEXELWD, GUUE®VA He TN HEBOSO TG E0MTEPIKNG BEPULOPONG TOL TTEPLYPAPETOL GTNV
napdypapo 5.2., ceh. 108, n AXMPO ypnoyomoleital yioo TNV TPOCOUOI®ON PENMOTIKOV
KMUOTIKOV  ocuvOnkov ot 0vo mAgvpéc tov delypotoc. H eEmtepikny Bepuoxpacio
TpocopoldvVeETaL ue Mtovoedn dwakvpaven oamd 18,5°C éwg 28,5°C ya 48 dpeg evd 1
gomteplkny Oeppokpocio Oswpeitar otobepn otovg 23,5°C. O Oeppokpocieg kot posg
BeppotnTag KaTaypaeovTal Kot 6TIS 000 EMPAVELES TOV SOKLUIMV.

H oloxinpwon tov petpoduevov powv Oepudtmrag (Zyaua 5.11, oeAd.119) omyv
E0MTEPIKT TAEVPA TOL SOKIHIOV TAPEYEL £VOL LETPO TNG CLVOAIKNG OMTMAELNG/KEPOOVS TPOG TO
nepPdAlov tov gocmtePkoy y®pPov (Zynua 5.12, cel.119). O perpnoeig pong Bepuotnrog
tov oynfuatog 5.11 deiyvouv peiwon €og kot 11% ot dwaxdpaven ywoo to delypo pe 5%
neplektikomto o YA®. H cvvolkn evépyela (Zynua 5.12), wg cuvapmnon tov ypovov
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OVTIOTOLXEL OTNV EVEPYELD TTOV OmalTeiTal amd €va cOOTNUO KAMUOTIOHOD Y10 Vo, dloTnpnoEl
mv eomtepikn Oeppokpacio otadepn otovg 23,5°C. O mivakog 5.2 Tapovctdlel THY GLVOAKY
evépyeto yuo ortdotnua 48h kot tov cuvtedeotn anddoons Tov YAD dnwg ovtdg vrroroyileton
amod v e&iomon 5.8. Onwg eaivetar, o YA® Bedtuidvel onpovtikd v Oeppukn amddoon
TOV GKLPOOENOTOC. AVTO Ogv opeihetar pdévo oty avénuévn Beppukn pdlo (to doxipo pe
neplektikoTag 3% kot 5% Exovv mopduoteg Oepuukés pndleg), oAl Kol otn peimon tng
Dep KNG TOVG Oy ®YILOTNTAG.

OepPUIKOS YOPAKTNPLOROS GTOLYEIOV ELAPPOPAPOVS KEADPOLG

Onwg avagépetor oty mapdypago 2.2.1, ceh.16, 1 vynAn Bepuikn pala tov otoryeiov
TOV KEAMDQOLG pmopel va €xel Oetikn] emidpacn otV eomTEPIKN Oepukn dveon kol v
EVEPYELONKT] KATAVAA®OT. ATO TNV AAAN TAELPA, 1| AVAYKT Y100 AMYOTEPT KATAVAADGT TPATOV
VAOV KOl YL TOYVTEPOVS YPOVOLG KOTOOKELNG, METATOMILEL TNV TPEYOLGO TPOKTIKN
KATOOKELG KTIPI®V TPOG T0 Aa@pD KEAVPOG. Ady® TG VYNANG BepLoy®PNTIKOTNTOS TOVG,
o VAMKG aAAoyng @dong amoteAobv pio EAKLOTIKN ADOM Yl TNV €VIoYLON NG KPS
Beppuknc palag ehappidv dopkmv ototryeiov [118], [119] ko [27].

Xe autn v evotnta g dwtpPng n AXMPO ypnoponoteitor yio tnv Oeppuxn avéivon
evog otolyeiov eha@poPapois keADPOVS TOL amoTEAEITOL OO OLOYKMOUEVO TOALGTLPEVIO
(EPS) kot pia dopikn cavida amd X — YAD. O11010TNTEG KOt TAL YEOUETPIKE YOPOKTNPLIOTIKE.
TV VAK®V mopovctalovtar otov  Ilivaka 5.3, oel. 112, H o@owopevn €01k
Beppoyopnrikdémra tov XX - YAD mov gaivetor oto Zynua 6.6 , oel. 151 npocdiopiotnke
SOUPOVO LE TN SLVOULKN dtodikacio TOV TEPLYpdpeToL otV Tapdypapo 2.4.2, oel.32.

To otoyeio keEAMPOVS dOKIUALETOL VIO SLAPOPES PEAMOTIKEG OPLOKES GLVONKES He T
dopikn ocavioa XX — YAD va Bswpeitor ektebeipévn eite oto eE@TEPIKO €ite 6TO £0MTEPIKO
nepPdArov. H tomoBétnom tov dokiiov 6to ecotepcd g AXMPO kot ot Béoegig pérpnong
¢ Bepuokpaciog Kot g pong Bepuodtmrag eoaivovioar oto Zynua 5.14, oeAd.121. Ot 6vo
SPOPETIKEG TEPTMOELS TomoBEéToNg Tov XX — YAD @aivovtol 6to Zynua 5.15a, ced.122.
‘Evo emumAéov doxipo avapopds avaivetol To omoio oev meptéyetl 1o XX — YAD ko emtpénel
TV TEWPAUATIKY 0E0AOYNON TOL oTolKElon KEADPOLG cLpPmva pe T pebodoroyior mov
neprypapetal oty mapdypoaeo 5.2.1, oed. 108. H tomobBétnon tov aicOntipov kot n
ovopotodosia toug cuvoyilovtar oto Zyfua 5.15a, cel. 122, kou tov Ilivoxka 5.5, cei. 123
avTicToyo.

Tpewg Oapopetikég oplakés ocvvOnkeg (OX) pelemnkav yoo kdbe pio amd tig V0
nePUTTOOELC TomobETong tov XX — YAD (Zynua 5.15b, oeh. 122 ko [Tivakag 5.4, ceh. 123).
v OZ1 (Tinl, Toutl) to gvpog arllayng @donc tov YAD tomobeteiton 5°C youmiodtepa
amd T otabepn eomTEPIKN OepUokpacios 6TO KATOTEPO OPlO TOL EMTEPIKOV TPOPIA
Beppokpaciag. v OX2 (Tin2, Tout2) n socwtepikn Beppokpacio dwatnpeitor otabepn,
Kovtd omnv kopven ™ENG, o010 KEVIPO TOL €0povg oAAayn ¢dong. H daxdpavon g
eEwTePIKNG OepLoKPOGiog KOADTTEL TO PEYAAVTEPO WEPOG TOVL EVPOVG OAAAYNG PdoNnG. XNV
tpit mepintoon (OX3) (Tin3, Tout3) m ecwtepikn Oepupokpacio Ppioketar Kovid otV
KOPLEN OTEPEOTOINONG Kol 1 dakvpavon TS eEmTEPIKNG Bepprokpaciog elvar peyaldtepn
katé 5°C og oyéon pe Tic §Y0 TpdTEG MEPITMOELS, POGvVOVTAC 6TO YaunAd Twv 10°C.
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To amote éopOTO TOV HETPNOEMVY Y10 TIG dVO dAPOPETIKEG TomoBeThoeg ToL XX — YAD
napovotdlovtal ota Zynuata 5.16, cel. 124 ¢wg 5.21, oel.127. Me Bdon ta amoteAécparto
aVTA, 01 OTOALTEG TIUEG TOV UEPNOLOV amoutnoewv BEppravong kot yoéng (E&iomon 5.2, oel.
109 xat E&lowon 5.3, 6eA.109), kabnhg kat ot avtictotryol cuvieheostég anddoong (E&icmon
5.6, 0eA.110, 5.7, oek. 110 wou 5.8, 0€X.110), vroroyioTnkay cOopwva pe T pebodoroyio
oV TEPLYPAETOL otV mopdypago 5.2.1, ceh. 108. Ta anoteAécpata cvvoyilovior oTov
[Tivaxa 5.6, oel. 127 (yO&n), otov Ilivaxa 5.7, oeA. 127 (6éppavon) ko otov Ilivaxa 5.8,
oel. 127 (cuvolko goptio).

Onwg Ntav avaptevopuevo, otny mepInTmon Tov 1 eEmTepIKn Beprokpacio Kupaivetot amod
20 éwc 300C (OX1) 10 69ehog amd 10 XX - YAD sgivor yopmAd (AMyodtepo amd 10%),
ave&aptnta and ™ B€on tov. ['a v OX2 (15 g 250C) ko v O3 (10 €wg 250C) to XX -
YAD ennpedlel évrova v evépyela oL omanteiton Yo T otafepomoinot TG E0MTEPIKNG
Beppokpaociag. Onmg eaivetar oto Zynua 5.23b, cel. 128 6tav 10 X - YAD tomobeteiton
GTNV ECMTEPIKT TAELPE TOV KEAVPOLS Kot 1 eEmTteptkn Beppokpacio kvpaivetal and 15 émg
25°C o1 amontioglg 0éppavong petdvoviot katd tepimov 50%.

Oocov apopd v enidpaom g Béong tov XX — YAD 6tav tomobeteitor onv £60TEPIKN
mhevpd otic mepumtooelg OX2 koar OX3, mapamnpeitor OTL €€l apyNTIK EMLOPACT OTNV
amOO0CN TOL KEADPOLG GYETIKA LE To WYUKTIKA @optio. ATd v GAAN TAgvpd, £xet BeTikn
GLVEWGQOPE dcov apopd ta eoptia Bépuavong. v mepintmon g TomobEéTmong otnv
eEmTepikn TAEVPA M emidpacn elvar BeTikn Ko ot poptio BEppovong Kot oTa poption yHéne.

Yopmepaopato

Oocov agopd ™ Aettovpyia g AAMPO kot Ti¢ pefdd0vg pmopoVe Vo, GOUTEPAVOLLLE TOL
edng:

e H pébodog tg onuetaxng palog pmopet va ypnotpomombet yio tov tpocsdiopiopd
™G Qavopevng €WIkNG Beppoyopntikdémroag YAD apkel va wavomotgiton m
ocuvOnkn tov Tpomomompévou oaplBuov Biot. Avtd emtvyydveton pe MV
TapePPOAN KATAAANAOL LOVOTIKOD VAIKOV HETAED TNG GUGKELNG KOl TOV JOKIULIOV.

e H pébodog g ecmtepikng pong Bepudtmroc mov mpoteiveror otnv TopoHoa
UEAETT UTOPEl VO, TOGOTIKOTOMGEL e EMTUYI T BETIKN 1] ApVNTIKY| EXIOPOACT TOV
YA® og éva dopkd otoryeio.

Me ) Bonfeia g AAMPO kot tv moparave puebodmv peletnke n Oepuikn copmepipopd
€VOG KavotOHov okvpodépatog pe YAD pe ta akdAovbo copmepdcpota:

e H oawopevn Bepuoyopntikétnta avEAvetal ONUOVTIKE HE TNV aOENCT TG
nmocdttog Tov YAD. H Oeppucn pélo mapovoidlet pio péyiot tyun nepinov oto
6,800 J/K yio mepiektikdmra YAD 4% £wg 5%, n omolo gaivetor va ivor
BéATIoT TTEPIEKTIKOTNTA Y10 TO VAIKO OVTO.

e H avénon g Beppikng palag PeAtudver onuaviikd v Beppikny amddoon Tov
okvpodépatoc. H ovvoiikn Peitioon g Oepukng coumepupopds eivor to
GLVOLACUEVO OMOTEAEGHO TG avENone ™G Beppkng pdlog Ko ) peimomn g
Bepkng ayoydTnTOS.

Ocov apopd 10 de0TEPO LAMKO OV €EeTAOTNKE TO OMoio NtV €va eAappofapéc otoyeio
KeAMQoLVG pe XX - YAD, puropovv va e&aybodv ta e&nc:
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e H emppon tov XX - YAD civor oyvpdtepn O0tav extifetor 610 £0mTEPIKO
nepBdArov. Tlap '6Aa avtd, 6e AT TV TEPIMTOON 1 €MIOpacN Urmopel va gival
KOl APVNTIKT] 0ONYDOVTOG G AOENCT TMV EVEPYELNKADV OTOLTCEWV.

e Ortav 10 XX - YA® ektifetonr oto eEmtepikd mepifdiiov 1 emidpacr tov givat
Mydtepo oyVPN, 0AAG @aivetal vo pmopel va amo@Epel 0PEAT Kol GE GEVAPLLL
0épuavong kot e cevapila yHéne.

AmO TV evdereyn avAiAlvon TV 000 TOPATAVE® SOUIK®OV GToElmV cuumepaiveTon OTL M
AEXMPO emurpénet v aloddynon g SuVOUIKNG BepUikng aviAlvong SOHKOV GToXElmV e
YAD Eemepvdvtog TOVg TEPLOPIGHONS TV AAA®V pneBddwv dcov apopd 1o péyebog tov
delyparog.

Kepaiaro 6. Movtehomoinomn dopik@v otoryeiov pe YAD pe ypiion tng AXMPO

H apBuntwn poviehonoinon tov YA®D amotelel avtikeipevo €pevvog €0 Kot TOAAES
dexaetieg kat £xovv ypnowonomndei moAAéC drapopeTikég mpooeyyioelg [98], [100] wan [41].
Meto&d oavtdv, 1 pébodog g eowvouevng Oepupoywpntikdotnrag [63] eivar gvpimg
dwadedopévn ([82], [76] kou [75]) pe kvpro mheovéktnua 0Tt 1 e€icmon mov ™ démet £yl ™)
vevikn popon ¢ eficmong petadoong Oepudtmrag pe oyoyn pe  pio petafAnty
Beppoympnrikotta, ™ @awvopevn Beppoyopntkomnta (Cerr). Q¢ oamotélecpa, pmopei vo
emAv0el aplOunTikd pe Kamoo yevikd Kodtka petagopds Oeppotntoc. To kAedl ya axpiPeig
TPOGOUOIDGELS EYKELTUL GTNV KOTAAANAN EMAOYN TNG GOVOLEVNC BEPLOY®PNTIKOTNTOG.

[Tpoxeévov va EEmMePACTOVY Ol OVETMAPKEIEG TV ONUEPVOV HeBOS®V Yoo GTOV
TPOGOIOPIGHO KATAAANA®V GLVOPTNGE®V QUIVOLEVIS BEPLOY®PNTIKOTNTOS SOUIKADV DAK®V
pe YA® oty mapovoa dwatpifr mpoteivetor po véa tpocéyyion povtelonoinone. H xopua
10éa gtvor va ypnotpomombet £va chvoro texyntdv cuvapmoewv Cet TOL Tpocdiopilovtal
pe pio dwdikacio Pertiotomoinong Pacilopevn oe aniéc petprioeig DSC kot mepopoticd
OTOTEAEG AT, TTOV pE TN XpNon Hiog AZMPO.

Movtelomoinon s arAhayfs @aong

Amo podnuotiky amoymn, 10 TPOPANUE TG HOVOSIAGTATNG OAANYNG (ACNG OVIIKEL OTN
YEVIKT Katnyopio TV mpofAinudtev Stefan [60] kot meprypaoeton amd tig E&lomoeig 6.1, cel.
134 ¢wg 6.3, oeAr.134. Xe Opovg evBodmiag, ot elomdoelg avtég petacynuotilovior ot
cuvtnpntikn popoen g E&lcwong 6.4, oel. 134, mov oyvet Kot oTic dVo Paoelg (oTepen Kot
vypn). Alyeg avodvTikég AVoELS avTdV TV e£lo®cemv £qovv d0Bel Yoo TOAD GULYKEKPYEVES
KOl GYETIKA amAEg oplakég GuVONKeS He mo yvmot avt Tov Neumann [139] yia T1¢ oplokég
ocuvnkec Tov E&lodoemv 6.5, ogl. 135 émg 6.7, oel.135.

H dvokoMa gopeong avalvTIKOV AVCE®V 00MyNoe amd TOAD vopic otn HeAET NG
aplunTiKng emiAvong tov mpoPAnpatog aAlayng edonc. And m Piploypagio kabictoton
cagéc OtL ot aplfuntikég péBodol mov avamtHydnkav pmopodv va YwPoTodV GE TPELS
katnyopieg. H mpotn eivor ot pébodor otabepod mAéypotog Omov mn Oeppdtmro mov
eKAveTA/amoppopdtol 6To 0plo aAlayn @dong Aaupdvetor veoym oy egicwon solvyiov
evépyelag oe otabepovg koppovg [35] ko [186]. H mapovoa epyacio Oa emkevipwbei oe
TG TIG pHeBddove. X1 devTepn Katnyopia Exovpe T pedddovg petafintod TAEyuatoc. Xe



224 Extevig mepiinyn

OVTEG, TO VIOAOYIOTIKO TAEYLO, ONUIOVPYEITOL Y1OL TN OTEPEN KOL TNV LYPN QAT YOPLOTH e
™ OlEmaP] GTEPEOV-VLYPOV VO YPNOILEVEL MG Eva KOO oOvopo. Ot kOpPot Tov TAEYHOTOG
petapdrrovtol oe kGbe YpovikOd Pra, TPOKEWWEVOL VO OKOAOLONGEL TO KIVOOUEVO OpPloKod
otpopa[122] ko [28]. Télog, ot péBodol eviomiopod ™G SlEmPAvELNG OAAAYNG PACTS
xpnoonoody éva otabepd mALypo kot aiyopifuovg mov mapoakoilovBodv v Kivnomn tov
ouvvopov [5], [102] kou [125].

Ot mo dwdedopéveg péBodol otabepod mALypatog eivor n péBodog ¢ evBaAmiag, 1
puéBodog Tov Opov mYNG Kot pEBodog g awvouevng Beppoywpntikdmrag. H pébodog g
evBoAmiag Baciletor omnv cuvinpntikn popen tev eEicwocewv Stefan. H daxpiroroinomn g
E&lowong 6.4, oeh. 134, pe v dueon péBodo upmopel va dmoel oakpipr Avon mov
TPOPAUATOG HE TN KATAAANAN €m0y Y®pkov Kot ypovikod Prupatog [135], [147] wou
[184]. Qotdoo, 1 éupeon péBodoc mopéyxel peyoldutepn otabepdTnTa YOPIC OTNUOVTIKOVG
TEPLOPIGHLOVE GTO YWPLKO Kot Xpoviko Prina. Amartel OGS TovV Sy ®piopd g oeOng and
v AavBdvovoa Beppomta 6mmg eaivetar oty E&icmon 6.8, 0el.136. H apBuntikr Adon
avtng ¢ e€lowong givor yvoot) g pébodog tov dpov mnyng [182] won [183]. Ta xdpua
YOPOKTNPIOTIKA TV dV0 avTtdv pebddwv eivat:

e Ortav og évav kOpPo Tov TAEYHATOG AapPaverl xdpa arlayn edong 1 Beprokpacio
ToV KOUPov Tapapével otabepn| kat ion pe ) Oeppoxpacio aAiayng edong.

e Xg povodidotata wpoPfAnpata  aliayn edons puropei vo copfaivel og Eva Koo
KdOe ypovikn otryun.

Ao to yopakPoTiKd avtd yivetar govepd 0Tt ot péBodol avtéc eivar meEPLGGOTEPO
KatdAANAES Yo KaBapég ovoieg Kot evtnkTikd piypoto pe dtokprrr] Oeppokpacio aAloyng
eaonc. Avtd ogeiketoar 610 OTL pmOPOVV VO OVTILETOTICOVY TNV advvouio. OpLGHov
GLVAPTNONG POVOLLEVNG DEPLOYOPNTIKOTNTOS GTA DAKE OV TA.

H pébodog g earvopevng Beppoympntikdtntog amd v GAAN Umopel vo LOVTEAOTOGEL
gbkoAa YAD pe gupy €0pog aALAYNG PACNS EVOOUOTOVOVTAS TNV eVOOATIO aAlaynS pdong
otov 0po ¢ Bepuoywpnrikotntag [63]. Me ypnon ¢ E&icwong 6.9, o0er.136, n E&iowon
6.4, oel. 134, petaoynuatiletor otv E&lowon 6.10, 6el.137. Ouwg n E&icwon 6.10 éxel
popen ¢ e&iomong petadoong Beppdtroc pe oymynq Kol cLuvem®g umopel va emilvbet
aplOuNTIKG Omd OTOLOONTOTE VTOAOYIOTIKO KMOOWKO HETAdOONS Oeppdtnrog mov O€yeTon
petafAntn OepproympnTiKoOTNIOL.

To epdtnua wov pévet va amavtnel eivor o akping mpocdloptods TG cLVAPTNONG NG
eovopevng  Bepuoyopntikdottoag. Xt PipAloypoaeio  avaeEépovior OVO  EVOALUKTIKEG
npoktikés. H mpotn mpoteivel ) ypnon teyvntov cvvoaptnoemv pe Paon to owbéoua
otoyeio yio 10 YAD (my. evBodmio alhayng @daonc, mepoyn t™ENG K.AT.), eved M GAAN
mpoteivel TV dpeomn ypNoN KOUTLAGV ON®MG TPOKVATOVV OO UETPNGES OLOPOPIKNG
Beppdopetpiag cdpwong (AOL). Ocov apopd Tig TEYYNTEG KOUTOAES, 1 OTAOVGTEPT
TPocEyylon tvar M xpNon [og cvvaptnong Pripatog, n onoio Exetl amodelyfel 0Tl glo0dyst
peydla ceAaipoto ot Tpocopoldcelg [54]. H ypnon mo moAdTAOK®OV T®V aVOADTIKOV
GUVOPTNCEDV UTOPEL VO TAPEYEL KAAVTEPO OMOTEAEGLATO, OEGOUEVODL OTL Ol TOPAUETPOL
AVTOV TOV GLVOPTHCE®V EMAEYOVTAL KATOAMA®G [46] Kat [33]. Extog awtov, 1 emhoyn tov
TOPOUETPOV OVTOV TPENEL V. OYETILETOL LE KATOOL €100V TEPAUATIKEG UETPNOELS OGOV
a@opd ta apakTNPLoTiKd Tov YAD. Antd v dAAN, N QUECT] EVOOUAT®OON KAUTLVADOV AGX
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oe aplOuNTIKA HOVTEAD €ivol Lo €VPEMG OMOOEKTY] MPOKTIKN Kot @aiveTon vo givol o
a&lomotn Avon [42] kar [159]. Qotdoo, o petpriocig AGX deiyvouv o woyvpr e&aptnon
amd TV TayvTTe Bépuavonc, ™ ualo tov detypatog kot v Katevbovon g eEEMENG TG
depyaociog (nAadn Oépuaven M woén) [59] kar [123]. EmmAéov, amoitodv moAd pikpég
TOGOTNTEG OElYHOTOG, KOl €TOL  €16AYOLV  ONUOVIIKG OCEAANOTO KOTA 1Tn HETpNon
OVOLOLOYEVAV DMKV pe peydlo péyebog avtimposmnentikov oykov [80].

Ieprypaen ™ pedodoroyiog

H pebodoroyia mov mpoteiveton otn dtaTpiPr] oA Yo TOV TPOGIOPIGUO TNG POVOLEVNG
ed1kng Beppoyopnrtikdtrag dopikdv VAKov pe YAD Poacileton ot AIMPO [110] xou
[145]. Onwg Mo avoeépbnke oto kKePdAmo 4, T0 KOPLO TAEOVEKTIOL QDTG TNG CLOKELNG
TPOEPYETOL OO TNV IKOVOTNTO VO LETPAEL OOKIHLO GE HOPPT] SOLUKDV CavVIdwV, EETEPVAOVTOG
€101 o TPOPANUATO TOV CLVOEOVTOL LE TN WKPY TOGOTNTO TOV delypatog. EEGALov, yia
avtdv 10 Adyo 1 AZMPO £xer 1o ypnoponombet yro v emKOP®ON oPOUNTIKOV LOVTEA®V
TPOGOLOimoNG dopk®V ototyeimv ue YAD [181].

H mpotewvopevn npocéyyion pmopei va Bewpnbel og éva mpdpAnua Bertictonoinong mov
Baciletal og mEPAOTIKG OESOUEVE TTOV TOPAYOVTOL O TN WETPNOT TOV JOLKOD GTOLXEIOL
YA® pe m AZMPO. Ot apyikéc petpnoeic AOX evog detypotog omd 10 YAD akorovBovvton
amd UETPNOELS TNG OePULOKPACIOKNG AMOKPIONG Kot TG amdkpiong pong Oepudtnrag tov
dopkov otoryeiov Otav voPaiieton 6e GuYKEKPLUEVE dvvapkd TpmTokoAla oty AXMPO.
Kémoeg apyucés mpooeyyiotikés kapmoreg Cerr  PeATIOTONOOOVTIOL DGTE TO VITOAOYIGTIKO
HOVTEAO VO TTAPEYEL TPOGOUOIMGELS KOTA TO OLVATOV GE CLUP®ViA pe To. TEpapata. Ot
PeAtioTomOomuéveg  GLVOPTAGELS — EMKLPAOVOVIOL HE  ¥pNoN  GAAOV  TEPAUATIKOV
amotedecudTov yio vo eEaceatotel n akpifeia g pebodov. O dwadikacieg BEppavong Ko
Yyoéne  avtetonilovror  yopotd  £€tot ®ote 1 pEB0S0G  MOPEXEL  OLOPOPETIKN
BeAtiotomompuévn KoumOAn YoEng kol Béppavong AapPdvovtag vmwoyn v emidpacn TG
VIOYLENG Kot TG votépnong. To didypappa porg tng pebodoroyiog aiveror oto Zynqua 6.1,
oel. 139, mov cvvoyiler v OAN ddKacio Tov TPOoSdOPIoUOD TV KAUTVAMY Ceff £VOG
dopkov otoryeiov pe YA®D. H pebodoroyia mepirapfdvel t€ooepa dtokpitd Prjpoto:

Metprioeic AOX xor AXMPO
Extipunon tov apyikdv koumoiov Ceff
Beltiotonoinon tov kaprviov Ceff
Enucdopwon tov anotereocudtov

H dwdwkacio Eexva pe petpnioelg evog dstypatog amd to VAIKO pe yprion mg AGX. And
TIG petpnoelg avtég mpocsdlopifovrat ot apyikés Cesr. X0 KeQAAMO avTo, 0 0pog AOX Ceir Bt
YPNOLOTOIEITOL Y10l TNV OVOPOPE OE AVTEG TIG KOUTOAEG. XPNOLUOTOIOVTOS TO €0pog THENS
Kol otepeomoinong amd Tig petproclg AOX emAéyovtor ot OLVOKEG OplaKeS cuvOnkeg
Oeppoxpaciag yio tic petpnoeic AXMPO. ‘Eva pépog TV HeTpNoe®mV YPNCGILOTOLEITOL Y10 TN
BeAtioTomoinon TV KOUTLAMY Kot 01 VTOAOITES Y10 TNV EMKVPMOCT] TOV LOVTEAOV.

210 enduevo otddo, ol mapatnpnoelg omd T peTpnoels AO kot AAMPO eEetdlovran
poli pe KAmoleg apyIkég TPOCOUOIMGELS XPNOUOTOIOVTOS TIC KOUTOAEG ABX Cer. ATTO TNV
aEl0A0YNOY TOV OTOTEAEGUATOV TPOGOUOIMONG O GUYKPIOY HE TO OTMOTEAECUOTO TNG
AXMPO gmidéyeton pio apykn LOPON Y10 TO GYNLLOL TOV TEXVNTOV GLVAPTNGE®VY Cey.
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210 TpiT0 0TAO10, TO MEPAUATIKAE amoTteAéspata T AZMPO kot 1 Hopepn TV TEQVITOV
Ceff KAUTLADOV ¥pNOIUEHOVY G €16000¢ o€ Evav ahydpBuo PBertiotonoinong. O alydpiBuog
mopayel OlpopeTikeg TeYVNTEG Ceff KOUMOAEC pE PAom TNV opyIK] HOPOY|, KOTOL®V
TAPOUETPOV PEATIGTONOINGNG Kol KATOU®V TEPLOPIGUAY. TN GUVEYELD, L0 ETOVOANTTIKY
dwdkacio Aappdver xdpo O6mov 1O apOUNTIKO HOVTEAD TPOGOUOIDVEL TIG HETPNOELS TNG
AXMPO mpocmadmvtog va kabopicet Tic KapmOrieg Cetr OV BEATIGTOTOIOVV TNV TPOGOPLOYN
TOV TPOGOUOLDCEMY OTO TEPANATIKA amoteléopato. H mpocapuoyn afloloyeitar pe
KatdAANAN otatiotikny avaivon (E&iomoeig 6.12, oel. 140 émg 6.15, og).141).

Téhog, o1 BEATIOTEG GUVAPTNGELS POIVOUEVIC DEPLOYOPNTIKOTNTAG YPTCLLOTOOVVTOL OO
TO0 opOUNTIKO HOVTELD Y10 TV TPOGOUOIMOT| SUPOPETIKMOV TEPALATIKOV UETPHCEDV TNG
AXMPO mpokepévov va metonom el ) yevikdtntd Toug.

E@appoyn g pedodoroyiog

H peBodoroyion mov meprypdpeton ovolvtikd otnv mopdypoeo 6.3.1, oel. 138,
epappoletar yio ™ povielomoinon tov eragpofapoic dopkod atoryeiov keAvPovg pe YAD
OV  avoAVONKE TEPARATIKA 6TO0 KePdAao 5. Ot axpifeic 1010TTEG Kol TO YEOUETPIKY
YOPAKTNPIOTIKA TOV VMK®OV Tov anaptilovv to otoryeio cuvoyilovian otov [livaxka 6.1, cel.
146.

Apyicd extelodvton petpnoelg AOX yioo Tov mpocsdopiopd tv A®X Ce, TG €01KNG
BeppoyopnTikdTNTOS TNG OTEPENS Kot TNG LYPNS Pdong, TG AavBdvovsag BepuodTnTag Kot Tov
€0UPOLVG OAAAYNG PAoTC. XPNGILOTO0VVTOL TEGGEPELS OlapopeTIKOol puBuol BEppavonc/yvéng.
Ta amoteléoparto eaivovior oto Zynua 6.5, ced. 148. Onwg avapéveror ot kapmvieg ABOX
petafarirovrar kabdg o puBudc Béppavong yoéng aaralet. Ta yevikd yopakInploTIKE TOL
gbpovg alhayns edong cvvoyilovtor otov Ilivaxa 6.2, ced. 148, and 6mov mpokvmTEL OTL N
arayn edong mepropiletar kuping peta&d 15°C ko 25°C. H e181kfy Ogppoyopntikdtnto, Tg
VYPNGS Kol oTEPENG Pdong divovtar otov Ilivaxa 6.3, ogA. 150, kot  evBaimio adAhoyng @dong
otov Ilivaxa 6.4, 6e)h.150. H powvopevn Oeppoympnrikdtnta vwoloyiletol pe tov TpOTO OV
weplypagetar oty mopdypapo 2.4.2, oeh. 32, kot Ol KOUTOAES TOV TPOKVITOLV
nmapovotdlovtal oto Zynua 6.6, oed.151. Onwg paivetal, kot otnv BEppavon kot oty Yoén
napovctdlovtal oVo dakpltéc kopveés. H kdpra kopven oty Bépuavon Ppioketor Kovtd
otovg 20°C evd otnv Yoén otovg 17°C vrodnidvovtag Ty eAaPpLd VOTEPTGT TOL VAIKOV.

2OUQOVA e TO AmOTEAEGHOTO TV TTEpapaTov AGZ, to otoryeio keAdpovg vtoPdiietal
oe dvvoukég Oepuikég petpnoelg pe v AXMPO oe Ogpuoxkpacioc mov xvpoivovior amod
10°C émc 25°C. H pio mhevpd tov Sokiuiov extifetar oe uttovostdéc mpopik Oeppokpociog
Kot n GAAn og otabepn Beppoxpacio. H dbdtaén pérpnong kot n 6éon tov oicOnmpov
eatvetar oto Zynua 6.7, oel.152.

[TpaypatomomOnkav peTpNoelg pe 00O OlPOPETIKES oplakég ocvvinkeg, OX1 ko OX2
Eymua 6.8, 0el.152). Ta amoteléouata Tov petpnoewv pe 1ig OX1 apyikd TpocoUOLDVOVTOL
pe t ypnomn tov KopmvAdv AL Cer. Ov mpoPAéyelc tng pong Bepudmmrag Kot g
Beppokpaociag ot Béoeg puétpnong o€ GOYKPION HE TO OVTIGTOLYO TEWPOUATIKE dedopéva
eatvovtal oto Zynua 6.9, cel. 152. H mo onuovtikn S1opopd HETOED TOV TEWPOUATIKOV KO
TOV VITOAOYIGTIKOV BEPUOKPACIOV Kol oTIG 000 mAgvpég tov XX - YAD (Zynua 6.9a ko
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Tyfua 6.9b) eppaviletar katd v Stépketa g Sraducosiog yotne kovrd 19,5°C. H neproyn
€VTOVIG GTEPEOTOINGNG TOL LIOOEKVLETAL amd TN otobeponoinon g Oepuokpaciog dev
pmopet vo GAANEOel amd TIc Tposopodsels. Avtd pnopet va eavel capag oto Zynua 6.10a,
oeh. 154, 6mov amekovilovan ot kaumdreg Oeppokpaciog kovtd otnv mepoyy tov 19.5°C.

SOuewva pe v Tpotetvopevn pebodoroyio kot pe fAcN TIC TOPATAVED TAPATNPNCELS KoL
T1¢ Kopumoreg AOX Ces , kaBopiletar £va yevikd oynua texvntodv KapumoAdv Ceg (Zyqua 6.11,
0eL.156) mov ovvodevetal pe kataAinieg mopapétpovg Peitiotomoinong (Ilivokag 6.5,
0er.155). Ot E&lodoelg 6.27, oeh. 155 kan 6.28, oeh. 155, givar o1 teplopiopoi mov amoppéovv
oo TNV HETPNUEVT TN TNG AavBdvovcag Beppdtntag TENG Kot GTEPEOTOINGNG OVTIGTOLYAL.

H ddikacio g PeATioTonoinong ypnoLUoToidVTOS TO TEPAUATIKE ATOTEAEGIATO TWV
petpnoemv pe tig OX1, éleyEe ovvorkd mepimov 4000 Sapopetikd (evyn KopmLA®V Cef
anotovtog mepimov 70 dpeg mpokeWEVOL va AneBodv ot teMkEG KopmOAeC. Q¢ KplTnplo
BeAtiotomoinong ypnowonombnke n E&icwon 6.14, ocel.141. Ot [livakeg 6.6, oeh. 157, xon
6.7, oel. 157, cvuvoyilouvv Tig PeATioTOMOMUEVEG TYES TOV ONUEIDV EAEYYOL Y10l TIG KOUTOAES
yoéng kot Bépuavong, avtiotorya. H Pedtictomompévn teyvnt koumdAn yoéng (Zynuo
6.12a, ocel. 157) akoAovBel v tdon g kapmOAn woéng AL Ce pe onuaviikdtepn
OlPOPA TN HETATOMION TG KOPLONG YOENG 68 apKeTd vymAdtepesg Beprokpacies. EmmAigoy,
T0 €VPOG NS KOPLPTNG eivar TOAD 61eVO. TELOG, évag capng doywplopdg TapaTnPEiTUL OTIG
000 KOPLEEG TNG KOUTOANG. XtV mePimTmoT NG KOUmOANG 0épuavong (Zynua 6.12b,
0eA.157), 1 amovcio VIOYVENG ExEl MG ATOTEAEGO. Lol BEATIGTOTOMUEVT KOUTOAT TOPOUOLL
pe v A®X Cer.

O mpoPréyelg tov petpriicemv pe 1ig OZ1 ypnopwonowdvtag TS PEATIGTOMOMUEVES
Kapmoreg (ZyMua 6.13, ceh.158) elvar capmg PeAtiopéveg 6 GOYKPION UE TIG AVTIGTOUNES
mpoPAréyelg mov vroloyiomnkav pe m ypnomn tov AOX Ce H otabepomoinon g pong
Oeppomrog kot g Oeppoxpaciog Katd T Odpkeld NG otepeomoinong tov YAD
npoPAémeTon TAEOV LE aKpiPela oTIG TpocOopoldoelS (Zynua 6.14, cel.159).

Téhog, ot PehtioTOMOMUEVEG GLVOPTNCELS TNG  QOVOUEVNG  BEPLOXOPNTIKOTNTOG
YPNOCLOTOOVVTOL YloL TNV VTOAOYIOTIKY Tpocopoimon tov OX2 kol to amoteléouato
GLYKPIVOVTOL UE TO TTEWPOUOTIKA dedopEva Tov AapBdvovtol amd TIG aVIIGTOI(EG LETPNOELS
mg AZMPO (EZyuo 6.15, oel. 160). Onwg eaivetor ot mpoPréyelg mpooeyyilovv pe KoAn
axpifela ta tepapatikd dedopéva empPePordvovtag Ty eykvpdtnTa g Hebodov.

Yopmepaopato

Ye auto 10 KeQAAowo 1 AXMPO ocvvovdomnke pe €va yevikd HOVOOIAGTATO KMOKO
petapopdc Oepuomntag oe o véo mpoofyyion povtelomoinong. To emredypoata kot
ocvumepdopoto cuvoyilovtal oc eENg:

e Mio pebodoroyio yio TNV akpiPn] Tpocopoimorn SOUIKOV GTOtKEIMV KEADQOVS UE
YA® rmov meprrapPdvel t€ooepa 010Kp1Td Pripato avartdynke Kot avaibonke.

o Xpnotipomoldvtog tnv pebodoroyia avtn, Eva ehappoPapés dopkd ototyeio e XX
- YA® povtelomomOnke Kot TpOGOHOIHONKE.

e H Ogpuikr] amdKpion 1oL OSOUIKOV OTOLKEIOD O OVO OLPOPETIKES OPLOKES
ocuvOnkeg petpnnke pe v AXMPO. H pia oplaxn cuvOnkn ypnoyomotndnke yio
va  kofopiotovv kot vo  PeAtiotomomBodv  KAmoleg TEYVNTEG CULVAPTNOELS
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eowvopevng edkng Beppoywpntikdrag (Ceff) , evd n dAAN xpnoporoOnke yo
NV EMKOPOOT TOV OATOTEAEGUATOV.

e To oamoteAécpota Oomd HETPNOELG HE YPNON NG OPOopKng Beprudopetpiog
chpmong (AOL) amokdAvyavV TOVG TEPLOPIGUOVS THG OVAAVONG LTS, EWOIKA GTNV
nepintmon Tov Tpocsdiopiopon g kourving Ceff yoéne.

e 'Eva odvoho apykdv vmobetikdv ovvopticewv  Ceff  opiommke kot
BeAtiotomomOnke. Ilepimov 4.000 drapopetikd Cevyn koumviomv OEppovong kot
YOENG OOKIUACTNKOV GTOV OAYOPIOHO PBEATIOTOTOINGNG OV YPEOTNKE TEPITOV
70 dpeg TPOKEWEVOL VoL ANPOOVV 01 TEMKES KAUTOAEC.

e O Pektictomomuéveg teyxvntég koumoreg Ceff amedeiynoav ovdtepec oty
mpoPAeym g pong OBepuotnrag Ko g Oepuoxpaciog Tov JSoUKoV oTotyeiov
€101KA 0TIG OepoKpaCLakEG TEPLOYES EVTOVNG GTEPEOTOINGONG Kol LITOWYVENG.

e H emvpoon tov koprviov Ceff emPefaince ta avotépm cuoumepdopoto Kot
amédele OTL Ol KAUTOAEG dev EEAPTAOVTOL OO TIG TEPAUATIKEG CLVONKEG, GUVETMG
UTOPOVV VO, ¥PNCLULOTOMO0VV Y10 TV TPOGOUOIMGT TOL oKD GTOLXEIOL VIO
mapopoleg cuvinkeg Beproxpaciog kot pong Oeprotnrag.

Ke@aiaro 7. Zopmepdopoto Kot TPoTAGELS Y10 REALOVTIKY] EPYACia

v mapovoa dTptPr] depevvnONKay TEPUUATIKEG Kol DTOAOYIGTIKEG HEBOJOL Yo TOV
Oepikd yopaknpiopd dopik®v otoyeiov pe vawd aAloyng eaons (YA®). H épsvuva oty
texvoroyio Tov YAD yuo ktiplakés epapuoyés Eexivnoe 1o 1970 pe otodyxo N peimon kot
HETATOTION TV OpTimV ayung 0éppavong/yoéng oe ktipla. Tig terevtaieg 600 deKaeTies TO
KEVIPO PAPOvG NG £PELVOG UETATOMIGTNKE TPOS TNV AGUECT evooudtoon tov YAD ota
dopkd otoryeion Tov KeEAVPOLGS. To GKVPAOEL, Ol OOMIKES GOVIOES KO TO, LOVOTIKG DAKA LLE
evoopatopéve Y AD mapovstdalovy pia oelpd amd TAEOVEKTNLOTA, OTTMG 1 LEYAAN EMOAVELL.
cuvoAlayng Oepudtntog Kot 1M EQOPUOYN OTO KEALPOG LE TIG VOICTAUEVEG TPOUKTIKES
KOTOUGKELNG,.

Qot6c0, M omovcio EEEIOIKEVUEVOV  TEPAUATIKOV HEBOO®V  yopaKTnplopod Kol
LOVTEAOTOINGNS TV VAKAOV 0TV cuveTédeoe, Lall pe Kamoloug GAAOVS TaPAyYOVTEG, GE IO
OWOTOKTIKY] Omodoy] TOLG amd TNV owodokn Prounyavia. O dvvoukds Oeppikdg
YOPOKTNPIGUOG dopk®V ototyeimv kKeAvpovg pe YAD eEaxolovbel va givor po mepimiokn
Swdwkacio. Ot dbéoipeg péBodot avalvovy pkpd detypota Tov VAKOV, KAt Tov meplopilet
ONUAVTIKA TNV €QAPLOYYT TOVS o€ dopkd otoryeio (kepdiato 2). Amd v GAAN TAevpd, ta
povtéda YA® Bacilovtal Kuplwg o€ amAomoInIEVES OVOADTIKES GLVOPTNCELS TNG EVOOATIOG 1|
™G eouvopevng Beppoyopntikomros twv YAD odnydviog o€ GOAALATO LN OTOOEKTA KATA
v agloAdynon g Bepuikng amddoons Twv dopuk®v ototyeiwv pe YAD (kepdioto 2).

H mapovoa dwatpifny perétnoe ) ypnom g cvokevng pEtpnong pong Beppomrag (1SO
8301) oe duvoukn Aettovpyia (ALMPO) ko €d€1Ee OTL pumopei va amotedéostl po a&lomiot
Aoon ota mapoamdve TpofAnuata. Mo Aemtopepn|g BempnTikny avdAvon TOV AEITOLPYIKMV
TOPOUETPOV KOl TOV GPOAUATOV UETPNONG TS CLOKEVTG (KePdiato 3) akolovOnOnke amd
TOV GYeOAGUO Ko TV Kotaokeun piag véag AAMPO yia 10 Suvapikd yopakTtnpiopd oK®Y
VMKV pe YA® (kepdloto 4). Méow g vEag cLoKeELNG eEETAGTNKOY VOIGTAUEVES Ko VEES
TEPAUATIKOL HEB0J0L Kot katvotopa vAkd (kepdiato 5). H cvokevn| amodeiytnke eEonpetikd
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aKp1Png Kol ¥pNooTomOnKe TEPAUTEP® GE O VEL TPOGEYYIoT Hoviehomoinong tov YAD
(xepdAaro 6).

Avé@ivon oyed106pn0g Kol KaTaokev piog AXMPO

H avaokoémmon tov oxeTikdv Tpothnmv Kot TG TpExovcag PAoypapiag amokdaAvye d0VO
Kkpioa ntyuata oyetikd pe v afefoatdtnro Tov SvVaK®OV pHeTpioewy te ) TMPO. H
TPAOTN oxeTileTon pe T1g OepkéG amMAEIEG/KEPON OO TAELPIKES EMPAVEIEC TV dokiuimv. H
devtepm oyetileton pe ™ Oepuikn pdlo twv asOnmpov pong Beppommras. To véo mpdtumo
ASTM C1784 e&nyel Aemtopep®dg TOC aVTILETOTICETOL 1 €MOpAOT TOV ooONTNPOV PONG
OeppoTTog 0T0 CEAAUO TOV OLVOUIK®OV HETPNoE®V. AmO v GAAn m emidpoaocn ToV
TAEVPIKOV OTOAEIOV €lval akoun €va avolktd (tnuo mov peAethOnke oty mapovoa
SwTpipn.

And v Bsopntikn avaivon mpoékvyav tpelg etomoels (E&lowon 3.9 éwg 3.11) mov
TEPLYPAPOVY TNV EMLOPACT] SLAPOPOV TAPAUETPMOV GTO TO GPAALN HETPNONG pOoNG BepproTnTag
oL OQEIAETAL OTIG TAELPIKEG AmMAEES. ATodelytnke OTL M Mopapévovca pon Bepudtntog
AOY® amwieidv givor aveEdptnn and T dopopd Bepuoxpacioc petald g Bepung Ko g
yoypng mAGkoG Kot €vBémg avaioyn mpog T dwpopd Oepupokpociog petad Tov
nepPdAlovtog kot g péong Beppokpaciog tov detypotoc. Emmiéov to oynpa g meptoyng
pétpnong oev emnpedlel T0 COUALN TAELPIKMV OTOAEUDV YO, UIKPEG EMPAVEIEG LETPNONG
pong Bepuomroc. Ze kaOe mepintwon 10 cedApa gival GuVAPTNGN TOV UNKOVG TOV JOKIUIMV
TPOG TAXOG TOLG. ZVYKEKPLUEVA, UEIDVETOL eKOeTIKA pe TNV avénon g avaAioyiog Kot 1M
ekBetikn otabepd elvar cuvaptnon g BepUikng ay®ydTToS TOL dElyOTOG.

H Bewpnrtikn depedvnon mg AXMPO £de1Ee 0Tt o1 10 GQdANa 6T HETPNOT TG PONS
Beppromtog AOY®m TAELPIKOV OTOAEWOV o€ duvapukn Asrtovpyio oyetiCeton mévto pe to
avtioToryo cQAALN 6 GUVONKES HOVIUNG AstTovpYiaG. e OAEG TIC TEPIMTMOGELS, Ol TIUEG TOL
duvapkoh ceAANATOG elval KOVTA OTIS TYWEG TOV COAIALNTOS LOVIUNG katdotaonc. Etot, ot
eElomoelg mov PBpebnke 41l WyvoLVV UmopoHV Vo ¥PNGOTOMBovV Yo TNV EKTIUNGN TOV
OVVOUIKOD GOPAANOTOG. AVTO EmUTPEMEL TN XPNON ALTOV TOV EEICOCEOV ©OC KPLTHPLL
oxedG oL Yo T AZMPO.

YvvoAkd, amodeiyOnke 0Tt pa pkpn cvokevn dwotdoemv 200mm x 200 mm propei vo
TPOGPEPEL OLVNTIKA a1OTIoTEG HETPNOELS. L2G €K TOVTOL, Kotaokevdotnke pio AXMPO pe
TI¢ draotdoelg ovtéc. O ovvovacudg pKpov peyéboug pe ™ Bepuoniextpikn texvoroyio yio
tov éleyyo G Beppokpaciog TV TAaK®V 0dNynoe o€ pio. a&lOMIoT GLGKELT YOUNAOD
kootovg. H axpifela g ocvokevng emkvupobnke 10660 o POVIIEG OGO KOl GE SVVOUIKES
ocuvOnkeg Asttovpyiog..

Hewpapatikny aglordéynon tov PCM dopik@dv otoryeiov

Xpnowonowwvtag t AEZMPO mov avamntdydnke, efetdotnkav véeg pébodor yioo tnv
TEPOAUATIKY] dtepedivnon NG SLVAIIKNG BEPIKNG cuUTEPLPOPAS dOKDV VAKGOV pe YAD.
Mio opywn PipAoypagikn avaockOnnon amokdAvye OTL 0l KAUGIKEG TPOcEYYIGES OV
UTOPOLV VO TEPLYPAYOLV AEIOTIOTO TNV SVVOLIKT CUUTEPIPOPE TOV DAKDOV QVTMV.



230 Extevig mepiinyn

AVO véeg péboodot meprypapniay kot dokipdomnkayv: (i) n uEBodog g onuelakng Bepuikng
pélog mov pmopel va  ypnowomombBel Yy TOV  TPOCSOPICUO  TNG  QOUIVOUEVIG
Beppoyopnrikétnrog tov YAD ko (i) m pébodog ¢ eomtePKnNg pong OBepuotntag mov
pmopel vor mpoodiopicel TOGOTIKE T BeTKN 1 opVNTIKY EMIOPAOTN €VOG SOUIKOD GTOLYEIOL
YA® oto xtpoxd kélvpoc. Me m ypnon ovtdv tov pebodwv afloroynbnkav 600
Kovotopa ototyeion KEADQOLC.

To wpdTO NTOV €Vl VEO piypo okvpodépatog pe pkposeatpiow YAD. H pébodog g
onuelokng Beppukng palog Kot g E6MTEPIKNG pong Beppdtrag epoapudoTKay e enttuyio
QOKOADTTTOVTOG  OlAQOPEG  TTLYES TAOV  OUVOUKOV — YOPOKTINPIOTIKOV TOL  VAIKOV.
Amodedeiynke 6TL 1 avénon g meplekTikdOTag Tov YAD avédvel T Beppoyopntikdtnta
TOV GKVPOSENATOG, OAAG 1 Oepuikn pdlo mapovotdlel pio HEYIOTN TN Y10 TEPLEKTIKOTITEG
4% ¢w¢ 5% «.p. oe YAD. [HopatmpnOnke eniong n dvvatdtnta yio Pertioon g Oeppukng
amOO00NG KINPLKOD KEADPOVG TTOL TTEPLEYEL TO VEO GKLPOSEUN OO TNV Amoyn NG HelmoNG
TV eoptinv BEpravenc/yiéne.

H debdtepn perétn apopovce éva eAa@poPapés oTOEd KEADQOLG OMOTEAOVUEVO Omd
OLOYK®UEVO TOAVGTUPEVIO Kot pior dopikn cavida otabepomomuévov oynuatog YA® (XX —
YA®). H pébodog ecmtepikng pong Beppomrag £0e1&e 611 n emppon tov XX - YAD givan
woyvpoTEPN Otav TomobeTEITOL GTNV £0MTEPIKY] TAELPE TOV KTIPLOKOV keEAVPove. [Tap '6Aa
avTd, ot N Enidpaot propel va £ivol KOTd TEPIMTMOGELS APVNTIKT 00NYDVTOS GE OENGT TV
EVEPYEWOKAV amotoe®v. ATd v GAAN migvpd, 6tav to ZX - YAD givan extebepévo oto
eEoTtepikd mePIPAAlov M emidpacn Tov elvar AMyOTEPO EUEOVIAC GAAG 1KOVY VO OTTOdMGCEL
0£AN 1660 o€ oevdpla BEpuovon 660 kol YHéng.

H emrtuymg a&oloynon tov dopikadv ototyeiov YAD pe m gprion g AAMPO ftav évag
amd TOLG KUPOLG OTOYOVG NG mopovoag dwTptPrg. Ot duvapkég petpnioelg 600
OLLPOPETIKMY LVAIKOV £0€1Eav Ot (1) SOUIKE LDAMKA LYNANG OVOUOLOYEVELNS WITOPOVV Vol
aSoroynfodv ko (i) m OSvvapKny covumeplpopd Ommg mpoodopileton pe ™ AXZMPO
amoKAivel omd To amOTEAEGHOTO TTOL AdpPavovtal pe v xpnon dwpoptkng BepuidopetTpiog
GOpMOONG o€ LKpd detypato.

Movteromoinon Tov YAD dopik®v otoryeiomv

A6 ™ GUVTOUN OVOGKOTN T TOV GUYYPOVOV TPOCEYYICEMV LOVIEAOTOINONG £YIVE GOPES
0Tt 1 pébodog TG ovouevng OeppoyopnTiKOTNTOG €ival €va €VEMKTO Kol €VPEMC
YPNOUOTOOVUEVO €PYOAEIO Yia TN povtelomoinom NG oAAayNg GACNG 7oL UTOpPEl va
EQUPUOCTEL GE KOWOUG KOOIKEG HeTapopds Bepuotntog pe aymyn. To kiedi yuo akpiPeic
TPOCOUOIDOELS  £YKEITOL OV KATAAANAN  €mAOYn NG  oLVAPTNONG  QAIVOUEVNG
Beppoyopntikottog (Cer) T0v YAD. 10 mhaiclo avtd, 1 AAMPO ypnoyomombnke e pio
véa néB0do Yo TOV TPOGIOPIGUO KOl TNV EMKVPMOT] KATIAANA®V Ceft KAUTOA®V.

H véa pébodog ypnowomotel évav alyopiBuo PeAtictomoinong mov ovykpivel ta
TEWPOUATIKE amotedéopoto ™G Oeppukng amokpiong tov YAD pe 115 mpoPAEyelg evog
aplBuNTIKod HovTEAOL oL Ypnotponotel TV néBodo g pavopevns Beppoyopnrtikotntog. O
aAyopOpog etvar kavog vo mopéyel kdmoleg PEATIOTES Ceff CLUVOPTNOELS YO TIG OlEPYAOIES
&N Kot otepeomoinong tov YAD.
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H pébodog epapudotnke yio Tov Tpocsdlopiopd e GovOUEVIS BEpLoympNTIKOTNTOG EVOC
>Y - YA®D tonoBetnuévov og éva ehappoPapéc otoryeio keAvpovg. H Beppikn andkpion tov
dopkoV otoryeiov petpnOnke pe m AZMPO, yioo 500 SOPOPETIKEG TEPIMTMOGEL OPLUKDV
cuvinkov. H tpdt ypnopomombnke yia va kabopicet kot vo BEATIGTOTOMGEL TIG KOUTOAES
Cefr, EVO 1 0€0TEPT] YPNCILOTOMONKE Y10 TNV EMKVPWOOT) TOV OMOTEAEGUATOV.

Ol TPOGOUOUDGELS TV TEWPAUATOV TOV TPOTOV OPLOK®OV GLVONKOV YPNCIULOTOIDOVTAS TIG
Bédtioteg koumOAeg Ceff  €00COV COPMOG KOADTEPO OTOTEAECUATO GE GOYEON HE TIC
GUVOPTNGCEL TOL TPOGOOPICTNKAY HE Y¥PNOM TNG OlPoptkng Bepuidopetpiog chpmoNg.
EmumAéov, o1 TPOGOUOIDCEL TOV TEPAUATIKOV OTOTEAECUATOV TOV OEVHTEPOV OPLILKAOV
cuvinkov emPefainocay 6Tl ot KapmOAeg dev €EQPTOVTIOL OO TIS EKACTOTE GLUVONKESG Kot
UTOPOVY VO €POPUOGTOVV Y10. TNV TPOGOLOIMGT] TOL OOUKOD GTOlKElOV VO TOPOUOLES
cuvinkeg Beppokpaciog kot ponrg Beppotrag. TELOG, 01 GLVAPTAGELS TOL TPOGIOPIGTNKAY
pe ™ véa néBodo amokdAvYaV TNV TPAYUOTIK GOON TG O1dKAGiog OAAAYNG PAGNS TOL
22-YA® cg cuvOnKeg TAPOUOLEG LE QVTEC TPOUKTIKADV EQAPLOYDV.

Yror eio KowvoTopiog

Ymv mapovoa JaTpiPn avomtuxdnkov Kot emkvpmOnKav okpipn Kot TPOSapUOGIULN
gpyoireio TOV PUTOPOLV VO EPAPLOGTOVY Y10 TO SVVOIKO BEPUIKO YOPAKTNPICUO OIKOSOUKADV
VAoV pe YA®. AvartoyOnke pio pikpn, xopniod KO6Toug Kot aEOMGTN GUGKELT, Y10, TOV
TEWPAUATIKO YOPOKTNPICUO SOMKDV GovIO®mV Kot DVAKAOV e EVTOVT] OVOLOLOYEVELN OTMG TO
okvpdoepa. Ta mAeovekthuota G véag ovokevng aflomomdnkav mTEPUTEP® Yoo TNV
PeAtioon ™G TPEYOLOAG TPOKTIKNG pHovtelomoinong pe 1t wéBodo 1tng @ovopevng
Beppoyopnrikdétrog. Ta otoyeia kavotouiog g dwtpPng cvvoyilovror g e&€Ng:

e Me v Beopntiky tekunpioon g AEXMPO dSwrtvndbnkoav yio mpdtn Qopd
Kémowa Bactkd kpitnpla oxedlacpol Kol Babovounong s GLGKELNG VTG,

o Zyedidotnke kol vAomoOnke pio TPOHTLEN GLOKELY EPYACTNPLOKOV pHEYEHOVS Yia
ToV TEPARATIKO Yopaxtnpiopud YAD.

e AvortoyOnkav kot a&loloynOnkay dvo véeg mepapotikeés pEbodot Paciopéveg ot
AXMPO.

o AvantoyOnke pio véa pebodoroyion Yo TOV TPOCOIOPIGUO TNG QPOLVOUEVNG
BepLoy@pnTIKOTNTAG SOMK®V GTOLYEIMV LE 1010TNTEG AALAYNG PACTC.

Q¢ €K TOOTOV , OPIOUEVA OO TOL CNUOVTIKOTEPO EUTOOLNL Y10 TV EMTLYN EVOOUATOCT TOV
YA® oty KTIploKn SO LETPLACTNKAY.

Ipotaoceis yro perhovTikn gpyocio

To épyo mov mopovcldotnke 6TV ToPoLGa daTpiPn Btel 10 BewpnTikd vIOPabpo Kot
Kdmoleg Pacikég KATeLOLVTAPIEG YPOUUES YOl TNV LAOTOINGCT NG KOWOTOHOV 13€0G NG
OLVOUIKNG GLOKEVNG pétpnong pong Oeppommrag (AXMPO®). H «xoatookevn piog véog
GLOKEVNG akoAoLONONKe amd v Olepevvnon pebddwvV pETpNoNg Kol HOVIELOTOINGMG.
AgdOUEVOL TOV YPOVIKOD KOl Y®PIKOD TEPOPIGHOv piag dwrppne, Ba Nrav advvoto va
KaAveOel kdBe TTLYY CVTOV TV TOAVTAOK®V BepdTomV £pevvoc oty Kabe TNG AemTOUEPELOL.
Q¢ gk TOVLTOV, AMOLTEITOL KOl TTPOTEIVETOL TEPULTEP® EPELVA Y10 VO, TEBOVV Ta emTEHYHOTA TNG
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TOPOVCOG EPYNsiag e evpuTEPT TPAKTIKN. O1 akdAovbeg cLOTAGEIS LTopPovV Vo doBovV yia
OV TEPAUTEP® EPELVAL:

H Osmpnrtiki| avdAivorn mov tapovcstdaletor 6To KEQPAANLO 3 KAAVTTEL dOKIpLO TOV
amotelobvtal  amd éva vAkd. Qg ek tovtov, M OswpnTikn avdAivon
TOAVGTPOUATIKOV OOKIUI®MV UE VAIKE SL0QOPETIKNG OEPUIKNG OyOYIUOTNTAG KOl
Beppoywpnrikdmrag Ba fTav ypnoun.

H éupaon om Beopnrikn avdivon g AAMPO 660nke oe pio GyeTikd pkpn
(200mm x 200mm) ovokevy. O meplocdTepeg amd T1C €EICMOES Kol T
CLUTEPAGHOTO Elval yKupa Yio VTV TNV didotact. Q6TOG0, e GYETIKA UIKP
npdcobetn mpoomdBea n avdivon umopel vo enekTabel MOTE Vo KOAOLWYEL €val
gvPOTEPO PAGLA SLOGTACEWV.

Ot dwotdoelg g AXMPO mov avortoyOnke NTov CKOTIU®MG PIKPES TOPEXOVTOG TOL
TAEOVEKTNLLATO TOV YOUNAOD KOGTOLG KOl TNG EVKOANG KOTAGKEVNG £VOG TPMOTOL
TPOTOTOHTOV. 26TOC0, OTWG PaiveTal 6TO KEPAANO 3 TOL COAALATO GTN UETPNON
pong Bepprdmrag AOY®m TAELPIKAOV ATMOAELOV UELOVOVTOL EKOETIKA e TNV avENOT
TOV UKOVG TOV JEIYIOTOG TTPOG TO YOG, LG €K TOVTOL, UE OESOUEVA TOL OPEAT] TNG
péTpnong moAd  moOTEP®V  OEYHATOV, OmOTEAEl OYEONOTIK TPOKANOT 1|
KOTOOKELY] UioG HEYOADTEPNG GLOKEVLNG OlATNPOVTIOS OUMG TO KOGTOG KOl TNV
axpifea Tov Beppokpaciokod EAEYXOL G€ amodeKTd enimeda.

210 keQOAao 5 diepguvnnkov mEpapatikés pebodoroyieg yioo v a&loAdynon
dopik®v vAkav pe YA® amd tn okomid tng egotkovoumong evépyelag. Eivat
eQIKTO Kot Ba NTov eEapeTikd ypNoo va depevvnBodv mepatépw péBodot ya
mv aéoroynon g Oepukng otabepodotntag, g ynpovons, kKabdg Kol g
GLUTEPLPOPAG GE TAYETO.

H pebodoroyia povrelomoinong mov avantoydnke oto kepdiowo 6 Paciomke oe
évav  oAyopiBuo Peitictomoinong yw TOV  TPOGOOPICUO NG  (QPOLVOUEVNG
Beppoyopnrikémmrag YA® g ovvdptmon g Oeppoxpaciog. Qotdco, o
alyoplOuog eivor ypovoPopog kol amortel  TPOGAPUOYEG Omd TO  YPNOTN
TpokeWEVoy va mapéyel PEATIoTO amoteléopata. g ek TovTov, e&akorovBel va
VILAPYEL LEYAAT SUVAUIKY] Yol TN OECAY YT TEPALTEP® EPEVVOS YLOL TV AVENGT TNG
QOO0 TIKOTNTOG TOV, LE TV EQPAPLOYN T.Y. YEVETIK®V 0AyopiOpmy.

Téhog, avti twv adyopiBuwv Pedtictomoinong GAlec texvikég Ba pmopovcov va
dtepevvnBovv Yo TOV TPOGOIOPIGUO NG cuvaptnong evlaimiog-Oeppokpaciag. H
xpion petpnoewv g AXMPO o cuvovaoud pe mponyuéves pebddovg mov
BaciCovior ce avtioTpopeg HAONUOTIKES TEXVIKEG YL TOV TPOCIIOPIGUO TOV
wwmtov YA® 0o pmopodoe va eivar évo evolapépov onueio €vapéng yuo
TEPUTEP® EPELVOAL.
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