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HISTORY OF CONFERENCE

The first workshop was organized by prof. Stefan Barta on January 22,
1996 at the Department of Physics, Faculty of Electrical Engineering and Information
Technology at the Slovak University of Technology in Bratislava. The Termophysicʹs meetings
have been established as periodical meetings of scientists working in the field of investigation of
thermophysical properties of materials and the problems of heat transfer and measurement of
thermophysical and other transport properties of materials.

The Thermophysics as the working group of the Slovak Physical Society
was established on the meeting at the Department of Thermophysics of the Slovak Academy of
Sciences in Bratislava on June 13, 1997. The aim of the constitution of the working group is to
exchange actual information in the field of heat transfer phenomena.
Dr. Lʹudovít Kubičár acted as the coordinator of the group and organized meetings at the
Institute of Physics of the Slovak Academy of Sciences in Bratislava in the years ‐ 1997, 1998 and
1999.

Then Dr. Libor Vozár from Faculty of Natural Sciences at the Constantine
the Philosopher University in Nitra coordinated the activities of the society for the years 2000,
2001 and 2002. The workshops were organized in Nitra, in Račková dolina and Kočovce,
respectively.

Next years, the Thermophysics workshop was held in Kočovce again. Dr.
Peter Matiasovský, working for the Institute of Construction and Architecture at the Slovak
Academy of Sciences in Bratislava, being the chairman of Thermophysical Society for the years
2003, 2004 and 2005 was taking the chair of the workshops.

The last three years the Thermophysics workshop was held in Kočovce
again. Dr. Jozefa Lukovičova from research group at the Department of Physics of Faculty of
Civil Engineering at the Slovak University of Technology in Bratislava was taking the chair of
the workshops for the years 2006, 2007 and 2008.
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Since 2009 to 2011, the Thermophysics workshop was held in
Valtice. Prof. Oldrich Zmeskal (working at the Institute of Physical and Applied Chemistry and
Centre of Material Research at the Faculty of Chemistry of the Brno University of Technology in
Brno) and prof. Robert Cerny (working at the Department of Materials Engineering and
Chemistry at the Faculty of Civil Engineering of the Czech Technical University in Prague) were
taking the chairs of the workshops.

Thermophysics 2012 will be held in Guesthouse Adam in the village of
Podkylava. Guesthouse Adam is surrounded in picturesque hilly region covered with hamlets
and caters to all groupsʹ visitors and tourists. The guesthouse was built with the financial
support of the European Union funds and has embarked its operation in May 2006. Dr.
Vlastimil Bohac, SAS, Bratislava, Slovak Republic in cooperation with previous organizers
prof. Zmeskal and prof. Cerny taken the chairmanship for the next 3 years 2013‐2015.
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Unsolved Problems in Physics of Chalcogenide Glasses and the
Barrier‐cluster Model
Ivan Baník, Jozefa Lukovičová, Gabriela Pavlendová
Department of Physics, Faculty of Civil Engineering, Slovak University of Technology,
Radlinského 11, 813 68 Bratislava, Slovak Republic, ivan.banik@stuba.sk
Abstract: The paper briefly summarizes the basic knowledge of chalcogenide glasses with an emphasis on
unsolved problems in this area. Although there was much attention devoted to the research of
chalcogenide glasses in the last decades, many questions about the nature of processes taking place in
these substances still remain unanswered. So far there is no generally accepted model of chalcogenide
glasses. The laws of optical and electrical phenomena, such as photoluminescence, photoconductivity,
optical absorption in the exponential tail (Urbach`s rule) photoexpansion, Meyer‐Neldel rule in electrical
conductivity are not reliably explained. Mechanisms associated with phase changes caused by light in
these substances are not sufficiently understood, despite the fact that these phenomena are widely used in
practice, for example, by recording information. The paper discusses the possibility of explanations of
some mentioned phenomena based on the barrier‐cluster model of non‐crystalline semiconductor.
Keywords: chalcogenide glasses, optical absorption, photoluminescence, photoconductivity, Urbach`s
rule, Meyer‐Neldel rule, barrier‐cluster model

1. Introduction
The physical properties of non‐crystalline materials are much more complex than those of
crystals. The wide‐range research in this area is very extensive. Non‐crystalline solids present
an extremely wide variety of materials because they also include many component systems, in
which the stoichiometric abundance of particular substances is not needed. Moreover, these
materials are mostly metastable systems, and their metastable state depends on the sample
preparation. A little deviation in this procedure may lead to quite different metastable state,
and thus to the formation of a different non‐crystalline material. From thermodynamic view
point, an amorphous solid is in a non‐equilibrium state; therefore its structure and bond
configurations are not fixed but can be changed, sometimes reversibly, not only by thermal
treatment but also by light irradiation.
Much attention has been paid for the last few decades to clarification of the structure and
physical properties of chalcogenide glasses [1‐5. The experimental facts pile up, but the theory
remains behind. There is no satisfactory model and argument goes on even on its most
fundamental starting points. No model has been suggested yet that would explain sufficiently
the wide range of observed phenomena. The problem has not been solved even by the most
modern technical means.
The chalcogenide glasses are very attractive materials 4‐8 for application in integrated and
fiber optics due to a number of specific properties in comparison to other optical materials. The
chalcogenide glasses exhibit excellent transmission in the infrared spectral region, usually up to
~ 12 μm. Chalcogenide glasses exhibit high refractive index, low phonon energy. These glasses
have good solubility towards rare earth elements ions and high chemical and thermal stability.
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They provide an opportunity to obtain fluorescence and possible laser action at longer
wavelengths than available from oxide or fluoride vitreous hosts.

2. Actual physical problems of chalcogenide glasses
Although the chalcogenide glasses (CHG) are widely used in modern techniques and technology 1,
4‐8, many of physical processes in these materials remain to be a mystery. The first fundamental
considerations of non‐crystalline semiconductors are reviewed in reference [2. Subsequent
developments are described in 3.

Further on we will recall some partial open and discussed problems of physics of
chalcogenide glasses.
Electron spectrum and electrical conductivity
Regarding the electron spectrum of amorphous semiconductors, pioneering ideas in this
direction were developed by N.F.Mott ‐ Nobel Prize holder for the work in the field of
amorphous materials. These ideas mostly concern the physical insights related to the concepts:
mobility gap, gap‐states, optical edge, hopping and so on. At high temperatures in chalcogenide
glasses prevails the transport in delocalized states, which is in many ways similar in character
as the transport in crystalline semiconductors. At low temperatures dominates so called
hopping transport. An important Mott’s theoretical contribution were works related to
ʺhopping transport.ʺ Very famous is Motto’s ¼ law [2. Although many questions regarding
electrical transport were already explained, yet many questions in this area remains open. The
question of electron spectrum of chalcogenide glasses has not been reliably solved yet. The most
serious problem is the problem of the density of states in the mobility gap.
Optical absorption
The biggest mystery in terms of optical absorption is the existence of exponential tails of optical
absorption [1‐3. These tails deeply interfere into the forbidden band of semiconductor. The
opinion prevails that their formation is the result of the tails’ density of states in forbidden
band. The tails’ density of states is attributed exponential course, which raises a number of
serious doubts. It is unlikely that different chalcogenide glasses can have a very similar slope of
exponential tails of optical absorption and hence similar exponential tails of the density of
states. Even Mott himself in his monograph [2. considered such an ʺimprobabilityʺ. So far there
is no generally accepted explanation of the exponential tails and related Urbach’s rules.
Photoconductivity
Photoconductivity shows quite often typical exponential temperature dependence. This applies
only in some temperature range. The course of photoconductivity in the graph lnσph (1/T) in a
wider temperature range is usually much more complex. The mentioned exponential (in the
graph linear) dependence passes at lower temperatures into fixer on some nonzero value. With
increasing temperature photoconductivity reaches maximum, afterwards comes almost
immediately exponential (linear) decrease, sometimes combined with a subsequent minimum.
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Serious explanation of this course does not exist yet. A possible explanation was presented in
[9], based on the barrier‐cluster model.
Photoluminescence
Regarding photoluminescence, the major features of the chalcogenide semiconductors are [1‐3.:
Stokke’s shift, Street’s Law, a phenomenon known as fatigue of photoluminescence (this means
the initial onset of the photoluminiscence to the relatively high level and its subsequent gradual
reduction to the steady, substantially lower value). So far even the nature of excitation
photoluminiscence curve is not explained. This problem is also connected to the question: why
photoluminescence excitation efficiency is highest in the range of exponential tail of optical
absorption, hence the Urbach’s tail area. These phenomena are not yet theoretically (as a model)
adequately understood. Possible explanation for those phenomena was presented in [10], which
are also based on the barrier‐cluster model.
Electroabsorption
A strong electric field ‐ as first discovered by Kolomijec [2] ‐ increases light absorption
coefficient. Relatively small change of the absorption coefficient ‐ as demonstrated by
measurements ‐ increases with increasing photon energy, as well as the square of field intensity.
Several attempts to interpret the phenomenon were based on the assumption that it is so called
Frenkel‐Poole effect. Such an explanation is not universally accepted. Different explanation has
been published in paper [10].
Meyer‐Neldel rule
Semiconductors are usually characterized by the temperature dependence of their electrical
conductivity, σ = σ0 exp(‐ W/kT), where σ0 is a constant and W – activation energy. For many
classes of materials, especially amorphous hydrogenated silicon, chalcogenide glasses, organic
semi‐insulators, experimental evidence suggests that a correlation exists between the activation
energies and pre‐exponential factors in the following form [6, 11]:  0   00 exp ( bW ) , here b is
the constant. The value EMN = 1/b is the MN‐energy and TMN = EMN/k) the MN‐temperature. The
relation  0   00 exp ( bW ) represents Meyer‐Neldel empirical rule (MNR). Explanation of
Meyer‐Neldel rule is a serious problem, because it covers a wide range of phenomena. Itʹs not
just the electrical conductivity of chalcogenide glasses and other disordered semiconductorts,
but also a number of important processes. This includes for example, diffusion, catalysis,
crystallization, and others. MNR, also often referred to as the compensation rule concerns far
wider field of phenomena such as electrical conductivity. It also applies to many chemical and
biological processes.
Phototransformation processes
Photostructural processes today are quite important and widely used in technology, especially
by recording information [1]. Yet their physical nature is little explored. These phenomena can
be used in photolithographic applications, holographic records, in the manufacture of optical
gratings and so on. Best way to their understanding seems to be the idea of the existence of
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clusters in chalcogenide glasses and assumption that light induces structural changes of
clusters. Direct evidences, however, do not exist yet. Photostructural effects may take different
forms. Phototransformation of clusters may be under certain circumstances, reversible, which is

important for the repeated entry of information.
3. State of physics of chalcogenide glasses
In the following we will give some physicists’ views on the situation in the examination in the
area of amorphous semiconductors, particularly chalcogenide glasses.
In the paper [13] authors K. Shimakawa, Y. Ikeda, S. Kugler state: “Although a great number of
studies have been undertaken to understand the characteristics of electronic and optical
properties of amorphous semiconductors in the last three decades, many of these properties are
still not clear. It is well known that amorphous chalcogenides show a metastable photoinduced
transformation of structural network and microscopic defect structures [1‐5]. Some of these
properties are fairly well understood, while some are still the matter of debate”.
In the paper [14] authors K. Tanaka and S. Nakayama mention: „However, the concept of the
mobility edge seems to be still vague. Little work has been reported for the value of the mobility
gap in real materials, and theoretical sudies predicting mobility‐edge energies are few. No
reliable experimental methods have been established for evaluating the mobility gap. The
relationship between the mobility gap and the other empirical gaps is unclear, and accordingly,
we are still unconvinced of the mobility‐gap concept“.
One of the most widespread explanation of the MNR is based on the statistical shift of the Fermi
level with temperature. In this approach, the conductivity is due to charge carries at the
mobility edge, so that E is the difference between the mobility edge and the Fermi level, which
is assumed to vary linearly with T. Correspondingly, E in Eq. (1) should be replaced by E (1‐
const.T), leading to the MNR.
Authors J. Fortner, V. G. Karpov, and Marie‐Louise Saboundgi in their paper [15] state, that
such an explanation of MNR is for the liquid semiconductors unrealistic. For the liquid
semiconductors rules this out as universal explanation since E becomes negative. Another
approach suggested by Yelon et al is based on the multiexcitational character of the processes
responsible for the MNR. An explanation based on a statistical shift of the Fermi energy with
temperature is shown to be unrealistic. Multiphonon hopping is suggested as an explanation of
the temperature and composition dependence of the electrical conductivity. This mechanism
has the advantage of being universally valid for amorphous, crystalline, and liquid
semiconductors. In conclusion, it has been shown that the electrical conductivity of liquid
semiconductor yields a slope for the MNR which rules out the conventional explanation in
terms of the statistical shift of the EF. Hopping is suggested to be a dominant conduction
mechanism for these liquids.
Arthur Yelon, Bijan Movaghar in the paper [16] state “The older model of MNR, based on the
movement of the Fermi level in an exponential single particle density of states cannot be
generally correct, as it assumes absorption of a single phonon. Thus, even in the presence of an
exponential density of states, it would be necessary to take into account the entropy of the
multiphonon process”.
Tanaka: In spite of tremendous effort dedicated to chalcogenide glasses, the structure and
properties of these materials have not been completely understood yet. It was pointed out many
years ago that no ESR signal was detected in amorphous chalcogenides (a‐Se, a‐As2S3). This
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observation, viz the absence of spins in chalcogenide glasses, led Anderson [17] and Street and
Mott [18] to formulate their negative effective correlation energy (negative‐U) models, in terms
of charge defects. But, Tanaka [12] has questioned the presence of the charged defects on the
basis of optical absorption measurements on highly purified As2S3 samples.
Mott: The present state of physics of non‐crystalline semiconductors seems to be incredibly
complex. The Nobel Prize winner N. Mott, in the introduction to the second edition of his work
[2] (edited in the Russian language in 1982) characterized this state in these words: ”There were
never so many discrepancies as there are now in the physics of non‐crystalline solids”. If he
lived, he would probably observe again: ”This state is not better now, but rather worse”.
H. Overhof in his lecture at the remembrance of N. Mott‘s anniversary [19, 20] has not only
praised Mott‘s great contribution to the physics of non‐crystalline solids, but he also introduced
a very important idea at the end of his performance: ”It seems to me, as far as the theory of non‐
crystalline semiconductors is concerned, that one of the fundamental pillars of the pedestal, on
which such a theory should rest, is still unknown to us.” This is to some extent quite crude,
however true.
Remarks: We can not agree with the idea that the exponential tails of optical absorption are
caused by the distribution of density states in the mobility gap. Of course, the possible density
of states can to some extent influence exponential tails, but we do not consider it the primary
cause of such tails. We consider the participation of phonons in absorption the primary cause of
tail formation. By this it is easy to explain ʺuniversalityʺ of tails’ exponential character and also
practically the same slope in a rich variety of semiconducting materials. Something like this can
not be provided by the density of states of various and varied materials. In our interpretation,
the distribution of the density of states is a secondary factor. This is in agreement with the
characteristics of a‐Si, respectively a‐Si:H, in which the standard exponential tails appear just
after the elimination of free bonds, thus after the hydrogenation. Thus the tails appear after the
forbidden zone purification.

4.

Barrier‐cluster model (BCM)

The barrier‐cluster model of the CHG assumes that an amorphous semiconductor consists of
microscopic regions separated from each other by potential barriers [9, 10, 21‐24]. These micro‐
regions are created in chalcogenide glasses by closed clusters. Potential barriers can be depicted
inside the conduction and valence bands of an amorphous material. The barriers restrict the
transition of low energy conduction electrons from one region to another. At the lower margin
of the conduction band, a sub‐band with carriers of low average mobility (μ1) is created. The
states with energy above the peaks of barriers are delocalized. They create a sub‐band with a
high average mobility (μ2). The barrier‐cluster model with closed clusters for the chalcogenide
glasses is able to give simple explanations for the general properties of these glasses.
Barrier‐cluster model does not exclude the existence of states in a forbidden band of
chalcogenide glasess. But it does not attribute them the responsibility for the exponential tails of
optical absorption. The states in the forbidden band are not a priority cause of exponential tails.
To support this idea, we can mention the fact that exponential tails of optical absorption also
arise in those non‐crystalline substances, in which the existence of states within the forbidden
band could not be proved even by the most sophisticated experimental techniques.
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4.1. Optical absorption
In most crystalline solids, optical absorption is characterized by a sharp edge at the margin of
the absorption band. Its position corresponds to the optical width of the forbidden band.
However, the situation is different in the case of non‐crystalline semiconductors. The absorption
band near its border is smeared out and it creates a tail that extends deep into the forbidden
band. Its profile is exponential as a rule. The exponential tails at higher temperatures tend to fit
the Urbach´s formula. The slope of the tails changes with further temperature decrease. At
lower temperatures, the slope of the tails does not change with further temperature decrease.
However, a certain parallel shift towards lower absorption is observed. Optical phenomena in
non‐crystalline semiconductors represent a number of complex physical phenomena. One of the
great puzzles to be explained is the origin of the exponential tails.
The starting point of the considerations in [9, 10] on the basis of barrier model is an assumption
that at proper conditions for a distinct absorption of light, the potential barriers in non‐
crystalline semiconductors occur, with phonons participating in the energy exchange. An
electron in an optical transition accepts not only the energy hf of a photon but also the phonon
energy Wphon . Thus, the whole energy accepted is hf + Wphon where Wphon is the energy
acquired from a phonon ʺfield”. The quantity hf is positively determined by the radiation
wavelength, while Wphon has a statistical character. In principle, a photon can be absorbed
only when the whole energy of the electron, hf + Wphon  2W, is sufficient to cause a transition
of the electron into the conduction band. It should be taken into account, however, that optical
transitions on the energy levels lying just below the tops of barriers will dominate at higher
temperatures. In this case, the probability of transition within a single localized region is small.
The levels in adjacent microregions offer more possibilities for combination. However, they are
connected with tunneling through barriers. Under these assumptions, the transitions to levels
just below the barrier peaks will be more probable for two reasons. The transitions to lower
levels will be restricted considerably by a small tunneling probability. The second reason rests
in strong electron‐phonon interaction caused by the barriers.
The number of electrons that can acquire such deficit of energy (2W ‐ hf ) from a phonon field,
depends on temperature. The number of electron transitions when irradiating material by ʺlow
energyʺ photons (and thus, also the coefficient of optical absorption α) and the number of such
phonons with sufficient energy at temperature T is directly proportional. For the absorption
coefficient it can be derived [9, 10, 23, 24]:
ln α  hf + const,
(1)
which is a mathematical expression of an exponential tail of optical absorption. However, the
slope of tails is also temperature dependent as will be shown further.
4.2 The Urbach’s rule
The Urbach rule is empirical, describing the absorption of light in exponential tails of optical
absorption spectra. It expresses the dependence of the coefficient of the optical absorption α on
the photon energy hf and the temperature T. Mathematicaly it can be expressed by the relation

  C exp( 

hf  H   C exp(  hf  H )
)
EU
kT

(2a,b)

or equivalently as

15

 hf  H
 hf  H 
ln    
  const ln    
EU
kT 




  const


(3a,b)

Thus, lnα (hf) is a straight line. Here γ, E are parameters and k is the Boltzmann constant, EU ‐
Urbach energy. This relation holds for relatively high temperatures. At low temperatures, the
absorption is given by a relation similar to (2, 3) but the real temperature T has to be replaced by
a constant parameter TU. This point was not explained satisfactorily up to now [1, 9].
5. Explanation of the Urbach’s rule
The Urbach rule has been explained by the barrier‐cluster model assuming that an electron
during the optical transition from the conduction into valence band can absorb both the energy
of a photon and of a phonon [4‐6]. Then the energy increase of the electron is equal to
hf + Wphon
where Wphon is the energy gained by the electron from lattice vibrations. The photon energy is
given by the frequency of light. The phonon energy has a statistical character. If the photon
energy hf < 2W is less than the width of the forbidden gap of a non‐crystalline semiconductor
then the absorption of light cannot happen. But, the absorption can come into being if the
missing energy 2W – hf needed for the transition is supplied by a phonon. This is the energy,
which an electron needs in order to equalize its energy with the width of the forbidden gap. The
probability of occurrence of phonons with an energy higher than or equal to 2W – hf is
proportional, at temperature T, to the expression

p  C exp(

2W  hf
 hf  2W 
)  C exp

2kT
 2kT 

(4)

The probability of optical absorption (with the participation of phonons) is proportional to the
same expression. The absorption coefficient α in an energy region of photons less than the
width of the forbidden gap can be determined as

   0 exp(

hf  2W
)
2kT

(5)

where α0 is a constant. Thus

 hf  2W 
ln   
  ln  0
 2 kT 

(6)

This relation represents a straight line (exponential tail of optical absorption), with a slope
decreasing with increasing of temperature T. This behaviour corresponds to the one known
with chalcogenide glasses (if E = 2W). However, it has become known from experiments that
the situation changes with the temperature decrease. The slope of the straight lines given by (6)
continues being unchanged with temperature at low temperatures. Only a parallel shift to the
lower absorption of “exponential tails” is observed. The relation (6) is no longer valid. At
lowering the temperature of a non‐crystalline semiconductor, the parameter T in relation (6) no
longer represents temperature. It seems as if the temperature was freezed at a certain value of
TU. The essence of this phenomenon is not reliably explained till now [1], but we will try to
clarify it partially. Let us note that the parameter γ is about 0,4 – 0,55 [9, 10] in the chalcogenide
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glasses. When comparing (3) and (6), we see that the barrier‐cluster model yields the constant γ
= 0,5. This may be considered as a good agreement in the research of non‐crystalline
semiconductors.

6. The Meyer‐Neldel rule
The MNR has been observed for the first time with examining the electric conductivity of non‐
crystalline semiconductors [11]. Semiconductors are characterized by their exponential
temperature dependence of the electrical conductivity [1‐3]

   0 exp( 

W
)
kT

(7)

where σo is a constant and W is an activation energy. For many classes of materials, especially
organic semi‐insulators, chalcogenide glasses, amorphous silicon, experimental evidence
suggests that a correlation exists between the activation energy and the pre‐exponential factor
of the following form [1‐3]

ln  0  bW  ln  00

(8)

where b and σoo are constant. This relation can be written as

 0   00 exp(

W
W
)
)  0   00 exp(
E MN
kTMN

(9a,b)

here b = 1/kTMN. The relation (8, 9) gives the dependence of the pre‐factor σo on the activation
energy W and represents the Meyer‐Neldel empirical rule. Equation (9) is often referred to as
the MN rule or the compensation rule. Constant σoo is often called the Meyer‐Nedel pre‐
exponential factor and kTMN the MN characteristic energy. This rule holds in disordered
materials when W is varied by doping, by surface absorption, light soaking or by preparing
films under different conditions. This rule has also been observed in liquid semiconductors and
fullerens. The validity of the MN rule has also been reported in the case of chalcogenide glasses.
In the case of these glasses this rule is observed by variation of W when the composition of the
glassy alloys is changed in a specific glassy system. Electrical conductivity in dark is measured
as a function of temperature for this purpose.
6.1 Explanation of MNR based on the barrier‐cluster model
The MNR has been explained in frame of barrier‐cluster model in paper [22]. The cornerstone of
this explanation is the idea that the energy released at non‐radiative recombination of e‐h pairs
consists of a series of monoenergetical phonons with energy much smaller than the width of the
forbidden gap. At given energy of monoenergetical phonons, the number of the released
phonons depends upon the width of the forbidden gap. The probability of the simultaneous
emission of N phonons exponentially decreases with the increasing N. The recombination
probability decreases together with the width of the forbidden gap. By decreasing of
recombination the equilibrium concentration of free electrons in conduction band becomes
higher. Calculation of electric conductivity leads to the formula representing the MNR.
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7. On the relation of the Meyer‐Neldel rule and the Urbach’s rule
Up to now there is no generally accepted model explaining the physical essence of the Meyer‐
Neldel rule [1, 6, 22]. One meets a similar situation in interpretations of the Urbach’s rule [1].
The intent to explain a connection between two unexplained phenomena may seem to be
strange for the readers. Our standpoint is based on our preceding works, where the barrier‐
cluster model has been proposed and where also the upper mentioned phenomena were
explained in the frame of this model. First, the explanation of the Urbach rule has been
published in [23, 24] and subsequently also an explanation of the Meyer‐Neldel rule [22]. From
that point of view, the search for a relation between both rules seems to be clear.
7.1 Relation of the MNR to the Urbach’s rule
The basic idea is subsequent. As it has been mentioned above, the energy released at non‐
radiative recombination of e‐h pairs is transformed into the energy of mono‐energetic phonons.
These phonons create a phonon field in a semiconductor (some kind of a quasi‐thermal
background). At higher temperatures this additional phonon field is relatively “weak”and thatʹs
why its effect doesn’t appear significant – thermal phonons dominate. At higher temperatures,
the relation (6) holds, where T denotes the temperature. The slope of a straight line lnα (hf)
decreases with the increase of the temperature.
At lower values of kT, it will be necessary to accept the substitution
kT + kTo
instead of kT. The second term, kTo, represents phonons of optical origin (a supplementary
phonon field due to mono‐energetic phonons of recombination origin). In the middle area it will
be valid that

   0 exp(

hf  2W
hf  2W
)    0 exp(
)
2 k T  T0 
2 EU

(10a,b)

where the EU = kT + kTo = kT + EU0 is the Urbach’s energy. By lowering the temperature, the first
term kT becomes small and the second term kTo (= EU0 ) begins to dominate. By a subsequent
cooling, the relation achieves the limiting form

   0 exp(

hf  2W
hf  2W
)    0 exp(
)
2kT0
2 EU 0

(11a,b)

Result is that the slope of the exponential tails (in the straight line representation) by lowering
temperatures will gradually become smaller. It looks as if at very low temperatures the tail of
optical absorption is shifted almost parallel to the lower absorption. The limiting straight line
will be the one which corresponds to the exponential function (11). It seems, that this idea can
be utilized in an explanation of observed phenomena. But many questions remain open. For
instance: In which way the value of kTo depends on the intensity of incident light (or on the
light flux). One can assume that at a higher light flux, the corresponding value of kTo will also
be higher. Experimental data concerning such a dependence are not known at present. The
things are not simple, because the value of kTo depends on interaction of photons with phonons
of optical origin. In this problem there are many open questions. We are not sure if our
explanation about the relation of the MNR to the Urbach’s rule is not liable to criticism. Perhaps
our consideration has only suggested a way that can be followed.
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8.

Optical bandwidth of the forbidden band

The concept of optical bandwidth E of the forbidden band in a non‐crystalline semi‐conductor is
used relatively often in publications dealing with this subject [1‐3]. It is defined as the energy of
photons of monochromatic light to which the conventional value of the absorption coefficient
corresponds [ = 102 cm‐1]. Experiments showed that the optical bandwidth E is strongly
influenced by temperature T. The functional dependence E(T) (for example in the case of non‐
crystalline chalcogenide semiconductors) has most often a linear character, E = Eo + CT. The
value dE/dT = C < 0 represents the temperature coefficient of the optical bandwidth of the
forbidden band of a semiconductor. With chalcogenide materials, these values are most often in
the range 5‐7x10‐4 eVK‐1 [2]. In literature [2], for example, the data are given: for As2Se3: 7x10‐4 eVK‐
1, for Se: 7x10‐4 eVK‐1, for As2Se3‐Sb2S3 semiconductors type : 6‐7x10‐4 eVK‐1, for As2S5 : 6x10‐4 eVK‐1,
for CdGeAs2 : 5x10‐4 eVK‐1. These values are rather close to each other, which does not happen
by chance.
8.1.
Optical bandwidth and barrier‐cluster model
The properties of optical width of the forbidden band can be explained well using the barrier‐
cluster model [9, 10, 23, 24] for which the value E obtains a clear physical interpretation. It can be
made clear at the same time, why the above values are so close to each other. However, the fact
will be made clear as well that assuming the value E as optical width of the forbidden band is in
fact illegitimate, because its value is influenced significantly by the concentration of phonons.
From the condition that the absorption coefficient  should have a constant conventional value
of  = 102 cm‐1, a requirement results under these circumstances that


hf  2 W
 K  ln 
2 kT
0





(12)

hence
hf = 2W + CT

(13)

where K < 0 is a constant, C = kK < 0 and hf ‐ 2W < 0. Under these circumstances, the value hf
represents the optical bandwidth E = hf, so that
E = 2W + CT

(14)

It is obvious that at these conditions, the value C = d(hf)/dT < 0 represents the temperature
coefficient of the optical width of a forbidden band. The linear dependence obtained fits well
with the data and dependences found experimentally. Supposing that diverse values of
absorption for different chalcogenide materials are primarily due to different values of the
exponential term, the constant K will have almost the same value for given materials. (This
supposition is, however, the same as the assumption that coefficients A are almost identical for
different chalcogenides.) The very close values of the temperature coefficient C = d(hf)/dT of
these materials are a consequence of this as well and in a good agreement with the values
introduced. Thus, the temperature dependence of optical width E of the forbidden band is not
due to a real change of the bandwidth but due to energy of phonons taking part in an
absorption event. With increasing temperature, the contribution of phonons increases as well.
This is what enables absorption of light by lower energy photons.
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At lower temperatures the optical bandwidth can be determined from the relation (10). By
similar procedure we obtain expression E = 2W + CT + CT0 and for limit case (T→ 0): E = 2W
+ CT0 (E < 2W).

9. Interpretation of another connection
In frame of the BCM it is possible to explain other effects observed in experiment, such as the
temperature dependence of photoconductivity of chalcogenide glasses (As2S3) in the low
temperature region. As an example, we can note a plot of the photoconductivity dependence on
the temperature T showed in the Figure published in Ref. [12]. One can see that the
photoconductivity decreases with decreasing the temperature, but at a certain low enough
temperature, this decrease of the photoconductivity is stopped. By further lowering the
temperature, the photoconductivity becomes actually constant. This behaviour of the
chalcogenide glasses can be explained by the use of barrier‐cluster model. In the same fig. 1 in
[12] another graph can be seen, presenting dependence of the photoluminescence on the
temperature. Photoluminescence increases with the temperature decrease. At a certain
temperature this increase stops and a further lowering of the temperature actually doesn’t
change the photoluminescence. This behaviour of the photoluminescence can also be explained
by the barrier‐cluster model. The “temperature fault“ appears at the temperature T0 at which
the behaviour of both the phenomena (photoconductivity and photoluminescence) exhibits
changes. The temperature T0 is actually the same for both phenomena. We do not believe that
this happens accidently.
9.1 Further remarks
Optical absorption in the exponential tail region decreases up to a level given by relation (10).
After a further decrease of the temperature, the absorption becomes constant. This implies that
the optical contribution to the concentration of free electrons becomes saturated and thus also
the photoconductivity eases to vary. However, the free electrons do influence upon the
photoluminescence. According to the barrier‐cluster model [5‐6], the free electrons catalyze a
non‐radiant recombination of bound e‐h pairs. The more non‐radiant recombinations, the less
radiant ones are present, and vice versa. Any decrease of free electrons (charge carriers) causes
an increase of the photoluminescence. On the other hand, when the concentration of free
electronss enhances, the photoluminescence becomes oppressed. Whenever the minimum of the
conductivity is achieved, the luminescence will attain its maximum value. This relationship
bettween the photoconductivity and photoluminescence is well observable in the fig. 1
presented by Tanaka [1, 11]. The primary reason of way the optical quantities become saturated
at sufficiently low temperatures is the production of monoenergetic phonons arisen with the
optical absorption associated with non‐radiant recombinations of e‐h pairs. Thus, the existence
of monoenergetic phonons enables to clarify not only the essence of the MNR, but also the
Urbach‘s rule, and even other connections between optical phenomena.
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Figure 1: Temperature dependence of the PE (solid circles), PC (open circles), and PL (open triangles),
which are excited with 2,0 eV light [12].

ʺInverseʺ correlation between photoconductivity and photoluminescence is evident. Growing
photoconductivity and thus increasing concentration of free electrons causes decreasing
concentration of bound e‐h pairs and thus decreasing of photoluminesce. It is caused by the fact
that according to barrier‐cluster model free electrons work as catalysts of non radiative
recombinations of e‐h pairs. This results in a decrease in radiative recombination and thus
decrease of photoluminesce. In Fig. 1 is also clearly seen the correlation between the photo‐
expansion of PE and photoluminescence PL. In terms of barrier‐cluster model is the level of
photoluminesce proportional to the concentration of bound e‐h pairs. It can be concluded that
bound e‐h pairs (as kind of quasi‐excitons) are responsible for the photo‐expansion. The actual
impact of such a mechanism is yet unknown.

10. Conclusions
The present state of physics of non‐crystalline solids still appears complex. The range of
experimental research in this area is very extensive and calls for theoretical analysis. The most
important phenomena observed in chalcogenide glasses are not sufficiently explained yet. The
explanation can be done on the basis of the barrier‐cluster model. The barrier‐cluster model
provides a new explanation for the density of states within the forbidden band of a
semiconductor and explains why the attempts at identification of gap‐states by various optical
and other methods fail [25]. The closed‐cluster structure can explain the absence of an ESR
signal in the case of chalcogenide glasses [26]. The barrier‐cluster model can be (as we believe)
expected stimulative for the a development of new interpretations of physical phenomena in
chalcogenide glasses
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The measurement of thermophysical properties of sandstone by
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Abstract: The sandstone specimens having different thickness were investigated by pulse transient
method. The problem of effect of heat losses from the sample surface is solved by a model for cuboid shape
of samples. The heat transfer coefficient between the sample surface and free surrounding is accounted
and discussed with regards to the measurement uncertainty. The three dimensional model for cuboid
samples accounts also the final size of specimens. The uncertainty analysis was done to explain relations
with the total time of the transient recording and specimen geometry with respect to final uncertainty of
results.
Keywords: pulse transient method, stone materials, porous rocks, test of model, uncertainty analysis

1. Introduction
The testing of building stones properties is connected with their durability and thus wettability
and deterioration processes invoked by different climate conditions that destroy material in
time. To understand these processes, we have to know and investigate the thermal properties
under different environmental conditions. Testing apparatuses uses typical geometry of the
specimen in cylindrical or cuboid form. The pulse transient method measures all three basic
thermophysical parameters e.g. thermal conductivity, thermal diffusivity and specific heat.
The new model was developed that take into account disturbance of heat loss effect. Model
improvement is realized through heat transfer coefficient in between the sample surface and the
surrounding atmosphere. Next parameter that was introduced is the final geometry of the
cuboid specimen as well as the heat sinks that are stabilized by thermostat at the both ends of
specimen set. If these effects are not accounted they cause inaccuracy of measurement. The
previous ideal models were derived for infinitive large specimen geometry in contrary. New
model was tested on porous stone materials. Uncertainty analysis of the new model pointed out
behavior for different experimental set‐up and thus helps with optimization of the specimen
geometry and revision of methodology for standard measurements. Analysis of the sensitivity
coefficients as well as uncertainty analysis helps to solve and predict most of important
experimental parameters and requirements without conducting measurements.
Recently, methods for investigation of the thermophysical properties, namely the thermal
conductivity, thermal diffusivity and specific heat are going to be promoted as next useful
methods for quality test as these properties are strongly connected with the change of
thermodynamical state of the material structure or atomic structure arrangement, arrangement
of crystalline components and consideration on material defects created in time that are
responsible for further development of structure degradation. Thus, the thermophysical
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properties can serve as next criteria for distinguishing in between different stone quality or level
of their deterioration and thus quantification of material quality.
The physical models are usually based on infinitively large specimen size. The problems
connected with deficiency in a large amount of testing material cause some problems in data
evaluation according an ideal model. The finite geometry of the specimen cause additional
effects that influence the accuracy of the measured data.
In our case of the pulse transient method it was used a model for square cross section of cuboid
specimens with finite length for the data evaluation. Model was tested for evaluation of
thermophysical parameters of porous stone material.

2. Principle of Pulse transient method
The principle of the Pulse transient method is to record the temperature transient response to
the heat pulse generated by a plane heat source and to calculate the thermophysical parameters
from the characteristic features of the measured curve of the temperature response (Fig. 1.
right).

current
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planar
isotherms

T

temperature [°C]

 (heat loss – flow q)

heat source

1.0
Tm

0.5

t

0.0
0



m

50
100
time [sec]

150

Figure 1. The principle of the pulse transient method is drawn. Sample parts II+III were drawn in
sections to illustrate the planar isotherms in the middle plain of cutting. Specimen set is drawn with heat
flow paths when drawn deformed isotherms are influence by heat loss effect (left). An example of the
temperature response is on the right.
Transient temperature response measured at the distance h from the heat source is calculated
according temperature function T(x, t‐t0) providing that the model (Eq. 1.) is valid [1]. The ideal
model assumes that the planar heat flow in infinitively large samples is not deformed as it
penetrates into the depth of the specimen bulk (white‐dotted area in the Fig. 1). The problem is
that the temperature isotherms are not planar over the all radial cross section of the specimen
but they are deformed at the surface edges. This effect is caused by the heat losses from the
sample surface in a case of large distances from the heat source, e.g. the thicknesses of material
bigger than the optimal value [2, 3]. In previous experiments just a correction to the ideal model
considering the real pulse width was applied to ideal model [2]. The model is characterized by
temperature function (Eq. 1)
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 x  erfc  x  . Here the meanings of used symbols are the following: Q ‐ heat flow

density at source, c ‐ specific heat,  ‐ thermal diffusivity,  ‐ density, t ‐ time, t0 ‐ heat pulse
duration, erfc ‐ error function, h ‐ the specimen thickness. Equation 1 should be used for data
evaluation by fitting procedure also.

where i  

2.1 One‐point evaluation procedure
We use simple relations for the evaluation of thermal diffusivity, specific heat and thermal
conductivity that were derived for the maximum of temperature response on Fig.1. (One‐point
evaluation procedure). Then, the thermal diffusivity is calculated according to the equation

  h 2  f  2t m

(2)

and the specific heat

c  Q  fc

2e hTm

(3)

where f and fc are correction factors [1]. Maximum temperature of the transient response found
at time tm is Tm (Fig. 1.) Thermal conductivity is given by data consistency relation

   c  h  Q  f  f c 2 2e tmTm

(4)

2.1 Model for cuboid shape samples
In a new model developed for cuboid samples that describe the heat loss effect there was added
heat transfer coefficient in between the specimen surface and the surrounding. According Fig.2
there were defined initial and boundary conditions for the basic heat transport equation.
R=0 (contact Resistance)

y
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, c, λ, ρ

q
thermocouple
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Heat source –
specimen
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Figure 2. Model of the measurement – Sample parts I is of L1 thickness and II+III of L2 thickness. The
grooves could be made at different distances between the heat source and thermocouple to investigate
influence of heat loss effect from the sample surface.
The new model assumes heat source placed in between symmetric arrangement of the
specimens in the shape of semi‐infinitive cuboid blocks having squared cross section. Heat
source is of zero heat capacity and is in ideal heat contact with the specimen (thermal contact
resistance is zero). The solution of the heat equation is a temperature function in the form
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The meaning of variables:
T temperature field in specimen body, t time, z axial space coordinate, L1 length of the sample
on the left, L2 length of the sample on the right, x,y transversal space coordinates, 2a transversal
size of the sample, q heat flow density at source,  thermal conductivity,  thermal diffusivity,
 heat transfer coefficient for sample ‐ ambient interface, *(u) is the complementary error
function, n are the roots of equation  cos    sin   0
The relation (5) characterizes the step‐wise measuring regime. After the duration of the heat
pulse t0, the temperature is expressed by the relation

T  t , x, y, z   T t , x, y, z   T t  t o , x, y, z 

(6)

where T t , x, y , z  and T t  t0 , x, y, z  are given by the relation (5). The relation (6) characterizes
the pulse transient regime.

3. Uncertainty analysis and parameter estimation
The effects of nonrandom, systematic error on result before the experiment is conducted by the
mean of sensitivity analysis are studied. The quantities we measured have biases, and they
certainly have random variation. We need to know how the particular biases are ʺpropagatedʺ
into the uncertainty of the derived quantity (measured parameter). So as the uncertainty
analysis we understand as the propagation of error. The purpose of analysis was to test model
behavior and he’s accuracy before (or after) the experiment. The condition is that involved
measurement of a data has a negligible effect on fitted parameters in model. We are testing
what size of inaccuracy in measurement would cause an acceptable change in the estimates of
measured parameters. If not, we have to take measures and revise method of evaluation for this
experimental measurement as well as set of instruments. If yes, then used measurement
instrument and parameter estimation procedure of data by given model are acceptable. Under
the meaning of uncertainty analysis we understand a derived quantity (free parameters in
model), based on the uncertainties of usually experimentally measured quantities that are used
in form of mathematical relationship (model) to calculate model parameters. Under sensitivity
analysis we estimate the difference, or fractional change, in the derived quantity. The
uncertainty has two components: bias that is related to accuracy and unavoidable random
variation ‐ statistics related to precision.
Generally, uncertainty arises from different sources and includes errors in the data
measurements, parameter estimation procedure and model structures. Uncertainty analysis
calculates how these errors are propagated through the model and evaluate their relative
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importance which is quantified via sensitivity analysis. This type of uncertainty should be
supposed as systematic error. Analysis uses sensitivity data generated by the model, along with
the underlying data covariance to assess the degree of similarity (linear dependence) between
sensitivity coefficients in the model. If the sensitivity coefficients (Figure 3) are linearly
dependent to each other, the parameters should not be estimated unambiguously and thus their
uncertainty is high.
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Figure 3. Normalized sensitivity coefficients  ai  f a i (6) derived from temperature function (5)
where ai denotes free parameter in model, e.g. thermal diffusivity, thermal conductivity and heat transfer
coefficient. Red line missing in figure caption is an example of temperature response calculated for a
specimen thickness 20 mm and pulse duration 24sec.
The analysis was developed in respect with experimental data set t n , Tn nN1 , where N is the

number of independent measurements. Model temperature function (5) Tmod el  f t , a, b 

represents temperature response in time that depends on constants b  b j Njb1 in model that are

determined by different independent measurements and dependent random variables
represented by a set of free parameters a  ai iNa1 that are evaluated by fitting procedure. We



used least square optimization to search for min 

n 1 Tn  f n a, b 
N

2

 , where f n a, b   f t n , a, b  ,


tn are deterministic parameters, b, Tn nN1 are independent random variables. The least square
optimization gives a system of non‐linear equations that are based on sensitivity coefficients [4]
(Fig. 3.).
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The expressions in brackets
uncertainty



u a i 2 ~ a i  a i



(10)


represent the statistical mean values. In next, we estimate the

 a i 2 ~ da i 2

2

(11)

Differentiating equation (6) we obtain system of equations
Na

N

i 1

n 1

f

Nb

 Aki dai   dTn ank   Bkj db j ,
j 1
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(12)
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(14)

Now we can estimate uncertainty contribution of any particular measurement of involved
parameters like T or b. Solution of equations (12) has the form
Na
Nb
 N

f
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 n 1

a i j 1
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2 2
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(17)

j 1

where the contributions of components from variables and constants are
1
Akk

(18)

 Aki1 Bij

(19)

CkT 

and
C kj 

Na

i 1

the elements of matrix A and B are defined with equations (13) and (14). It is seen that A~N, and
B~N, therefore C kT ~

1
N

and Ckj is N‐independent. For power‐like dependence it is useful to

define indices
 kj 

 loga k  b j
C kj

ak
 log b j

 

Then for relative uncertainties we can write the equation
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(20)

2
u r a k 2  C kT

u T 2
a k2



 kj2 u r b j 2
Nb

(21)

j 1

The normalized sensitivity coefficients were calculated for the same values of thermophysical
parameters like those measured in experimental part and are given in Fig. 3.
The result of this test shows the optimized time of measurement for correct evaluation of the
heat transfer coefficient. The total time of temperature response recording is derived from the
pulse duration what means that at real experiment the total time of recording F=*t/2*h2)=1.015
that correspond to 180 seconds for 6 second heat pulse and F=0.514 e.g. 90 seconds for 3 second
heat pulse at the specimen thickness of 10 mm. Maximum was found at circa 0.26 F (46 sec.) in
average. The situation in Figure 4, right part show that analyzed uncertainty in % for this
coefficient decreasing with increasing time of measurement as well as with increasing thickness
of the specimen. Still the uncertainty in both cases stay at the uncertainty on 25% level. This
level of uncertainty predicts the optimized thickness as well as total recording time of
temperature response.
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Figure 4. Analysis of uncertainty for sandstone using the same parameters for calculation. For the
calculation the fixed number of points, variable time step, fixed time window with beginning at t=0 was
used. Variable time interval for a specimen thickness 10 and 20 mm and different pulse duration 2, 3, 6
and 6, 12, 24 sec were used respectively.

4. Experiment
The experimental details were described in [1]. Thermophysical parameters were evaluated by
one‐point evaluation procedure (Eq. 2 and 3.) derived from ideal model. In the past the use of
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the ideal model and the one‐point evaluation procedure led to a problem with the heat loss
disturbance effects shown in Fig. 1 for an illustration. This effect was described and finally
avoided by optimization of specimen geometry [2, 3].
The sandstone specimen set was in a form of cuboids having finite length. The dimensions of
parts I in Fig.1 were 50x50x25 and two parts 50x50x10.125mm. The volume density of used
sample was 1738.7 kg m‐3 and porosity measured by weighting dry and water saturated
specimen was 27.5%. Heat source meander was etched of Ni foil and insulated by kapton foil.
Its dimensions were 50x50mm. Measurements were performed in RTB 1.02 measurement
chamber [5]. The heat pulse parameters e.g. the current and pulse duration were optimized to
get temperature response of about 1°C. The heat source resistance was about 2 ohms. Before the
measurements the specimens of sandstone were dried in oven at 70°C till no changes in weight.

3. Results
The temperature dependency of measured data measured under the air and vacuum conditions
is drawn at Figure 5. The model for cuboid samples (Eq.5. and 6) fits next free parameters:
thermal diffusivity, thermal conductivity and heat transfer coefficient.
Parameters calculated by one‐point evaluation procedure that do not account heat losses from
the sample surface are shifted from data evaluated by new model. The heat transfer coefficient
that is dependent on temperature is plotted on Figure 6. The result of the uncertainty analysis
given in Figure 4 explains the large scattering of data plotted on Figure 6. The data scattering is
explained by results of uncertainty analysis that show the unambiguity to evaluate this
parameter correctly for measurements performed on lower thicknesses of material as well as for
shorter time of transient recording. This means that the heat losses effect start to influence
measurement after reasonably long time of measurement. Just results calculated from
measurements when 6 second pulses were used have a physible meaning values. The next
parameter introduced to the model should confirm that more sensitive measurement and thus
better accuracy for heat transfer coefficient evaluation is more reliable for bigger thicknesses
than those one used in our experiment (10.125 mm).
The data from one‐point evaluation procedure are drawn in temperature dependency in figure
5. In this graph there were added values of data evaluated by fitting procedure by new model
for cuboid samples shown as squares. These data were obtained at different temperatures as
well at different atmospheres. All measurements were performed in isothermal regime. In
figure 5 there is evident influence of vacuum when heat loss effect is suppressed and thus the
data are of lower values. Mathematically the maximum of the temperature responses is
increased as the heat loss is decreasing it.
The heat transfer coefficient calculated for the data for lower times were not able to estimate
unambiguously and has physible values in between 2 to 10 W m‐2 K‐1 just thickness 10 mm. At
figure 6 just the data in scale are given. Besides them there were data out of this scale as the
unambiguity of evaluation according analysis given in Figure 4 for this thickness and time of
recording is more that 200%. It means that just data within 25% of accuracy are given in this
plot.
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Conclusions
The thermophysical properties of sandstone were investigated by pulse transient method for
dry state of sandstone. The data were evaluated by two methods – the one point evaluation
procedure and by fitting procedure using a new model for cuboid samples that accounts heat
losses from the sample surface.
The measurements were done in the temperature range from ‐15 up to 60°C. The slope of
temperature dependence of transport parameters is positive, while the slope for specific heat is
negative. The heat transfer coefficient from the sample surface to the surrounding is
temperature dependent and its value is greater for higher temperatures.
Results from new model show that it is able to fix the problem with heat loss effect from the
sample surface. The problem only is that the sensitivity coefficient for this parameter is
increasing in time of measurement, so for samples with bigger thicknesses we use longer pulse
duration and thus longer time for recording of temperature response. The longer measurements
result in better accuracy for this parameter evaluation.
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Abstract: Study of temperature change in connect with thermal properties change of dry and saturated
rocks in laboratory conditions is closely related to the understanding of physical weathering processes.
Estimation of water role in pores of rocks in the weathering process especially under the freezing –
thawing conditions is important for general knowledge of their durability in a case of use as construction
material. There were selected highly porous rocks for the study of the influence of different moisture
regimes, namely the sandstone from Králiky quarry, travertine from Spiš Castle rock mass and tuff from
Brhlovce rock dwellings. The influences of moisture regime on rocks properties for two extreme borderline
conditions, i.e., dry and fully water saturated state were observed in the temperature range from ‐20 °C to
+22 °C. The measurements of the thermal conductivity were made by means of hot‐ball method when the
sensors were placed in the middle of rock samples. Measurements were performed in a climatic chamber.
The thermal conductivity values were correlated to the water content in the studied rocks.
Keywords: moisture regime, freeze and thaw cycle, thermal conductivity, porous rocks.

1. Introduction
Humidity measurement is often used to investigate moisture conditions of building tiles. Most
measurements are carried out in different spots in order to determine the change of moisture
profile, respectively in order to determine the extent and source of moisture. Humidity sensors
are used in such cases, especially for early detection of excessive moisture conditions in the
building envelope, especially in hidden or hard to reach areas, which have resulted in the
reduction of the lifetime of the envelope.
One of the most popular and the most common tiling material is natural stone. Natural stone or
rock belongs to a porous material whose pores can be filled with liquid or gas. This paper
describes a method for the continuous measurement of moisture in three lithologically different
types of natural stone ‐ travertine, sandstone and tuff. Measurements were made using ʺHot‐
ballʺ thermal conductivity sensors, which were fixed to the inside of the rock samples. The
principle of Hot‐ball sensor is based on Hot‐ball method of measuring the thermal conductivity
(λ, Wm‐1.K‐1). The moisture content of porous samples is investigated using Hot‐ball method,
where the measured values of thermal conductivity increase with increasing of water content in
pores [1].
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The focus of the paper is to determine the parameter of thermal conductivity of dry and fully
water‐saturated rocks in the temperature range ‐20 up to +22 °C in order to optimize the
methodology for determining the moisture range, which is essential for the correct
interpretation of the relative humidity in the rock [2].

2. Principle of the experimental method
To investigate the heat transport in various materials there were developed several
experimental methods for investigation of thermophysical properties of materials. Generally
these methods can be divided into two groups: stationary methods [3] and transient ones [4, 5 ,
6]. The first group requires longer measurement times and thus the redistribution of fluids in
porous structure is possible. This is the reason why the information obtained is far from the
equilibrium state in the mean of thermodynamic as well as moisture distribution. Transient
methods require considerably shorter measurement time at initially zero temperature gradient,
so the corresponding information is much more close to the equilibrium thermodynamic state
and close to real conditions.
The principle of transient methods for measuring thermophysical properties of materials is
based on the generation of a small amount of heat disturbance inside the studied sample and
measuring the temperature response on this disturbance. The sample surface effect during the
measurement period is suppressed, because the heat generated inside the samples during the
period of measurement will not penetrate to the surface. This could be another advantage of the
method.
In this paper it was used method based on the transient hot‐ball method (see Figure 1). Briefly,
the measurement can be described as follows: first, the sample temperature is stabilized, and
then thermal balance is disturbed by applying a heat pulse in a form of step‐wise function that
generates heat flow.

rb

Specimen
Heat source

Figure 1: RTM instrument (data logger) in connection with the hot ball arranged as moisture probe (left),
model of the hot ball (middle) and real size picture (right) [Chyba! Záložka není definována.].
Model of the hot ball method assumes a constant heat flux q from the empty sphere of radius rb
into the infinitive medium that starts to be delivered for times t > 0 (Figure 1) [7]. Then the
temperature distribution within the medium is characterized by [8]:
 rb 2

 at 
T ( rb , t ) 
1  e at
2 
4rb   



q
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where erfc(x) is the error function defined by erfc ( x) 

exp  d

2

x
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and λ is thermal

0

conductivity and a is thermal diffusivity of the surrounding medium, respectively. The
long time approximation solution of function (1) was derived as the working relation of
the measuring method:


q
4 rb Tm (t   )

(2)

where Tm is stabilized value of the temperature response reached in the long time limit at
the surface of the empty sphere of hot ball having the radius rb. During stabilization
time the heat produced by the ball penetrates in a material volume. The temperature
response to the heat is recorded. Penetration depth is a sphere of diameter around 20
mm for stabilized temperature considering diameter of the sensor. Typical
measurement signal is shown in Figure 2 along with the characteristic points used to
calculate the value of thermal conductivity. The measuring procedure consists of the
measurement of initially stabilized temperature (base line), switching on the heating
pulse and simultaneously scanning the temperature response. When the ball
temperature is stabilized, the heating is interrupted and a period of the temperature
equilibration follows. When the temperature in the sample is equilibrated the next
measurement may be realized [9].
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Figure 2: Measuring cycle of sandstone (left), tuff (middle) and travertine (right).

Porous materials – rocks situated in natural conditions are exposed to the sun radiation,
precipitation, evaporation, freezing and thawing phenomena. The mentioned processes
are caused by the water phases found in pores (gas, liquid, solid). Then the resulting
thermal conductivity of a porous material is a function of the content of pores.
3 Test samples, properties of studied rocks
For the studied materials there were selected sandstone from Králiky quarry, travertine
from Spiš Castle rock mass and tuff from Brhlovce rock dwellings. The reason for the
choice of the lithological rock types was the existence or the preparation of monitoring
procedure on the temperature ‐ moisture regime, and related laboratory research as
well.
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Travertines from Spiš Castle rock mass consist of complete calcite grains that are of
highly differentiated form. Travertine is fine‐grained, mainly off‐white colour,
sometimes with pleasant yellow shadows. The presence of macropores and voids is
significant for this lithological type. Cavities and pores are usually irregular in shape,
varying in size and tend to be located in the strips. Physical properties of rocks are the
following: specific gravity – 2.667 g.cm‐3, bulk density – 2.527 g.cm‐3, porosity – 5.27%,
water absorption – 0.8% and uniaxial compression strength – 82.5 MPa.
Sandstones from the site Králiky are composed of fine‐grained clastic material.
Fragments or clasts are mainly of carbonate rocks and quartz. Sandstone cement is
mostly calcite, calcite‐quartz, incidentally or accessories of clay. Sandstone is normally
used as a decorative stone, the rest as aggregates for construction purposes. Their bases
physical properties are: specific gravity – 2.755 g.cm‐3, bulk density – 2.343 g.cm‐3,
porosity – 14.95%, water absorption – 3.82%, uniaxial compression strength – 28.5 MPa.
Volcanoclastic tuffs from Brhlovce belong to complex of andesite neovolcanism. In
terms of descriptive characteristics of the material the colour is light grey, grain size is
ranging from 0.063 to 2.0 mm, and has the porous structure with cryptopcrystallic
matrix. Physical properties of tuff from Brhlovce are as follows: specific gravity – 2.569
g.cm‐3, bulk density – 1.500 g.cm‐3, porosity – 31.8%, water absorption – 16.42% and
uniaxial compression strength – 17.13 MPa.
5. Experimental results and discussion
The research was focused on the study of moisture regime of three lithologically types
with hot ball sensor. Humidity probes (rock bodies with hot ball probe sensor) were
exposed to temperatures from ‐20 °C up to +22 °C to in the climate chamber KD‐20‐T4.1.
Measurements of temperature changes were performed every hour inside rock bodies.
Temperature in the climate chamber was changed in steps already for 5 °C and always
lasts for 8 hours. An experiment was conducted on cylindrical test samples of length 32
mm and diameter 20 mm with built‐in hot‐ball sensor. Overall, the samples were
exposed to two freezing cycles. The first cycle was carried out on moisture probes dried
at 105 °C till the constant weight. Constant weight was below maintenance of using
silica gel in reclosable bags. The second cycle was on water‐saturated condition with
using Parafilm. Drying process and the saturation of the samples by water was carried
out according to the applicable technical standard EN 13755 [10]. Subsequently, the
experimental results were statistically processed. Results of the experiment are shown
in Figures 3 – 5 and Table 1. The figures present the thermal conductivity changes of
studied materials in dry and wet conditions during freezing cycle. Measured mean
values of thermal conductivity of rocks of all tested samples in the given temperature
range were of linear dependency on temperature. For statistical evaluation, it was
found that the smallest variation coefficient of thermal conductivity were around 20 °C
for all studied rocks. A slight fluctuation in values of thermal conductivity was
probably caused by using a climatic chamber KD‐20‐T4.1, which was able to maintain a
homogeneous temperature of the air in the test area with an accuracy of only 1 °C.
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Table 1 Thermal conductivity in the temperature range +22 °C to ‐20 °C in dry and water saturated
conditions. Values in blue and orange rectangles mean measured values; values in white rectangles are
calculated values from trend line and values in green rectangles mean average values.
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The test showed that the values of thermal conductivity λ in the case of water saturated
probes are much higher than dried moisture probes (see Figures 3 ‐ 5). The biggest
difference in the value of the thermal conductivity between dry and reached watersaturated state of tuff (see Table 1), also proves its high water absorption.
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Figure 3: Course of the change of thermal conductivity with temperature change in the sample of
sandstone in dry and water saturated conditions.

Based on the linear trend line equations (see Figures 3 ‐ 5) there were expressed mean
values of thermal conductivity for different temperatures in the range studied.
According to the difference of thermal conductivity in dry and water saturated
conditions at different temperatures it was confirmed the relationship between water
absorption and increase of thermal conductivity (Table 1).

Figure 4: Course of the change of thermal conductivity with temperature change in the sample of tuff in
dry and water saturated conditions.
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Figure 5: Course of the change of thermal conductivity with temperature change in the sample of
travertine in dry and saturated conditions.

5. Conclusion
Paper presents data on temperature, q/Tm parameter corresponding to change of
moisture in humidity probes in climatic chamber. For all of specimens depending on
surrounding humidity variation in q/Tm parameter, it was found the corresponding
dependency on temperature variations. Based on observed physical properties such as
porosity, water absorption and thermal conductivity of studied materials; it can be
assumed relationship between water absorption and increasing of thermal conductivity.
The experiment was carried out for the needs of correlations between laboratory and
field research. This experiment will be helpful in monitoring the moisture in field
research, because values of thermal conductivity are defined in extreme dry and wet
conditions. The temperature dependence of thermal conductivity is negative and linear.
Thus we can easily determine the actual moisture in rock massive.
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Abstract: Cultural and historical monuments are mostly constructed of porous materials. In porous
structures plays moisture a dominant role in their deterioration. This contribution is focused on moisture
determination by moisture diffusivity in these materials. Measurements were carried out by thermal
conductivity sensors (Hot‐ball sensor) located in different positions along path of water movement.
Principle of Hot‐ball sensor (thermal conductivity sensor) is based on Hot‐ball method for measuring
thermal conductivity. We use fitting procedure for further details of the moisture curves in the sample.
Fitting model is considered planar moisture source on one side the sample, while this source is ideal and it
have „Newtonianʺ contact between moisture sink and sample. This model is based on a simple diffusion
equation. Results from experimental data for moisture diffusivities in various samples are presented.
Keywords: water transport, moisture diffusivity, diffusion equation, physical diffusion model

Introduction
The transport of moisture in porous building materials is basic for the estimation of long term
performance of buildings [1]. Moisture accumulation within the material of a building envelop
can lead to poor thermal performance of the envelope, degradation of organic materials, metal
corrosion and structure deterioration [2]. To calculate thermal and moisture conditions in
porous materials, it is necessary to know transport characteristics of moisture, which govern
moisture transfer processes in such materials. That is why experimental studies of moisture
transfer in porous materials aimed at determination of moisture characteristics of such materials
attract much attention [3].
Experimental studies are focused on determining the moisture content in the certain area of
material around Hot‐ball probes and to determine the parameter characterizing increase of
moisture in material ‐ moisture diffusivity. At the present are disposable mathematical models,
which include initial condition and boundary conditions that describe the conditions of the
experiment. To determine the characteristics of moisture transfer is necessary to know moisture
density depending up time. Measurement of thermophysical properties consists in the
evaluation of thermal conductivity by Hot‐ball method. In the present study, moisture transfer
processes were examined using the Hot‐ball method, which allows measurement of moisture
concentration in a certain area by Hot‐ball sensors.

Experimental method
The optimal functionality of the moisture sensor depends on an appropriate method for
measuring the thermal conductivity of a body constructed of porous materials. We use the Hot‐
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Ball Method for measuring thermophysical properties. The method makes use of a small ball
that generates a transient temperature field in its vicinity and simultaneously measures the
temperature. The ball’s temperature is a measure of the thermal conductivity of the
surrounding material.
A typical measurement is shown in Figure 1 along with the characteristic points used for the
calculation of the thermal conductivity. The measuring procedure consists of measuring the
temperature of the specimen which represents the base line, switching on the heating and
simultaneously scanning the ball’s temperature. When the ball’s temperature stabilizes, the
heating is interrupted, and a period of temperature equilibration follows. When the
temperature of the specimen is stabilized to the value prior to the heat generation, the next
measurement may be realized. The repeatability rate of the measurements depends on the
thermal conductivity, and it takes from 5 up to several hundred minutes. The measurement
alone takes from 50 up to 400 seconds, depending on the thermal conductivity of the material
investigated. For rocks it ranges from 80 up to 150 seconds.
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Fig. 1 The temperature response for the constant production of heat
The sensor is made of two components: a thermometer and a resistance (patented) (Fig. 2, left).
These components are glued together with epoxy. After the epoxy is cured, the sensor is ready
to be calibrated. The diameter of the finished sensor is in a range of 2 to 2.3 mm (Fig. 2, right).

Fig. 2 A sketch of the glued together components (left); the completed sensor compared with a match
(right)
The working equation of the hot‐ball sensor is based on an ideal model, which assumes a
constant heat flux q per surface unit from the empty sphere of radius rb into the infinite
medium for times t > 0. Then the temperature distribution within the medium is characterized
by the function [4]:
T (t , rb )  T0 1  exp(u 2 ) * (u )
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(1)

q
,
4rb 

where T0 

u

at
rb

λ is thermal conductivity [Wm‐1K‐1], and a is thermal diffusivity [m2s‐1]. Θ*(u) is the standard
complementary error function. Function (2) can be derived from the partial differential equation
governing heat conduction, considering the initial condition T (0, r )  0 and the boundary

T
 ql (t ) . For time tending to infinity, t   , equation (2) is reduced to its
r r  r
steady‐state form:
condition  

0

Tm 

q
4 π r0 

(2)

By rearranging the latter equation one obtains the working equation of the hot‐ball sensor [3]:



q
4 π r0Tm

(3)

Two evaluation strategies can be applied for the signal shown in Figure 2, namely, the fitting of
function (2) over the temperature response measured in the experiment or the use of working
equation (4) for long measuring times. The fitting procedure requires the determination of the
time window over the temperature response where on the one hand, enough high sensitivity
coefficients should exist, considering the thermophysical parameters calculated. On the other
hand, the construction parameters of the sensor should not influence the temperature response.
The construction parameters mainly influence the temperature response in the initial time
period. Working equation (4) requires a good stabilized temperature response, which
sometimes cannot be reached in real time for low thermal conductivity materials.
Both strategies require knowledge of the radius of the sensor rb, which has a high degree of
uncertainty due to its construction. Therefore, calibration has to be used to obtain parameter rb
with the help of a fitting (equation (2)) or the use of a working equation (4). The calibration has
to be performed with the help of standard fluids such as distilled water and glycerol to avoid
any thermal contact resistance between the sensor and the medium.

Experiment and results
Sandstones were used for the experiment of saturation of water. Hot‐ball sensors (thermal
conductivity sensors) in certain positions on the sample were fixed along the saturation path.
The Sandstein sandstone was with total porosity of 21% and Sander sandstone with 17.8%. The
samples were dried under a vacuum and moisturized to a water saturated state in order to
calculate their moisture content. The same initial states for all the samples were established. The
specimen was fixed in a specimen holder in a vertical position and inserted into a climatic
device. A temperature of 25 °C and an ambient humidity of 30% were maintained during the
experiment.
A one‐dimensional transport process under isothermal climatic conditions was realized from
the bottom to the top of the sample. A special mechanism was used to keep a constant water
level of about 2 mm on the bottom of the sample. While the bottom specimen’s surface is in
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contact with the water, the upper specimen’s surface is influenced by the ambient humidity.
Three Hot‐ball sensors were used to determine the quantitative amount of vapor and liquid
water (moisture content) in the immediate vicinity of the sandstone. Three RTM devices
(Transient MS) were connected to these sensors to collect data. The results of the data from the
RTM devices are local values of the moisture acquired by measuring the amount of thermal
conductivity provided by the Hot‐ball sensors. The total increase in moisture of each sample is
measured by weighting (the integral moisture of the whole sample). The integral moisture
shows any change in weight, depending on the increase in the water content of the sample
during the period of saturation.
The sandstone samples were saturated. First, the vapor was diffused, and then the capillary
saturation was observed in the samples. The behaviour of the saturation mechanisms and the
redistribution of the moisture content in the samples strongly depend on the structure. The
structure of the sample and the conditions of the experiment must be considered when
measuring thermophysical parameters in heterogeneous materials. The heat spreads
throughout the system, and it is very difficult to isolate the sample from its surroundings.
Therefore, we maintain the specimens at a constant temperature and also at a constant
humidity.
The gradual saturation of the specimen, depending on the position of the Hot‐ball sensors, can
be determined. Saturation strongly depends on porosity. The complete picture about the
processes of water saturation in a material with certain porosity can be obtained after
saturation. Then the values q/Tm (Eq. 4) are converted to the percentage increase of the moisture
in the specimen. Figure 3 shows the local values for the middle sensors, which isn’t affected by
external conditions, like ambient humidity. These values are plotted depending on the time.
The experiment shows mainly the local value in certain parts of the sample by using the Hot‐
Ball Method. The Hot‐ball sensors were in the same positions in specimens of sandstones.
The experimental data obtained from the Hot‐ball sensors we evaluated by physical model.
Fitting model is considered planar moisture source on one side the sample, while this source is
ideal and it have „Newtonianʺ contact between moisture sink and sample. This model is based
on a simple diffusion equation (5):
  
 D
t x x

(5)

by initial condition:
 (0, x)  0

(6)

and boundary conditions:

 x 0   01(t )
D


x

xL

  x  L

The solution is equation (9):
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(7)

(8)





 (t , x)   0 2 1  e   sin( )


2

2   2
  2   (1   )

(9)

where  is moisture density, t is time, x is Cartesian coordinate, D is moisture diffusivity, α is
moisture transfer coefficient of the sample‐moisture sink interface, L is length of sample and 
is the root of equation  cos   sin   0 , where   L ,   x ,   Dt2 .
D

L

L

For each sensor was evaluated the moisture diffusivity D, which increased the moisture content.
For low moisture content for some sandstone is moisture diffusivity 1.8.10‐10 and 1.4.10‐7 for
higher value of moisture content in the sample. The moisture diffusivities vary considerably
according to the type of sample, its structure and sorption. Values obtained by Hot‐ball sensors
and by diffusion model are shown in figure 3 only for sensor in the middle of sample.
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Fig. 3 The measured and fitted values of moisture in samples of sandstone
Table 1: Moisture diffusivity of sandstones
Moisture diffusivity

Sandstein
sandstone

Sander
sandstone

Sample

Position
sensor

of

D [m2/s]
1. part (0‐30%
of moisture)

2. part (30‐60% of
moisture)

3. part (60%‐ of
moisture)

bottom

1.45908E‐08

1.05151E‐08

1.24870E‐08

middle

5.45173E‐09

1.26570E‐08

1.72929E‐08

top

1.55728E‐08

1.91775E‐08

2.74501E‐08

bottom

4.55602E‐09

4.20460E‐09

7.69838E‐09

middle

7.86332E‐09

1.22879E‐08

1.48244E‐08

top

5.77438E‐08

2.70182E‐08

1.81260E‐08

45

The experimental curves and fitted curves may be caused individual variation of process of the
saturation. This process is complex transport phenomenon where moisture diffusivity D
strongly depending on moisture content. The model for this mechanism is simplified, because
the fitting region is only for capillary part of saturation curve and it’s divided only into 3 parts.
From each of some part we get value of the moisture diffusivity. In the case when an area is
divided into more parts the result could be distorted because it’s not much point for fitting
procedure. This distribution of capillary part of curve is the best solution in the fitting process.
Table 1 shows the moisture diffusivity of sandstones, while the coefficient α was chosen
constant 1E‐08 m2/s.

Conclusions
The theory of the Hot‐ball sensor and its application has been presented. The sensor is based on
a ball that generates a constant heat and simultaneously measures the temperature response for
t > 0. The ideal model of an empty ball in an infinite specimen gives the working relation of the
Hot‐Ball Method. The experiment describes the water saturation of sandstone. The sandstones
were cut from different geographical locations and therefore have various structures and
porosities. The Hot‐ball sensors were applied to monitor the increase in saturated water in the
sandstone samples. The experimental data were validated by Hg‐porosimetry and compared
with possible mechanisms for water saturation. The experiments have shown that the porosity
and structure of materials strongly affects the water saturation process and the behavior of the
materials.
For evaluation of the values obtained from Hot‐ball sensors was used the physical model to
determine adequate parameter. This parameter is moisture diffusivity D. The model used for
the capillary part of saturation for each thermal conductivity sensor. The model was considered
planar moisture source on one side the sample, while this source is ideal and it have
„Newtonianʺ contact between moisture sink and sample. This model is based on a simple
diffusion equation (Eg. 5). It is well known that the moisture diffusivity is dependent on the
moisture content of the sample and therefore we are divided capillary part of the saturation
curve into 3 regions (parts). This distribution of capillary part of saturation curve is the best
solution within this physical model and results are comparable to table’s data for the sandstone
with a similar porosity.
Hot‐ball method and consecutive evaluation by physical diffusion model is very advantageous
for the continuous monitoring of moisture changes in rock massifs historical monuments, and
other applications (monitoring the setting of concrete, polymerization, structural transformation
in pores, the ageing of materials).
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Simulations of Hot‐Ball sensors using COMSOL
Andrés Gómez Ruiz, Ľudovít Kubičár, Viliam Vretenár
Abstract: Different approaches have been used to build Hot‐Ball sensors. Analysis of each Hot‐Ball
sensor shows how near or far we are to the theoretical model. In order to make a prediction about the best
approach of construction of hot ball sensors, the simulation with the COMSOL Multiphysics software is
a good help. The simulation allows us to know what happen when we change something in the way of
build a Hot‐Ball sensor. The simulation never replaces the analytical results, but is a good tool that saves
time, because we obtain results almost automatically, and saves money, because it allows to predict which
configuration will provide analytical result more closer to the ideal model and which one definitely
farther.
Keywords: Hot‐Ball sensor, simulations, theoretical model

1. Introduction
The Hot‐Ball method have provided a progress in the knowledge of the thermophysical
properties of materials. An ideal or theoretical model of the hollow sphere in an infinite
medium furnishes a working equation of the hot‐ball method. A constant heat flux through the
surface of the ball generates the temperature field. The thermal conductivity of the surrounding
medium is determined by the stabilized value of the temperature response, i.e., when the
steady‐state regime is attained. The thermometer can provide a information on the temperature
response in the medium. The analysis of the temperature response allows us to determine the
thermophysical parameters of the surrounding medium. The theory related with the Hot‐Ball
method can be found in [1].
In order to build a real Hot‐Ball sensor, the approach consist in use a resistor as a heat source
and a thermistor as a thermometer. If we think that this fact can distort the theoretical Hot‐Ball
model we are right. The resistor and thermistor need cooper wires in order to be fed with some
electrical current. The geometry of this two elements and the cooper wires is far away from a
sphere, so we need some other material to cover them and to create a sphere, we have to think
about some insulation problems between the two components too. All this issues make our real
Hot‐Ball sensors be not so similar to the theoretical model and therefore this results in a wrong
measurement of the temperature response. In this article we will show some simulated results
in order to understand how the presence of the different parts in a Hot‐Ball sensor (thermistor,
resistor, cooper wires, plastic tube) affects its behaviour.
2. About COMSOL Multiphysics software
The simulations have been made with the software COMSOL Multiphysics 4.2. This software
allows us to define a geometry and then, add some physical conditions to the structure. The
structure is composed from several materials, each one with different properties. The choosen
properties are the parameters of the the physical conditions. The object of study is the heat
transfer in solids, where the heat can be transferred through the contacts between materials. The
Figure 1a represents an ilustrative picture of the model used in the simulations, with an initial
conditions for the temperature T0 and a value for the heat source Q. There is an axial symetry
along the y axis, in that way we have a Hot‐Ball inside a cylinder made of the sorrounding
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medium. Figure 1b represents a model close to the reality, take in account that Figure 2b
corresponds to a zoom of the hole model, the mean body is a cylinder of 60 mm height and a
radius of 30 mm made of water or glycerol. In the center of this cilynder is located a ball of
epoxy of 1mm radius with a resistor inside, all elements have axyal simmetry along the y axis.
Each material in the Figure 1b is characterized with a density  , a heat capacity C p and a
thermal conductivity  .

a)
b)
Figure 1: a) ilustrative picture of the model, b) zoom of the structure in the Hot‐Ball part.
Table 1: Characteristics of the used materials.
Material

Cp [J/(kg  K)]

 [ kg/m 3 ]

[ W/(m  K)]

Cooper
Plastic
Epoxy
Glycerol
Water
A 2 O3

385
1800
1200
2381
4180
880

8700
880
2220
1257.7
997.1
3950

400
0.188
5
0.285
0.6067
30

3. Temperature distribution
COMSOL Multiphysics allows us to see the temperature distribution in the steady state (when
the temperature is stabilized). We will show some results according to different configurations
in order to see how adding of the components affects the temperature distribution. Figures
2a,b,c,d shows the temperature distribution for four different models. Each configuration has its
own temperature scale, situated at the right of the figure.
The initial conditions in the four figures are the same, T0  25  C and Q  1.5  10 6 W/m 3 , in the
four figures the surrounding medium is glycerol. The Figure 2a corresponds to the theoretical
model, in this case the heat source is the hole ball. In the Figure 2b the heat source is the resistor,
which is located into the ball of epoxy, the volume of the resistor is lower than the volume of
the ball, this explainds the difference of the maximum temperature between the Figure 2a and
Figure 2b. In the Figure 2c a cooper wire is adding, more heat is transfered out through the
cooper wire than in other direction, this makes a maximum temperature even lower than in
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Figure 2b. The maximum temperature is higher in Figure 2d than in Figure 2c. It seems that the
plastic tube helps to get bigger insulation between the cooper wire and the sorrounding
medium. In this case less heat is going out from the Hot‐Ball, making a situation more similar to
Figure 2b.

a
b
c
d
Figure 2: a) The theoretical model, b) adding the resistor as a heat source, c) adding a cooper wire, d)
adding the plastic tube.
4. The coefficient q / Tm
Another approach is in use of the analytical model of holow sphere [1], The model gives a
working equation:
q
q
,
Tm 
 4r 
4r
Tm
where Tm is maximum temperature, q is heat flux, l is thermal conductivity and r is radius.
Then, comparing the coefficient q / Tm for water and glycerol we obtain:
4r gly
4wat

 q 
 q 
Wat  
Wat  
 Tm   wat  0.59  2 
 Tm 

 gly 0.28
 q 
 q 
Gly  
Gly  
 Tm 
 Tm 

The term Tm (maximum temperature), must be understood as the difference between the initial
temperature and the stabilized temperature after apply the constant heat output Q from the
heat source.
We will evaluate this coefficent for the four models presented in figure 2 at different points
located along the y axis inside the Hot‐Ball structure. The location of the points is expecified in
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the figure 3, (understand that for the other models of Figure 2 the points are located in the same
way).

Figure 3: Location of the points in the model of figure 2d, in the rest of the models the location is
analogous.
 q 
 q 
Table 2: Ratio Wat  Gly  of the four models in three different points.
 Tm 
 Tm 

Model
2a
2b
2c
2d

Point 1
2.068
2.031
1.934
1.906

Point 2
2.085
2.094
1.994
1.967

Point 3
2.115
2.144
2.041
2.0156

 q 
 q 
In the point number 3, the ratio Wat  Gly  gets the highest value. Most of the Hot‐Ball
 Tm 
 Tm 
sensors built in the laboratory up to now has a ratio lower than 2 The approach gives a new
way of the Hot‐Ball construction in order to get a structure closer to the theoretical model. In
the model shown in Figure 2d, which is the closest to the reality, the value for the ratio in point
3 is the closest to 2. Therefore, according to the simulations, we should build Hot‐Ball sensors
where thermistor is not fixed close to the resistor.

5. Conclusions
Two conclusions are clear in this study. First, good insulation between the cooper wire and the
sorrounding medium with a plastic tube, reduces heat transfer into surrounding medium
through wires. Second, we have proved that a bigger distance between components (thermistor
 q 
 q 
and resistor), within a Hot‐Ball, gives a larger ratio Wat  Gly  , that improves the
 Tm 
 Tm 
measurement sensitivity. This two facts can be take in account later in the building of new
sensors. With this conclusions we have prove that COMSOL Multiphysics is a good tool in order
to study the behaviour of the Hot‐Ball sensors.
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Mechanical and durability properties of cement‐based
composites containing solid waste incineration residues
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Abstract: Mechanical and durability properties of cement‐based composites containing solid waste
incineration residues are studied. The untreated bottom ash is used as partial sand replacement in the
composites. This ash, by its chemical composition, does not fulfill the standard requirements on
aggregates but the prepared composite is found to have acceptable properties.
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Introduction
Incineration of municipal solid wastes is an effective way (when compared with landfilling) of
reduction of the non‐recyclable waste amount; the waste weight reduction by incineration is
down to 30 % of initial mass, the volume reduction is even more effective (about 10 %). Another
positive aspect of the incineration can be energy production (electricity, heat); the caloric
content of municipal waste is comparable with lignite. The unwanted – but unavoidable –
outcomes from incineration are represented by bottom ash (BA; about 27 wt. % of incinerated
waste) and air pollution control (APC) residues (fly ashes; ca 3 wt. %). The generated amount
and properties of particular ashes differ from plant to plant in dependence on the applied
incineration and air pollution control technology, composition of processed wastes and even on
year season. Especially the APC residues bring significant environmental risks due to heavy
metals and Persistent Organic Pollutants (POPs) content. The APC management strategies and
treatment methods were summarized in [1]. Bottom ash usually does not have to be treated
because of its lower heavy metals and POPs content. BA can be dumped or utilized as a
material; common is employment of bottom ash as embankment material but even this
application is often matter of “green” objections due to possible leach out of heavy metals into
surroundings during the long time environmental exposure. Hence it would be attractive to use
BA as a raw material for a product where heavy metals would be immobilized and thus such
product would be environmental safe. Such requirements are fulfilled well by cementitious
composites [2]. The BA can be used either as concrete admixture or as raw material for cement
clinker production [3].
Pera et al. [4] used MSWI bottom ash as partial coarse aggregates replacement in concrete; they
proposed to treat the BA by NaOH in order to prevent aluminium induced hydrogen evolution
which causes loss of strength. Such application of treated BA increased durability of concrete
but still reduced its strength. Bertolini et al. [5] compared water washing and dry and wet
grinding as MSWI BA treatment; only the latter process to prevent the concrete strength loss.
Ferraris et al. [6] proposed melting MSWI BA at 1450 °C and grinding the resulting slag to
particles smaller than 90 μm which can be used and filler or supplementary cementitious
material. Similar approach studied Lee and Rao [7]; they added to MSWI ashes also scrap glass
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and the resulting slag was ground to particles finer than 38 μm. This material was used for
production of blended cement [8]. Rémond et al. [9] studied effect of untreated MSWI fly ash on
technological properties of cement mortars. The fly ash caused significant increase of setting
time and decrease of workability and strength.
The goal of the present work is to evaluate influence of untreated MSWI bottom ash on
technologically important properties – compressive strength, bulk density, durability, and fresh
concrete consistency.

Experimental methodes
The granulometry of MSWI bottom ash (BA) was determined by standard sieving analysis [10].
The compressive strength of 7, 28 and 90 days old concrete (cubes 150 mm) was measured using
the common test described in [11]. Resistance of concrete to freezing and thawing action was
determined according [12] by means of temperature cycling; one cycle consisted in 4 hours at ‐
20° C and 2 hours at 20° C; the compressive strength was measured after given number of
cycles. Consistency of fresh concrete mixture was measured by slump test [13].

Materials
The subject of study was bottom ash (BA) collected in the winter period of 2009 in a modern
incineration facility in Czech Republic. The BA has been quenched in water after leaving the
grate, and steel pieces were removed by magnetic separation. The generated BA from
incinerator involves wide range of particles size; only the fraction 0‐4 mm was used in the
present work. The ash was dried before experiments. The content of major components (in form
of oxides) is presented in Tab. 1. It was determined by XRF spectroscopy by apparatus Thermo
ARL 9400 XP.
Nowadays the BA is (in this particular incinerator) mixed with treated fly ashes and used as
backfill and embankment material. An alternative use – as fine aggregates in concrete – was
tested in this paper. Series of concrete samples was prepared according Tab. 2. Ordinary
Portland cement CEM I 42.5 R was used as binder; natural aggregates were siliceous sand and
gravel. The fresh concrete mixture was casted into standard cubes of edge 150 mm and stored in
water to age 7, 28 or 90 days. The reference specimens (C0) were stored separately in order to
prevent possible negative effects of chlorides and sulfates leached out form the C5‐C15
specimens.
The 2nd series of experiments was devoted to determination of water/cement ratio effect on
technological properties of fresh and settled concrete (after 28 days). The composition is given
in Tab. 3. Mixture C10 was selected as the starting material.
Table 1: Content of major oxides in bottom ash (weight %)
SiO2
Al2O3
Fe2O3
CaO
MgO
SO3
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33.5
15.8
8.4
19.4
2.0
9.3

ZnO
Na2O
K2O
TiO2
Cl

0.8
3.6
1.9
1.5
1.1

Table 2: Composition of concrete mixtures with different level of fine aggregates replacement by BA
Natural aggregates
0‐4
4‐8
8‐16
kg/m3 kg/m3 kg/m3
607
260
867
577
260
867
546
260
867
516
260
867

Material Cement BA
kg/m3 kg/m3
C0
400
0
C5
400
30
C10
400
61
C15
400
91

w/c
0.52
0.52
0.52
0.52

Table 3: Composition of concrete mixtures C10 with different water/cement ratio
Mixture
C10‐0.45
C10‐0.49
C10‐0.52
C10‐0.55
C10‐0.60

Natural aggregates
Cement BA
0‐4
4‐8
8‐16
3
3
3
3
kg/m kg/m kg/m kg/m kg/m3
400
61
546
260
867
400
61
546
260
867
400
61
546
260
867
400
61
546
260
867
400
61
546
260
867

w/c
0.45
0.49
0.52
0.55
0.60

Results and discussion
The chemical composition of BA (Tab. 1.) is highly unfavorable in order to be used in
cementitious products. The sulfate content is very high when compared with published values;
the chloride content is within common range of bottom ashes [2, 4]; the BA does not fulfill the
standard requirements on sulfate and chloride content in aggregates for concrete [14]. On the
other hand, the grading curve (Fig. 1) of studied 0‐4 mm BA fraction is relatively close to
granulometry of natural siliceous 0‐4 mm sand.
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Figure 1: Grading analysis of bottom ash and sand 0‐4 mm.
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The dependence of concrete compressive strength upon level of sand replacement in plotted in
Fig. 2. The replacement up to 10 % does not influence the strength negatively. Bulk density (Fig.
2) is slightly decreasing with the BA content but any visible expansion or spalling caused by
hydrogen evolution [4, 15] has not been observed.
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Figure 2: Compressive strength (28 days) and bulk density of mixtures C0 to C15.
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Figure 3: Evolution of compressive strength upon time of water curing of reference mixture C0 and BA
containing C10.
Since the strength of C10 has been about the same as in case of reference C0, this material has
been chosen for more detailed characterization. The evolution of compressive strength upon
time (Fig. 3) reveals that up to 28 days the rate of strength increase of the reference mixture and
C10 has been comparable but later the hydration of reference concrete has continued while the
strength of BA containing material has increased only moderately. The frost resistance tests
results (Fig. 4) showed a very good durability of BA containing concrete which has sustained
125 freezing cycles without decrease of strength and integrity. Beyond this, the frost resistance
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experiment has demonstrated again the difference of hardening course which was already
observed – C10 specimen reached its maximum strength earlier than reference C0 which
hydrated significantly also during the freezing/thawing cycles.
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Figure 4: Compressive strength after 75 and 125 freezing – thawing cycles.
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Figure 5: Slump of C10 mixture as function of water/cement ratio.
It can be explained by different hydration mechanism of cement clinker minerals in presence of
chlorides and sulfates from bottom ash [16]; they cause hydration retardation on the beginning
of hydration (ettringite and its chloride analogues – hydrated chloroaluminates). Later the
hydration proceeds faster but the final composition of hydrated cement binder is different from
the standard cement with only low content of sulfates and almost none chlorides. Material C10
hydrated and reached its final strength faster but this “final” strength is lower than in case of
reference C0. Such behavior was observed also by authors [9] who used untreated MSWI fly ash
with high content of chlorides and sulfates while in other papers dealing with treated ashes the
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strengthening rate was similar for reference and ash‐containing mixtures [5, 6]. Obviously
concrete made from untreated ashes is excluded from reinforced structures.
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Figure 6: Compressive strength (28 days) and bulk density of mixture C0 as function of water/cement
ratio.
The adding of bottom ash to concrete mixture has reduced its slump (Fig. 5). Similar
measurement [9] confirmed this behavior of ashes. The fresh concrete mixture consistency of
C10 has been obviously highly dependent on water cement ratio; the consistency ranges from
stiff S1 to fluid S4 [13]. The dependence of compressive strength and bulk density on w/c has
been found to be linear (Fig. 6). These results represent the mixture variability without any
plasticizers; obviously by range of concrete additives the mixture properties can by widely
varied.

Conclusions
The untreated MSWI bottom ash (fraction 0‐4 mm) was used as partial sand replacement in
concrete. This ash, by its chemical composition, does not fulfill the standard requirements on
concrete admixtures but the prepared concrete had acceptable properties. The 28‐days
compressive strength of material with 10 % sand replacement was comparable with the
reference concrete; the 90‐days strength was lower which can be explained by different
hydration process. The frost resistance of bottom ash containing concrete was very good. The
prepared concrete contained relatively low content of MSWI ash; this approach represents a
compromise between the ecological request on a practical utilization of MSWI ashes and
properties of the acquired product. Higher ash dosage – without any accompanied loss of
concrete properties – would be possible only when the ash would be treated in some way (e.g.
by vitrification) but in such case there would arise additional costs suppressing the MSWI ashes
utilization attractiveness for building industry.
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Abstract: The new method for determination of water vapour transport properties of building materials
is presented in this paper. This method consist in combining experimental and computational approach,
where in the experimental part, the relative humidity profiles are determined using transient method and
in the computational part, genetic algorithm and genetic programming is used. In this paper also the
practical example of determination water vapour diffusion resistance factor of cellular concrete is
presented.
Keywords: Water vapour permeability, cellular concrete, transient experimental method, genetic
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1.

Introduction

The modern mathematical models for description of transport processes in porous materials
require precise input data in order to produce serious output data. Among these input data, the
material parameters plays crucial role. When describing water vapour transport, water vapour
permeability, water vapour diffusion coefficient or water vapour diffusion resistance factor is
usually needed. In many mathematical models, these material parameters are required as a
function of relative humidity or moisture content in the material. Such requirement put the
burden on the laboratory workers who perform the measurements.
Water vapour transport parameters are usually determined by steady state cup method [1].This
method is very popular for its simplicity and is generally considered as reliable and relatively
accurate. However, back in 2004, in the framework of EU‐initiated HAMSTAD project, the
involved researches have referred to the necessity of improvement of the vapour diffusion
experiment based on cup method [2]. Another way for determination of water vapour transport
properties of materials is an inverse analysis. The inverse analysis presents general approach
that is aimed at identification of unknown input data based on known output data. This
approach includes many methods from simple equations to complex models and optimization
tools and methods [3]. Among these optimization tools, the evolutionary algorithms take place.
These algorithms are inspired by processes that occur in living nature. Genetic algorithms and
genetic programming are typical representatives from this group of optimization methods. As it
has been published in the recent past, the genetic algorithm (GA) may be used within the
inverse analysis of material characteristics of building materials [4]. Although the applications
of GA were more or less successful, there are still some limitations that don’t allow getting
better performance of the algorithm. Due to representation of candidate solutions by variables,
the GA is unable to optimize mathematical functions. In order to get smooth functions, the GA
must work with more than 50 variables, but with such high number of variables, the GA loses
its ability to find the solution. This problem may be solved by involving genetic programming
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(GP). GP works on very similar principles like GA, but instead of evolving candidate solutions
in form of variables, GP evolves programs. In standard GP, these programs are very often
represented by mathematical functions, which are very suitable for optimization on the field of
materials engineering.
In this paper we present new method of inverse analysis that combines genetic algorithm and
genetic programming. The GA is used for determination of the shape of investigated curve of
water vapour diffusion resistance factor. The GP is then used for symbolic regression of that
curve and determination its mathematical description.

2.

Combined experimental/computational technique for determination of water
vapour diffusion resistance factor as a function of relative humidity

2.1 Experimental
For the application of computational inverse analysis, knowledge of relative humidity
distribution along the sample length which is oriented in parallel to water vapour transport
must be known. Therefore, an experimental apparatus for relative humidity profiles
measurement within 1‐D water vapour transport was devised. It consists of two airtight
chambers that are separated by measured sample that has usually rod shape. The sample is
provided by water vapour proof insulation on all the lateral sides what ensures 1‐D water
vapour flux through the studied material. In the first chamber, a state close of high relative
humidity is kept while in the second one, there is a state close to 0% relative humidity. In this
way, simulation of gradient of partial water vapour pressure is performed. For relative
humidity fields monitoring, the capacity hygrometric sensors are used. There are placed into
the before bored holes in specific distances along the sample length in such manner that no
disturbance of water vapour flux through the sample occurs. The basic schema of the apparatus
is given in Fig 1.

Figure 1: Experimental set‐up of relative humidity profiles measurement

3.

Computational

The measured relative humidity profiles were analysed within the coupled inverse and forward
analysis that was performed using computer code HEMOT [5], GRADE genetic algorithm [6]
and genetic programming tool GPdotNET [7]. Within this process, the optimised water vapour
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diffusion resistance factor vs. relative humidity function was found by the use of GRADE code
and verified by agreement between data calculated by HEMOT code and measured within the
transient experiment. Within the performed calculations, also the effect of water vapour transfer
coefficient on the simulated relative humidity profiles was studied. After that, the best solution
found by GRADE was optimized by GPdotNET to get smooth curve and to find its
mathematical description.
3.1 Evolutionary algorithms
In artificial intelligence, an evolutionary algorithm (EA) is a subset of evolutionary
computation, a generic population‐based metaheuristic optimization algorithm. An EA uses
some mechanisms inspired by biological evolution: reproduction, mutation, recombination, and
selection. Candidate solutions to the optimization problem play the role of individuals in a
population, and the fitness function determines the environment within which the solutions
ʺliveʺ. Evolution of the population then takes place after the repeated application of the above
operators.
Both genetic algorithms and genetic programming belong to the group of evolutionary
algorithms. GA and GP are a relatively new form of artificial intelligence developed with
ambitious goal of using computer to create a computational artifact. Both GA and GP are
inspired by Darwinian biological evolution and genetics. Contrary to GA that uses string of
variables to represent the solution, candidate solutions of standard GP deals with tree‐
structured programs (tree) as individuals [8, 9].
Standard scheme of GA and GP is very similar. In Fig. 2 there is a scheme of optimization
process of GP and GA.

Create initial random
population of programs

End

Perform computer
simulation

Generate input file for
each program in
population

Designate results

Generate output file
for each program in
population

Evaluate fitness of each
program in population

Satisfactory fitness level?

Reproduction
Mutation
Cross-over

Select genetic operation

Figure 2: Optimization process of genetic programming and genetic algorithms
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4.

Results and discussion

The combined experimental/computational technique described above was used for the
assessment of water vapour diffusion resistance factor of cellular concrete as a function of
relative humidity. The cellular concrete material P2‐350 Lambda produced by Ytong was
chosen for the experiment.
In Fig. 3, there are presented typical relative humidity fields measured within the transient
experiment together with the relative humidity calculated by HEMOT code using the optimised
water vapour diffusion resistance function. Within the computational optimisation, also the
value of water vapour transfer coefficient was fitted, whereas the data presented in Fig. 3 were
calculated for water vapour transfer coefficient equal to 6.76E‐09 s/m (with regard to partial
vapour pressure).

Figure 3: Relative humidity profiles measured within the transient experiment and calculated using
HEMOT code
The water vapour diffusion resistance factor optimised by GRADE algorithm is presented in Fig
4. We can see its high dependence on relative humidity what is crucial for application of
studied cellular concrete in building practice. In case of high relative humidity, the studied
material will allow fast water vapour transport what will consequently lead to its high
moistening related to volume changes, decrement of thermal insulation function etc. Especially
the changes of relative humidity could lead to serious material inner mechanical loading
accompanied by cracking and spalling. On the other hand, the studied material will enable
management of the interior conditions of buildings from the point of view of water vapour
evaporation through the building envelopes based on cellular concrete. In this way, the optimal
life conditions of buildings’ residents will be ensured.
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Figure 4: Water vapour diffusion resistance factor of cellular concrete
The found solution of water vapour diffusion resistance factor was subsequently optimized to
find its mathematical description. This is very important step before applying the genetic
programming directly, i.e. without using GA. The application of GP on the solution will give
brief information about the shape of the curve, its elementary mathematical functions that
create the global function. With that knowledge, the genetic programming can be set up very
efficiently to find solution in quite fast way. In Fig. 5 there is shown a result of symbolic
regression by GP.

Fig. 5: Symbolic regression by genetic programming
The found curve is described using following equation
(1)
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For the next research we can state, that the solution of water vapour diffusion resistance factor
as function of relative humidity can be found as polynomial function with high degree. Of
course, such mathematical description is not general for all building materials. It is very likely,
that different materials will have different shape of water vapour diffusion resistance factor
function and therefore new experiments with different materials should be conducted.
To get better result of the optimization, the genetic programing tool should be implemented
directly to the simulation tools, so that we can get results without using genetic algorithm. Such
kind of optimization will decrease the possible error, which is caused be double optimization
process.

5.

Conclusions

In this paper, a combined experimental/computational technique for the determination of water
vapour diffusion resistance factor of cellular concrete has been presented and practically tested.
The developed technique allows assessment of water vapour transport properties in
dependence on relative humidity, what is crucial factor for application of building material in
real conditions of buildings. To find the dependence two evolutionary techniques have been
used – genetic algorithms and genetic programming. Whereas the genetic algorithm was able to
find gross solution of the curve defined by 6 isolated points, the genetic programming were able
to find smooth curve with its mathematical description. This is valuable information for the
next research, because having smooth curves of material characteristics will bring better results
to computer simulation of heat and moister transport.
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Introduction
Nowadays it is necessary to consider not only materials’ basic and mechanical characteristics,
but also their energy efficiency. Energy efficiency should be one of the main criteria in choosing
building materials. This is the reason for the preference of kinds of materials that have not only
load‐bearing function, but also insulating properties. It usually means porous materials,
because they have better insulating properties than solid ones. The disadvantage of these
porous materials is the decrease of their insulating capabilities in the presence of water. Some
amount of water is present in almost every construction. This is the reason for the measurement
of thermal and hygric properties. Based on this we should be able to predict the behaviour of
materials in a real construction.
In this paper, the studied material is autoclaved aerated concrete. It is one of the most widely
used load‐bearing materials in low‐rise buildings. AAC belongs to the group of lightweight
concrete. It has good insulating properties, and also sufficient strength. The measured
properties of AAC will serve to compare different materials, and also as input data for
mathematical transport models.

Materials
As mentioned above, the studied material is autoclaved aerated concrete. We measured two
kinds, both of them are products of Xella CZ. Their proper names are P1,8 300 and P4 500.
In the Czech Republic, two different kinds of AAC are produced. The difference between them
is the filler—silica sand or silica fume. Both of the materials we studied belong to the first
category, as the filler used was silica sand. A study of the second kind (silica fume AAC) will be
performed next year.

Experimental Methods
Among the basic properties, the bulk density, matrix density and open porosity were measured
by the water vacuum saturation method [1]. Each sample was dried in a drier to remove the
majority of physically bound water. After that, the samples were placed in a desiccator with de‐
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aired water. Over a period of three hours, the air was evacuated from the desiccator with a
vacuum pump (Figure 1). The specimen was then kept submerged in water not less than 24
hours. From the mass of the water saturated sample and the mass of the immersed water
saturated sample, the volume of the sample is determined, and then the basic physical
parameters are calculated.

Figure 1: Vacuum pump with desiccator

One other characteristic important for accurate discussion of transport parameters is
pore structure. It was measured using mercury porosimetry (Figure 2). This special
method is based on capillary depression phenomenon. If a porous material is immersed
in a non‐wetting liquid, only external pressure can force the liquid into the porous
structure. It is then possible to measure the pore diameter from the amount of mercury
and the value of pressure. Then pore size and distribution can also be determined.

Figure 2: Mercury porosimeter

Among mechanical parameters, we focused only on compressive strength. It was
determined by the special loading device MTS 100 kN. The experiment was performed
on dried cube samples, with a loading speed of 1 kN.s‐1. The maximum force was
detected, and the dimensions of the samples were also measured. From these values we
determined the compressive strength. We also performed a measurement of
compressive strength on samples that were fully saturated by water for 40 days then
dried before the experiment was performed. These results are in the table designated
ʺwet sampleʺ.
Thermal conductivity as the main parameter of heat transport was measured using the
commercial device ISOMET 2104 (Applied Precision, Ltd.) [3]. The measurement by
ISOMET 2104 (Figure 3) is based on the analysis of the temperature response of the
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material to heat flow impulses. The heat flow was induced with an electrical resistor
heater, which had direct thermal contact with the surface of the sample. The
measurements in this paper were done with dependence on moisture content.

Figure 3: ISOMET 2104

Hygric properties are divided into two groups: transport and absorption parameters. In
this thesis only transport parameters were measured.
The transport of liquid water is described by a water absorption coefficient [2]. A
special device was used for its measurement (Figure 4), which included a water tank,
scale, and computer program SETRA COMMUNICATOR. The water absorption
coefficient was determined using a scale to graph the increase in weight depending on
the square root of time—it is the direction of this curve.

Figure 4: Measurement of the water absorption coefficient

The cups method (Figure 5) was used for the measurement water vapour transport
parameters [1]. Changes in the weight of cups are monitored and then the water vapour
diffusion permeability, the water vapour diffusion coefficient, and the water vapour
resistance factor are determined. The cups method includes two different arrangements.
One arrangement is called dry‐cup. On the bottom of the cup is silica gel which creates
zero relative humidity. Second one is wet‐cup, where the water is used instead of silica
gel. So there is almost 99% relative humidity. Above the cups uniform conditions are
constantly maintained (relative humidity 50% and temperature 25°C).
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Figure 5: The cups method

Experimental results and discussion
The experimental results of the basic properties are summarized in Table 1. The
experiment showed that the measured values of bulk density are slightly different than
the values declared by the company. However, the difference is lower than allowed
deviation (50 kg.m‐3). Also, the results of open porosity corroborate the hypothesis that
with decreasing bulk density, porosity grows.
Table 1: Basic properties
P1.8 300
P4 500

Bulk density [kg.m‐3]
305.02
501.19

Matrix density [kg.m‐3]
2312.34
1896.59

Open porosity [‐]
0.868
0.735

Figure 6: Pore distribution curve
In the following graph the pore distribution curve (Figure 6) is shown. The important thing on
this graph is that material P1.8 300 has a lesser amount of capillary pores than material P4 500.
This information is important for understanding the measured value of water transport
properties.
Experiment results of mechanical properties are higher than declared in the dry case. But the
value of compressive strength decreases after saturating. We hypothesise that it is caused by
drying from a saturated state.
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Table 2: Compressive strength
Dry sample
Wet sample
[MPa]
[MPa]
P1.8 300
2.05
1.69
P4 500
4.60
3.86
As for thermal properties. thermal conductivity dependent on moisture content is presented
here (Figure 7). We see an increasing trend of thermal conductivity with an increased amount of
water. Also. the difference between both kinds of AAC is visible. Material P1.8 300 achieves
lower bulk density and so its insulating properties are better than the other material (P4 500).

Figure 7: Thermal conductivity depending on moisture content
From the final values of water absorption coefficient we can derive that material P4 500 absorbs
water faster than material P1.8 300. The first estimation predicted an inverse result, due to the
higher amount of pores in material P1.8 300. The deciding factor is not the total amount of pores
but mainly their size.
Table 3: Water absorption coefficient
A [kgm‐2s‐1/2]
P1.8 300

0.0292

P4 500

0.0491

Water vapour transport properties are summarized in Table 4. It shows that both materials
achieve nearly the same value for these properties. The great difference between dry‐cup and
wet‐cup tests is a normal effect which can also be observed with other kinds of buildings
materials. It is caused by a partial transport of liquid water in the wet‐cup arrangement.
Table 4: Water vapour transport properties
Dry cup

Wet cup

D [m2s‐1]
2.30 E‐6

μ [‐]
10.02

δ [s]
1.03 E‐11

D [m2s‐1]
1.41 E‐6

μ [‐]

P1.8 300

δ [s]
1.68 E‐11

P4 500

1.54 E‐11

2.11 E‐6

10.96

9.38 E‐11

1.29 E‐6

1.79

1.78
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δ is the water vapour diffusion permeability, D is the water vapour diffusion coefficient and μ
means the water vapour resistance factor.

Conclusion
Autoclaved aerated concrete is a lightweight material. It has porous structure. with a total
porosity of about 80%, but its mechanical properties are sufficient even for a load‐bearing
material. Measurement proved that AAC has excellent insulating properties, but attention must
be paid to the conditions of placement, especially water content and approach.
The main difference between two studied materials is bulk density. P1.8 300 has a lower value,
so it has also less compressive strength and better insulating properties. Its transport of liquid
water is also lower than with P4 500, though both materials have almost the same water vapour
transport characteristics.
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Simplified modelling of hygric performance of a hysteretic
building material exposed to cyclic changes of relative
humidity
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Abstract: Moisture content of a hysteretic porous building material exposed to changing relative
humidity of surrounding air corresponds to the scanning curves between the main adsorption and
desorption curve. Therefore for detailed simulation of the material hygric behaviour the knowledge of
main adsorption/desorption isotherms as well as the scanning curves is necessary. In this work a
simplified approach is used for simulation of hygric performance of hysteretic building material under
cyclic changes of relative humidity. The simplified model is based on concept of ‘mean scanning curve’.
Its advantage is that it simulates the moisture storage of the material from the main hysteretic loop only,
without requirement of experimental scanning curves data. The results obtained by the simplified model
are compared with measurement as well as with the numerical calculation involving the more complex
simulation of hysteretic behaviour, based on Pedersen model. The comparison is done for burnt clay brick.
Based on analysis of the results, the capability of the simplified model is discussed.
Keywords: Hygric performance, sorption hysteresis, simplified model, ceramic brick

1. Introduction
In simulations of hygrothermal performance of a building structure actual moisture content of
building materials is most frequently calculated using the main adsorption isotherm or the
mean between the adsorption and desorption curve. However, in real circumstances, materials
in building structures are exposed to changing boundary conditions and due to hysteretic
effects their actual moisture content corresponds to the scanning curves between the adsorption
and desorption isotherm. The reasons, why the sorption hysteretic effects are not commonly
involved in hygrothermal simulation tools are as follows:
There is lack of available scanning curves data of building materials,
Integration of a model of hysteretic behaviour into simulation tools would make the existing,
rather complex models, even more complex and time consuming.
In this work a simplified approach is used for the simulation of hygric performance of
hysteretic building material under cyclic changes of relative humidity (RH). The simplified
model is based on concept of ‘mean scanning curve’. Its advantage is that it simulates the
moisture storage of the material from the knowledge of the main hysteretic loop only, without
requirement of experimental scanning curves data. In the previous work [1], a possibility of the
prediction of the scanning isotherms in the hygroscopic range by two algorithms – Slope [2] and
Mualem [3] was analysed and it was concluded that both these algorithms gave acceptable
coincidence between the experimentally determined and predicted steady‐state scanning curves
in case of ceramic brick and autoclaved aerated concrete. In the paper [4], Slope algorithm was
used for the prediction of the ‘mean scanning curve’ in simplified modelling of hygric
performance of building material under cyclic changes of RH. In this paper the capability of
simplified model using the Mualem algorithm for the prediction of the ‘mean scanning curve’ is
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analysed. The results obtained by the simplified model are compared with measurement as well
as with the numerical calculation involving the more complex simulation of hysteretic
behaviour, based on Pedersen model [5]. The comparison is done for burnt clay brick exposed
to cyclic changes of RH between 30 and 85 %.

2. Experimental part
The measurements were done for a ceramic brick. The tested brick is commonly used burnt clay
brick produced by Slovak manufacturer. Its basic material parameters ‐ bulk density, total open
porosity and capillary moisture content as well as water vapour sorption isotherms were
determined in the previous work [1]. The water vapour main adsorption and desorption
isotherms as well as the scanning curves were determined by the standard gravimetric
desiccator method, which consists in conditioning the samples in desiccators under constant
relative humidity (RH) and temperature (23°C) until the static equilibrium is achieved [6]. The
water vapour resistance factor was measured by the standard dry‐cup (0 – 53% RH – silica‐gel
and climatic chamber) and wet‐cup (100 – 53% RH ‐ water and climatic chamber) methods [7].
Dynamic test consisted in monitoring mass changes of the brick samples exposed to changing
RH in climatic chamber. The test was performed with 7/17 hours changes between 84.5 and 26.5
% RH. The temperature during the tests was kept at a constant value of 23.0 ± 0.5 °C. The
relative humidity and temperature in the climatic chamber were registered in one minute
intervals. Simultaneously three brick specimens with the dimensions of 100.8 x 101.9 x 26.38
mm, 101.8 x 101.6 x 24.23 mm and 101.2 x 101.6 x 26.04 mm were tested. The specimens were
sealed on all but two surfaces by the epoxy resin in order to guarantee 1D water vapour flow.
The mass of the samples was weighed in the chosen time intervals by the electronic balance
with the accuracy 0.01g. The air flow velocity near the samples varied between 0.20 and 0.30
m/s. Based on the similarity relations and the Lewis relation the value of the surface film
coefficient for diffusion β = 5.6.10‐8 s/m was determined, which was used in simulations.
After finishing the dynamic test the samples were oven dried at temperature of 105°C in order
to determine their dry mass and moisture content during the test.

3. Simulation of hysteretic behaviour
A conceptual model of hysteresis has been suggested by Mualem [3]. It is based on Neel’s
similarity hypothesis and Everett’s independent domain model. Based on the previous results
[1], the partial hysteretic loop formed by the main adsorption curve and the desorption
isotherm from 98% RH is used for a prediction of the scanning curves inside this loop. From the
point of view of the Mualem model it means that the independent domain theory is not applied
to the whole porous body but only to the part of the body where the assumption of the domains
independency can be better fulfilled. In the suggested simplified approach the ‘mean scanning
curve’ for the considered RH interval is determined as a mean of the 1st scanning desorption
and the 1st scanning adsorption curve. According to the Mualem model the moisture content
during desorption, after the RH path φmin → φ1 (i. e. after 1 processes of adsorption) is expressed
by the relation (1) and during adsorption, after the RH path φmin → φ1 → φ2 (i. e. after 1
processes of adsorption and 1 processes of desorption) is expressed by the relation (2):

u( )  uads ( )  ( uads (1 )  uads ( )) 
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udes ( )  uads ( )
umax  uads ( )

(1)

u( )  uads ( )  ( uads (1 )  uads ( )) 

udes ( 2 )  uads ( 2 )
umax  uads ( 2 )

(2)

Where u is the moisture content (m3/m3), φ is the relative humidity (‐), φmin is the starting RH (‐);
(φmin ≈ 0), uads is the moisture content corresponding to main adsorption curve, udes is the
moisture content corresponding to main desorption curve, umax is the maximum moisture
content; (in the used procedure with partial hysteretic loop umax corresponds to moisture content
at RH = 0.98).
The first scanning desorption and adsorption curves are estimated according to the relations (1)
and (2) respectively, where φ1 and φ2 correspond to the maximum and minimum of RH during
the cyclic changes of RH. The main adsorption and the desorption isotherm from 98% RH are
approximated by the relation of van Genuchten type:

  ln  n1 
u( )  A   1  
 
B

 


n2

(3)

or by its modified version [1]:

  ln(  0.02)  n1 
u( )  A   1  
 
B
 
 

n 2

(4)

Where A, B, n1, n2 are parameters (Tab. 1)
The ‘mean scanning curve’ related to the considered RH interval is described by van Genuchten
equation (3) and its parameters are obtained by fitting the mean curve between scanning
desorption and adsorption curve. The process of the ‘mean scanning curve’ estimation is
illustrated in Fig.1 for the ceramic brick and φ1 = 85%; φ2 = 30%. The used parameters of the van
Genuchten equations are presented in Tab. 1.

Table 1: Parameters of van Genuchten equations for tested ceramic brick
Main adsorption
Desorption from 98% RH
Mean scanning curve (RH
between 30 and 85%)

A [m3/m3]
0.07056
0.07056
0.37

B
0.037
0.06
0.00058

n1
2.0
1.22
1.0

n2
0.35088
0.33898
0.471

Equation
(4)
(4)
(3)

The numerical simulation of the hygrothermal performance of the tested brick was done by
simulation tool NEV3M. It is a modification of the former 1‐D simulation tool NEV3 [8], based
on the solution of two coupled equations for heat and moisture transfer.
With the aim to evaluate the suggested simplified approach, the additional simulation, based on
more complex description of hysteretic behaviour was done. For this purpose Mihalka 1D
simulation tool for calculation of heat and water vapour transfer [9] was applied. Mihalka tool
is able to take into account the hysteretic effects due to the integration of Pedersen empirical
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Figure 1: Illustration of generation of ‘mean scanning curve’ (ceramic brick, RH interval 30‐85%)
model [5] into the numerical calculation. In Pedersen model the moisture content in time (N+1)
is calculated according to equation (5):
u( N 1 )  u( N )  C  ( N 1   N )

(5)

The term C is given by equation (6) during the process of adsorption:

 du 
 du
j ads  ( u  uads ) 2   des   ( u  udes ) 2   ads
 d 
 d
C
2
( udes  uads )





(6)

and during the process of desorption is given by equation (7):
 du 
 du
( u  uads ) 2   des   j des  ( u  udes ) 2   ads
 d 
 d
C
2
( udes  uads )





(7)

Where jads, jdes are parameters, fitted according to the measured first adsorption and desorption
scanning curves. In the considered case, calculations were done with jads = jdes = 0.7 and jads = jdes =
0.95.

4. Results and discussion
The basic material properties of the ceramic brick as well as its water vapour resistance factor
values (μ) are in Table 2.
In the numerical simulations the water vapour resistance factor moisture dependence was
approximated by the relation (8):
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 ( ) 

1
a  b  exp( c   )

(8)

Where a, b, c are parameters: a = 0.072, b = 0.0028 and c = 4.66.

Table 2: Basic material properties and water vapour resistance factor values of tested ceramic brick
Bulk density
[kg/m3]
1370

Open
porosity [‐]
0.42

Capillary moisture
content [m3/m3]
0.37

μ (dry cup)
[‐]
12.0

μ (wet cup)
[‐]
5.9

A comparison between the calculated and measured time course of the specimen mass during
the dynamic test is shown in Fig. 2 (specimen 2), Fig. 3 (specimen 3) and Fig. 4 (specimen 1).
Besides the calculation using the simplified model with “mean scanning curve” evaluated
according to the Mualem algorithm, results of calculation using as the moisture storage function
the main adsorption curve, desorption curve from 98% RH, “mean scanning curve” evaluated
according to the Slope algorithm [4] as well as calculation done by Mihalka simulation tool are
presented. The obtained maximum and minimum values of moisture content during the quasi
steady‐state period of dynamic test are presented in Tab. 3.

Table 3: Obtained maximum and minimum values of average moisture content of tested bricks

Main adsorption
Desorption from 98%
Measured
Simplified Mualem
Simplified Slope
Mihalka Pedersen j = 0.7
Mihalka Pedersen j = 0.95

umax [m3/m3] of specimen
1
2
3
0.0153
0.0153
0.0158
0.0305
0.0304
0.0309
0.0188
0.0177
0.0197
0.0178
0.0177
0.0182
0.0198
0.0198
0.0202
0.0185
0.0184
0.0191
0.0176
0.0176
0.0181

umin [m3/m3] of specimen
1
2
3
0.0073
0.0073
0.0071
0.0209
0.0209
0.0207
0.0116
0.0117
0.0124
0.0102
0.0103
0.0101
0.0129
0.0129
0.0128
0.0111
0.0111
0.0114
0.0097
0.0097
0.0096

It is obvious that the use of the main adsorption curve underestimates and the use of desorption
curve from 98% RH overestimates the calculated moisture content of the bricks. The coincidence
between the measured results and the results obtained by both of the simplified models are
acceptable. However, the obtained agreement is different for the particular specimens (Tab. 3,
Fig. 2‐4). It can be partly explained by the tested material non homogeneity and by the fact that
the calculated specimen moisture content/mass is very sensitive to the moisture storage
function used. Generally the results obtained by using the Mualem algorithm give slightly
underestimated values of moisture content while the results obtained by using the Slope
algorithm are slightly overestimated ones. The results of dynamic test simulation also confirm
that in a simplified model the processes of adsorption and desorption can be described by the
same moisture storage function. The results obtained by Mihalka simulation tool are dependent
on the value of the used empirical parameters jads, jdes (Tab. 3, Fig. 4). In the case of using jads = jdes
= 0.7, the coincidence between the measured and calculated moisture content is very good.
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Figure 2: Comparison between the measured and simulated time course of the specimen mass during
dynamic test (specimen 2)

Figure 3: Comparison between the measured and simulated time course of the specimen mass during
dynamic test (specimen 3)
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Figure 4: Comparison between the measured and simulated time course of the specimen mass during
dynamic test (specimen 1)

In case of using jads = jdes = 0.95 the obtained coincidence is similar or slightly worse than for the
simplified calculation with Mualem algorithm (Tab. 3, Fig. 4).

Conclusions
The capability of simplified model using the Mualem algorithm for the prediction of hygric
performance of a ceramic brick under cyclic changes of relative humidity is evaluated. The
evaluation consists in the comparison with the experimental results as well as with the results
of the more complex simulation based on Pedersen model of hysteretic behaviour and the
previous results of simplified modelling, based on Slope algorithm.
Taking into account the sensitivity of the calculated moisture content to the used moisture
storage function, the agreement between the results of simplified model using the Mualem
algorithm and experiment is satisfactory and comparable with the one of simplified model
using the Slope algorithm. The advantage of the used approach is that it doesn’t need the
knowledge of scanning adsorption and desorption curves. However, for the more general
conclusions regarding its applicability, further tests, covering other ranges of relative humidity
and different types of building materials should be performed.
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Abstract: This paper deals with the influence of calcite on the thermal diffusivity of a ceramic material.
Calcite is usually a part of ceramic bodies and, therefore, it is important to understand its effect on the
properties of ceramic materials. The measurements were carried out by the flash method. The analyzed
ceramics samples were prepared with a calcite admixture of 0, 10, and 20 mass %. The temperature
dependencies of the coefficient of thermal diffusivity up to 600 °C were obtained and their discussion is
provided.
Keywords: thermal diffusivity, calcite, flash method.

1. Introduction
The ceramic materials have currently a broad range of applications. The ceramic on a kaolin
base is used mainly in electrotechnical, building, and chemical industries. Ceramic materials
contain various amounts of composites one of which can be calcite. Calcite is one of the most
important carbonate minerals. It occurs in a seemingly unlimited variety of shapes and colors.
An addition of calcite into ceramic materials may change some properties of materials so that it
is of great importance to study these effects. In this paper, we focus on its effect on the thermal
diffusivity.

2. The flash method
We used the flash method to measure the thermal diffusivity of the studied materials. The flash
method is based on the measurement of thermal response of a material whose part is heated by
a short thermal impulse. The impulse energy is absorbed in the material only within a thin layer
of width g, while the rest of it remains thermally unaffected. The theoretical description is based
on an approximation given by the one‐dimensional heat equation. It is assumed that there is no
thermal flux through the material ends.
In the limit of a very small g, the time evolution of the temperature at the end of the sample that
was not subject to the impulse is given as [1]

T t  


Q 
 1n exp   n 2 2 a2t  ,
1

2


ce 
e 

n 1

(1)

where Q is the impulse energy flux, ρ is the material density, c is the heat capacity, and e is the
sample thickness. After a sufficient time period (in the limit t → ∞) and under the assumption
that no heat losses occur, the temperature becomes stationary at a value Tlim. The ratio of the
temperature rise and the final temperature limit is [2, 3]
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where ω is the dimensionless time defined as



at
.
e2

(3)

The time dependence of the relative temperature increase as given by Eq. (2) is shown in Fig. 1.
It was used by Parker et al [2] to introduce a simple way to calculate the thermal diffusivity a.
Namely, one determines the time, t0.5, at which T(t) is the half of Tlim. Then ω = 0.1388, yielding

a  0.1388

e2
.
t 0. 5

(4)

Figure 1: The relative temperature increase from Eq. (2) in dependence on the dimensionless time ω.

3. Measurement apparatus
The basic part of the measurement apparatus is a source of radiation with an adjustable flash
period. We used a xenon flash lamp as the source. An iris is located between the lamp and a
sample; it shields away the scattered radiation from the lamp and ensures a more uniform
distribution of the thermal impulse on the sample surface. The impulse period is regulated
software‐wise via an impulse unit. A thermocouple is attached to the other end of the sample. It
measures the time dependence of the temperature response to the impulse. A reference sample
(not subject to an impulse) is used in the apparatus in order to increase the sensitivity of the
measurements. The reference sample temperature is also recorded by a thermocouple. Both
thermocouples are connected differentially so that the temperature difference between the
measured and reference sample is actually recorded. Besides the sensitivity enhancement this
configuration of the apparatus eliminates possible undesirable effects on the measurement that
affect both samples in an equal manner. The voltage difference on the thermocouples of both
samples is recorded by a digital device from which the data is directly transferred to a
computer.
In order to measure the dependence of the thermal diffusivity on the temperature, the
measurement apparatus was placed in a furnace. The furnace temperature was regulated by an
adjustable voltage source, and it was set to a value ranging from the room temperature to 600
°C, using 13 different values within this interval. At each of these temperatures every sample
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was measured several times (after the conditions settled down after an impulse) so that a
statistical evaluation and measurement errors could be obtained.

4. Samples
We analyzed three samples (denoted as A, B, and C) whit the composition given in Tab. 1. The
filler was made of clay fired to 1000 °C at the heating rate 10 °C.min–1 and lasting 90 min at the
maximal temperature. Calcite contains above 99.5 % of CaCO3. The samples for the
measurement of the thermal diffusivity were made from these materials. The samples had a
cylindrical shape with the diameter 12 mm and thickness 1.3 mm.

Table 1: Composition of the samples
Sample

Clay

Filler

Calcit

A
B
C

60 %
60 %
60 %

40 %
30 %
20 %

–
10 %
20 %

5. Experimental results
The temperature dependence of the thermal diffusivity a for the studied materials was obtained
from our measurements that are given in Fig. 2. They show that the thermal diffusivity
decreases with an increasing temperature.
In the case of sample A the first rapid decrease (from 2.54  10–7 to 2.07  10–7 m2.s–1) is evident at
the temperatures below 100 °C. It corresponds to the evaporation of physically bound water in
the samples. An initial quite rapid decrease is slowly reduced, and from about 350 °C our
measurements show that the decrease stopped and a value of the thermal diffusivity is
approximately constant (1.73  10–7 m2.s–1).
For sample B the effect of evaporation of physically bound water is not visible. The rapid
decrease of the thermal diffusivity is visible at the temperatures about 550 °C. In this case
dehydroxylation occurs in the sample, i.e., kaolinite undergoes the structural transformation
into metakaolin.
In the case of sample C the first decrease (from 2.73  10–7 to 2.30  10–7 m2.s–1) is evident at the
temperature below 100 °C, like for sample A. It is caused by the evaporation of physically
bound water in the sample again. The second rapid decrease is evident at temperature range
from 300°C (2.17  10–7 m2.s–1) to 400 °C (1.86  10–7 m2.s–1).
The effect of dehydroxylation is evident for sample B at the temperature 500 °C. The basic
structure of kaolinite consists of tetrahedral layers

Al 2 OH 4 

2

Si 2 O 5 2

and octahedral layers

[4]. The chemical reaction of dehydroxylation can be formally described by the

equation Al 2 O 3 .2SiO 2 .2H 2 O  Al 2 O 3 .2SiO 2  2H 2 O [4]. During this reaction water (which
was previously bound) is released. It is generally accepted [5] that dehydroxylation occurs at
about 420 °C. This means that the decrease of the thermal diffusivity of samples A and C at the
temperature about 350 °C is not caused by this effect.
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Figure 2: The thermal diffusivity of samples A, B, C.

6. Conclusion
The comparison of samples A, B, and C shows that the addition of calcit in the material
causes an increase in the value of the thermal diffusivity. The increase of thermal
diffusivity is about 12 % at the temperature range from 100 to 500 °C. The difference of
the thermal diffusivity at temperature range from 500 to 600 °C is not significant.
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Monitoring of the temperature‐moisture regime of the wall of
St. Martin Cathedral tower in Bratislava
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Abstract: Historic monuments are subject to degradation due to exposition to surrounding
meteorological conditions and groundwater. Degradation is most often manifested by deterioration of
plaster, walls structure or building elements. Processes like moisture diffusion, saturation and drying;
freezing and thawing belong to control mechanisms of the degradation. Long term monitoring of the
tower of St. Martin Cathedral in Bratislava have been performed under window sill of the belfry in
exterior in three orientation, in north, south and west. Monitoring has been carried out in plaster and in
the masonry in a distance about 10 cm from the wall surface. The hot‐ball method is used for measuring
thermal conductivity. The thermal conductivity of the porous system depends on the pore content.
Monitored data are correlated to the meteorological data. Details of various effects will be discussed.
Keywords: Monitoring, Temperature – moisture regime, Moisture sensor, St. Michal’s Cathedral in
Bratislava

1. Introduction
Buildings consist of components that have a porous structure. Such objects, in real
environments, are attacked by atmospheric moisture, precipitation, wind, solar radiation and
groundwater [1]. The absorption and transport of water in porous materials combined with the
effects of air/vapour movement through structures are complex processes. Understanding the
moisture content of a building structure, its distribution and temporal variation is crucial for the
prediction of porous material decay [2 ‐ 5]. Therefore, the issue of moisture monitoring started
to have high priority in various branches of civil engineering, especially in the field of
preservation and restoration of historic structures.
Several authors deal with the issue of historic monuments deterioration. Saas and Viles studied
spatial distribution of moisture and its time variations in ruined walls [3]. Kramer et al analyzed
the effect of interior operating conditions on historic building enclosure components [4].
Bruggerhoff et al. studied water circulation in stones of the wall of the Saint‐Gatien Cathedral in
Tours [5]. The results have shown that water transport through porous structure is a complex
process where a set of environmental factors have to be considered to obtain picture on the
deterioration processes.
The measurement of moisture in walls to be monitored uses sensors based on different
principles. Most sensors are based on electrical or electromagnetic principles [6 ‐ 8]. This paper
discusses the design of moisture sensor based on the principle of measuring the thermal
conductivity of porous structures.
St. Martin Cathedral is the largest and the oldest church in Bratislava (Figure 1a). The frame of
the tower is built of dimension stones. The space in frame is filled with bricks. Masonry wall
thickness of the tower is 1.5 m. Wall surface was originally plastered. The most deteriorated
parts were just below the window sill, where plaster together with the surface bricks is heavily
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damaged (see Figure 1c). During reconstruction works moisture sensors were placed in a depth
of up to 60 mm in the surface bricks and in plaster. Fig. 1b shows positions of the sensors just
below the window sill. Connecting cables are led into the tower to the monitoring instruments
RTM (Transient MS).

c
b
a
Figure 1: View of the St Martin’s Cathedral in Bratislava from the west (a), localization of the sensors (b),
photo of the deteriorated area in the north part and fixing of the sensing element to the wall surface before
plastering (c)

2. The principle of the moisture sensor
Principle of the moisture sensor is based on the measurement of thermal conductivity of porous
structure. The thermal conductivity of porous structure is a function of the matrix and the
content of pores, its volume and percolation paths. In real environment, the pores can be filled
with air / vapour, water or ice, depending on the thermodynamic state and the surrounding
conditions. Estimation of the expected changes in the effective thermal conductivity due to
water or dry air in pores can be made by using Maxwell model that for two components
composite has a form [8]

eff 

2 22  1  2 w1 2  1 
22  1  w1  2  1





(1)

where λeff is the effective thermal conductivity of porous system, λ1 is thermal conductivity of
the pore content, λ2 is the thermal conductivity of the matrix and w1 is the porosity. Equation (1)
helps in sensor design. It gives an estimate of how far we are from the theoretically achievable
change in the measured signal when the effective thermal conductivity of dry and water
saturated state of porous material is, alternatively, measured.

3. Experiment
We use a hot‐ball method for measuring thermophysical properties [9]. The method uses a
small ball that generates a transient temperature field in the porous material and
simultaneously it measures its own temperature. Then the ball temperature is a measure of the
thermal conductivity. One obtains the following working equation of the measuring method [9]:
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q0
4rbTm

(2)

where qo is the heat output of the hot‐ball havin radius rb and Tm is the stabilized value of the
temperature response.
A hot‐ball sensing element is shown in Figure 2a. The element has been constructed of two
components, a heater and a thermistor. Both components are fixed in the ball using epoxy resin.
The diameter of the ball ranges from 1.8 mm to 2.3 mm.

a

b

Figure 2: Photo of hot‐ball sensing element (a) and moisture sensor (b)
Moisture sensor made of a borehole core has a cylindrical shape with a diameter of 20 mm and
same length. A small hole is drilled in the axis of the cylinder with a diameter of about 2 mm in
order to fix the hot‐ball. The hot‐ball alone is fixed by epoxy resin. The final form of the
moisture sensor is shown in Figure 2a. A RTM device (Transient MS) is used for monitoring. In
practice the moisture sensor is calibrated.
Figure 1b shows areas of the wall of cathedral tower where sensors are placed. Two areas in
every orientation were chosen at points where window sills ended. The chosen areas belong to
the most attacked ones by atmospheric actions (precipitation, wind, sun radiation). Water
diffuses into the masonry just at the edge of window sills. Therefore, the most intensive
destruction of plaster and bricks was found just in these areas.
Only 3 RTM devices, one at each orientation, were used. So, full‐time monitoring was
performed only for three sensors. When memory of device becomes full, data is transferred via
the USB channel to Laptop. During period of data transfer the sensor functionality is checked. A
measurement for sensors that were not connected with RTM device is performed to find
changes of local temperature and moisture. Then RTM device was reconnected to another
sensor depending on the importance of the observed phenomena. Thus, information about the
temperature‐moisture regime of the tower wall was collected, consisting of individual
measurements and monitoring data files.

4. Results and discussion
Monitoring covered the period from August 19, 2011 to March 30, 2012. A large data set was
obtained during this period. The data files selected for presentation belong to the sections that
characterize “life history” of the tower under environmental impact (Figure 3a). Data include
plaster setting period that takes nearly up to 14.10.2011 and a period where plaster structure
and fixation of moisture sensor in the wall was stabilized. Moisture has started to increase after
10.3.2012 due to growth of environmental temperature. Such strong moisture changes indicate
an intense moisture redistribution in the wall structure.
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Figure 3: Data collected by monitoring of the temperature – moisture regime of the tower of St. Martin
Cathedral in Bratislava (a) and a detail of the transport in plaster (b). Violet bands indicate precipitation
periods.
Rainy periods are indicated by violet bands in the graphs. The rise in the moisture can be found
in both in plaster and the walls just after rain. Intensity of this rise depends on orientation and
on locality of the sensor. Delay of the moisture rise is evident depending on position of sensor
in plaster or in wall.
Detail in the transport dynamics of moisture in plaster after precipitation is shown in Figure 3b.
On September 19, 2012 after 13:00 a heavy storm occurred that was accompanied by south ‐
westerly wind. The temperature plummeted from 26oC to 13oC. After a storm, the weather
gradually improved, as it is illustrated by the rise of the temperature cycle of day / night.
Moisture was gradually transported from the surface into the interior of the plaster. After
reaching a sufficient level, moisture cycles began to emerge that are correlated to the
temperature cycles. Moisture maximum in the vicinity of the sensor occurred within 7 days
from the storm.

5. Conclusions
Sensors for monitoring of temperature ‐ moisture regime were placed in the tower of the St.
Martin’s Cathedral in Bratislava during restoration works. Sensors are placed in plaster and
masonry walls in areas subjected to intense deterioration. Total 11 sensors were placed in the
northern, southern and western masonry walls and plaster.
A new principle of a sensor for monitoring of moisture in the masonry walls of buildings is
presented. The moisture sensor utilizes changes of thermal conductivity of porous structure
when pores are filled by air/vapour, water or ice depending on thermodynamic conditions. A
hot ‐ ball method is used for measuring thermal conductivity. The moisture sensor is calibrated
for dry and water saturated stage. Then moisture sensor can be placed back into the wall
structure to ensure that porous structure of both the sensor and the wall are identical. In the
case of plaster the ball is fixed during plasterwork.
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Abstract: Mechanical and durability properties of concrete produced using ceramic powder as pozzolanic
admixture are investigated. The experimental results show that partial replacement of cement by pozzolan
may have significant environmental and economical consequences. Waste ceramic as recycled material
used in concrete production presents no further CO2 burden to the environment, and its price is much
lower as compared to Portland cement.
Keywords: concrete, pozzolan, mechanical properties, durability properties

Introduction
Supplementary cementing material such as fine‐ground ceramics has found the application in
concrete production couple of decades ago because of their potential to replace a part of
Portland cement in concrete. Fine‐ground ceramics belongs to waste materials. Therefore, these
materials or their combinations can be considered as environmental friendly cement substitutes.
Waste ceramic materials may become a cheaper but almost equivalent alternative to metakaolin
or ground granulated blast furnace slag, fly ash and other materials as supplementary binder in
concrete. The ceramic industry often produces calcined clays that result from burning illite‐
group clays which are commonly used in the production of red‐clay ceramic products. A
portion of these products (which amounts up to 2% depending on producer and country) is
discarded as scrap, thus constitutes industrial waste. The residues of ceramic bricks and floor
and roof tiles ground to a suitable fineness can though become active pozzolans [1‐3]. So, they
have a potential to be used in mortar and concrete.
The measurements of properties of materials containing supplementary cementing materials
are similarly as with many other cement based composites mostly concentrated on mechanical
properties. This may not always be sufficient because superior mechanical properties are often
not accompanied by comparably good resistance against water or salt penetration.
This paper presents an extensive set of parameters of concrete containing different amounts of
waste ceramics as active pozzolana replacing a part of Portland cement, including basic
material characteristics, mechanical and durability characteristics, hygric and thermal
properties. The results are also compared with those obtained for reference concrete containing
only Portland cement as binder.

Materials
The composition of the studied concrete mixes is shown in Table 1. They were prepared with
Portland cement CEM I 42.5 R as the main binder. The chemical composition of cement is
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shown in Table 2. The specific surface area of cement was 341 m2/kg. A part of cement (10 ‐ 60%
by mass) was replaced by fine‐ground ceramics with the chemical composition shown in Table
3, the specific surface area was 336 m2/kg. The design of the concrete mixes was done according
to ČSN EN 206‐1. For the sake of comparison, also a reference mix with only Portland cement as
the binder was studied. The total mass of binder and the amount of water were the same in all
mixtures.

Table 1: Composition of studied concretes
Component
CEM I 42.5R, Mokrá
Fine‐ground ceramics
Aggregates 0‐4 mm
Aggregates 4‐8 mm
Aggregates
8‐16 mm
plasticizer Mapei
Dynamon SX
Water

BC2
ref
360
‐
910
225

Amount in kg/m3
BC2‐ BC2‐ BC2‐
10
20
40
324
288
216
36
72
144
910
910
910
225
225
225

BC2‐
60
144
216
910
225

755

755

755

755

755

3.96

3.96

4.29

5.18

6.16

146

146

146

146

146

The measurement of material parameters was done after 28 days of standard curing in a
conditioned laboratory at the temperature of 22±1°C and 25‐30% relative humidity. The
following specimens’ sizes were used in the experiments: basic physical properties ‐ 50 x 50 x 50
mm, compressive strength – 150 x 150 x 150 mm, bending strength and freeze/thaw resistance ‐
100 x 100 x 400 mm, water vapor transport properties and water transport properties ‐ 100 x 100
x 20 mm, thermal properties ‐ 70 x 70 x 70 mm.

Table 2: Chemical composition of cement
Component
SiO2

Amount in %

Al2O3

4.24

Fe2O3

3.83

CaO

62.37

MgO

0.99

SO3

2.31

Not identified

3.81

Loss on ignition

1.52

18.89

Table 3: Chemical composition of fine‐ground
ceramics
Component
SiO2

Amount in %
63.45

Al2O3

13.98

Fe2O3

5.39

CaO

8.18

TiO2

0.77

K2O

2.43

Na2O

0.90

SO3

0.10

Loss on ignition

1.13
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Experimental methods
3.1 Basic Physical Properties
Among the basic properties, the bulk density, matrix density and open porosity were measured
using the water vacuum saturation method [4]. Each sample was dried in a drier to remove
majority of the physically bound water. After that the samples were placed into the desiccator
with deaired water. During three hours air was evacuated with vacuum pump from the
desiccator. The specimen was then kept under water not less than 24 hours.
3.2 Pore Structure
Characterization of pore structure was performed by mercury intrusion porosimetry. The
experiments were carried out using the instruments PASCAL 140 and 440 (Thermo Scientific).
The range of applied pressure corresponds to pore radius from 2 nm to 2000 μm. Since the size
of the specimens is restricted to the volume of approximately 1 cm3 and the studied materials
contained some aggregates about the same size, the porosimetry measurements were
performed on samples without coarse aggregates.
3.3 Mechanical properties
The measurement of compressive strength was done by the hydraulic testing device VEB WPM
Leipzig having a stiff loading frame with the capacity of 3000 kN. The tests were performed
according to ČSN EN 12390‐3 [5] after 28 days of standard curing. The bending strength was
determined using the procedure described in ČSN EN 12390‐5 [6], after 28 days of standard
curing as well.
3.4 Frost Resistance
Frost resistance tests were carried out according to ČSN 73 1322/Z1 [7]. The samples were tested
after 28 days of concrete maturing and standard curing. The total test required 100 freezing and
thawing cycles. One cycle consisted of 4 hours freezing at ‐20°C and 2 hours thawing in 20°C
warm water. Frost resistance coefficient K was determined as the ratio of bending or
compressive strength of specimens subjected to 100 freezing and thawing cycles to the strength
of reference specimens which did not undergo the frost resistance test.
3.5 Water Vapor Transport Properties
The dry cup method and wet cup methods were employed in the measurements of water vapor
transport parameters [4]. The water vapor diffusion coefficient D [m2/s] and water vapor
diffusion resistance factor μ [‐] were determined.
3.6 Water Transport Properties
The water absorption coefficient A [kg/m2s1/2] and apparent moisture diffusivity
measured using a water sorptivity experiment [8].
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[m2 s‐1] were

3.7 Thermal Properties
Thermal conductivity λ [W/mK] and specific heat capacity c [J/kgK] were measured using the
commercial device ISOMET 2104 (Applied Precision, Ltd.). The measurement is based on
analysis of the temperature response of the analyzed material to heat flow impulses. The heat
flow is induced by electrical heating using a resistor heater having a direct thermal contact with
the surface of the sample.

Experimental Results and discussion
4.1 Basic Physical Properties
In Table 4 the basic physical properties of studied composites measured by the water vacuum
saturation method are shown. The bulk densities of materials with lower amount of fine‐
ground ceramics (BC2‐10, BC2‐20) and reference material (BC2‐ref) differed only up to about
1%. Materials with higher amount of ground ceramics achieved about 2% lower bulk density
than reference material BC2‐ref. The values of matrix density were within about 3% for all
materials. The highest matrix density achieved BC2‐60 with 60% of fine‐ground ceramics, the
lowest BC2‐ref without pozzolana admixtures. The highest porosity had material BC2‐60 with
the highest amount of supplementary cementing materials, the lowest porosity achieved the
reference material BC2‐ref.

Table 4: Basic physical properties of studied concretes
Bulk Density
[kg/m3]
2234
2263
2258
2182
2194

Material
BC2‐ref
BC2‐10
BC2‐20
BC2‐40
BC2‐60

Matrix Density
[kg/m3]
2571
2614
2613
2581
2630

Open Porosity
[%]
13.1
13.4
13.6
15.5
16.6

0.10
BC2REF
BC2-10

Pore volume [cm3/g]

0.08

BC2-20
0.06

0.04

0.02

0.00
0.001

0.01

0.1
1
Pore diameter [mm]

10

100

Figure 1: Pore size distribution of studied concretes.
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4.2 Pore Structure
The pore size distribution of all materials is presented in Figure 1 in form of cumulative curve.
The total pore volume was increasing with increasing fine‐ground ceramics content; the mean
pore radius increased slightly as well.
4.3 Mechanical Properties
The mechanical properties of five studied concretes are shown in Table 5. The replacement of
Portland cement by find‐ground ceramics of up to 20% led to only about 10% decrease in
compressive strength and 3% decrease in bending strength, which was still acceptable. For the
replacement level higher than 20% of mass of cement the compressive strength was affected in
much higher extent than bending strength. For BC2‐60 the compressive strength was more than
two times lower as compared with the reference concrete mixture BC2‐ref but the bending
strength was only about 20% lower.

Table 5: Mechanical properties of studied concretes
Material
BC2‐ref
BC2‐10
BC2‐20
BC2‐40
BC2‐60

Compressive Strength
[MPa]
56.87
55.89
49.58
37.45
22.23

Bending Strength
[MPa]
6.4
6.4
6.2
5.9
5.3

4.4 Frost Resistance
Table 6 shows that all studied concretes could be classified as frost resistant. The frost resistance
of all mixes met the standard criterion of K > 0.75 which guaranteed sufficient performance. The
best results were achieved for compressive strength with BC2‐20 and BC2‐40, for bending
strength with BC2‐ref and BC2‐10. So, in the case of frost resistance the negative indications
following from the measurements of pore volume and mechanical properties after 28 days of
curing were not confirmed.

Table 6: Frost resistance of studied concretes

Material
BC2‐ref
BC2‐10
BC2‐20
BC2‐40
BC2‐60
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Frost Resistance Coefficient K
As a ratio of
As a ratio of
bending
compressive
strengths
strengths
0.86
1.17
0.88
1.08
0.98
0.98
1.03
0.96
0.96
0.96

4.5 Water Vapor Transport Properties
The results of measurements of water vapor transport properties of the analyzed materials are
presented in Table 7.

Table 7: Water vapor transport properties of studied concretes
5/50%
Material
BC2‐ref
BC2‐10
BC2‐20
BC2‐40
BC2‐60

D
[m2/s]
2.67.10‐7
2.77.10‐7
2.92.10‐7
3.18.10‐7
3.59.10‐7

97/50%

μ
[‐]
86.44
84.31
78.89
72.41
64.06

D
[m2/s]
5.54.10‐7
5.83.10‐7
6.09.10‐7
7.44.10‐7
1.02.10‐6

μ
[‐]
41.53
39.45
37.75
31.23
22.53

Comparing the data measured for all studied materials in both cases (dry cup, wet cup), we can
see that the lowest μ value achieved material BC2‐60 with 60% of fine‐ground ceramics which
was in a good qualitative agreement with the porosity data in Table IV. The highest water vapor
diffusion resistance factor in both cases had BC2‐ref without pozzolana admixtures which
exhibited the lowest porosity.
4.6 Water Transport Properties
The results of water sorptivity measurements are presented in Table 8. They were in a good
qualitative agreement with the open porosity data (Table IV). The liquid water transport
parameters increased with the increasing amount of fine‐ground ceramics in the mix. The
lowest water absorption coefficient had the reference material BC2‐ref, about two times lower
than BC2‐60 with the highest amount of fine‐ground ceramics. The comparison of apparent
moisture diffusivities was similar to water absorption coefficients, as the differences in porosity
were lower than those in water absorption coefficient.

Table 8: Water transport properties of studied concretes
Materials
BC2‐ref
BC2‐10
BC2‐20
BC2‐40
BC2‐60

A
[kg /m2s1/2]
0.0066
0.0068
0.0079
0.0107
0.0135


[m2 /s]
2.66E‐09
2.56E‐09
3.85E‐09
5.50E‐09
8.16E‐09

4.7 Thermal Properties
Thermal properties of studied concretes are shown in Table 9, Figures 2 and 3. We can see that
the values of thermal conductivity of studied concretes in dry state were in a qualitative
agreement with open porosity results (Table IV). The thermal conductivity decreased with the
increasing amount of Portland‐cement replacement by fine‐ground ceramics.
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Table 9: Thermal properties of studied concretes

[W/mK]

Material
BC2‐ref
BC2‐10
BC2‐20
BC2‐40
BC2‐60

1.893
1.773
1.700
1.643
1.710

c [J/kg.K]
721
730
726
765
781

The values of specific heat capacity slightly increased with the increasing amount of fine‐
ground ceramics; the maximum difference was about 8%, as compared with the reference HPC.
Figures 2 and 3 show the remarkable increase of thermal conductivity and specific heat capacity
with the increasing moisture content. This may have very significant consequences in the
calculations of hygrothermal performance of building envelopes constructed using the studied
concretes.
2.9

Thermal conductivity [Wm-1K-1]

2.7
2.5
2.3
2.1
BC2-ref
BC2-10
BC2-20
BC2-40
BC2-60

1.9
1.7
1.5
0

1

2

3
4
Moisture [%kgkg-1 ]

5

6

7

Figure 2: Thermal conductivity of studied concretes as a function of moisture content.
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Figure 3: Specific heat capacity of studied concretes as a function of moisture content.
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Conclusions
The experimental results presented in this paper showed that waste ceramic ground to an
appropriate fineness can be considered a prospective pozzolana material suitable for the
replacement of a part of Portland cement in concrete industry. This solution may have
significant environmental and economical consequences. Waste ceramic as recycled material
used in concrete production presents no further CO2 burden to the environment, and its price is
much lower as compared to Portland cement.
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Modification of the dynamic plane source method
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Abstract: The extended dynamic plane source (EDPS) method is one of the transient methods used for
measurement of the thermal conductivity and diffusivity of solids. The heat losses from the lateral sides of
the specimen are the main drawback of this method. The paper describes the modification of EDPS method
which eliminates the heat loss effect. It is based on extending the specimen in the plane of the sensor so in
the time window used for calculation the heat flow does not reach the free surface and thus no heat losses
occurs. The theoretical model and the experimental arrangement of the method, referred to as Modified
Dynamic Plane Source method (MDPS), are presented and applied to measurement of thermophysical
properties of polymethylmethacrylate (PMMA).
Keywords: Thermal conductivity, thermal diffusivity, polymethylmethacrylate, transient plane source
method, modified dynamic plane source method

1. Introduction
Transient methods [1] represent a large group of techniques in which the heat source and
thermometer are placed inside the specimen. The theoretical model is characterized by a
temperature function, which is a solution of the heat equation. The evaluation consists in fitting
the temperature function to the measured temperature response. One of the main advantages of
the transient methods is the possibility to determine both the thermal conductivity and
diffusivity from one single transient measurement.
This paper deals with the transient methods of one sensor system, where the heat source
simultaneously serves as the thermometer. The sensor, in the form of a thin disc, is placed
between two sample pieces. Heat is produced by the passage of an electrical current in the form
of a stepwise function through the sensor, the temperature of which is determined by
measuring its electrical resistance.
The basic method is known as the transient plane source (TPS) technique [2]. The theoretical
model considers the sensor to be completely surrounded by an infinite specimen (Figure 1a). In
practice the time of a transient recording must be chosen so that the outer boundaries of the
specimen do not influence the experiment. The maximum time used in evaluation can be
determined by using the probing depth, temperature residuals plot [3] or difference analysis [4].
This results in the demand for the specimen size, which shall be such that the distance from any
part of the sensor to any part of the outside boundary of the specimen is larger than the sensor
radius. This means that the method has problems with thin samples, because the short transient
recording as well as small radius of the sensor will cause the drop in measurement accuracy.
The modification of the TPS technique, so‐called slab method [3], here referred to as STPS, is
designed for sheet‐formed specimens extending in two dimensions, but with a limited and well‐
defined thickness (Figure 1b). The theoretical model considers no heat losses from the surface of
the specimen. In practice this method is suitable for materials with thermal conductivity higher
than 10 W/(m.K). It can also be used for materials with thermal conductivity as low as 1
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W/(m.K), provided good thermal insulation of the slabs can be arranged, for instance by
performing the measurement in a vacuum.

b)

a)

c)

heat sink

sensor

d)

z

L
R

specimen
Figure 1: Experimental set‐up for a) TPS b) STPS c) EDPS and d) MDPS method.
Another solution is to use one‐dimensional heat flow as in the extended dynamic plane source
(EDPS) [6,7] method which has been designed for materials with thermal conductivity less than
2 W/(m.K) (Figure 1c). The sample slabs have the same cross section as the disc and their rear
sides are in contact with a very good heat conducting material (heat sink) so that the process
after a short time approaches the steady state. The method can be used for thermophysical
parameters measurement of polymeric materials, but heat losses [5] from lateral sides of the
sample are still problematic. Although the influence of heat losses was estimated in [6] much
below 1%, the measurements on polymethylmethacrylate (PMMA) in vacuum showed that it is
about 4% [8]. It could be expected taking into account that the thermal conductivity of the air is
about 0.025 W/(m.K) comparing to that of PMMA which is 0.2 W/(m.K) [9]. So it is very difficult
to analyze and expel the heat losses because the surface‐to‐air heat transfer coefficient reaches
values from 2 to 23 W/(m.K).
The goal of this work is to develop the method suitable for measurement of sheet‐formed
specimens with thermal conductivity less than 2 W/(m.K), which will not be influenced by heat
losses from the specimen surface, hence no need for surrounding vacuum.

2. Theoretical model
Modified DPS method, here referred to as MDPS, is developed for low thermally conducting
slab specimens. As in EDPS method the slab specimens are clamped between two large pieces
of good heat conducting materials (heat sink) as seen in Figure 1d. But as in STPS method the
sheet‐formed specimens are considered to be infinite in the plane of the sensor [3]. So that in the
time window used for calculation the heat flow does not reach the free surface of the sample
and thus no heat losses occurs. The theoretical model is created by the following conditions:
(i)
(ii)

The sensor is a homogenous circle with negligible thickness and heat capacity.
There is no thermal resistance between the sensor and specimen.
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(iii)
(iv)
(v)
(vi)

The specimens are infinite identical parallel slabs.
The heat sink is semi‐infinite and its temperature is constant.
There is an ideal thermal contact between the specimen and heat sink.
The input power of the sensor is stepwise.

The theoretical temperature function is a solution of the heat equation with boundary and initial
conditions corresponding to the experiment and represents the mean temperature increase of
the specimen at z = 0 [10]
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(3)

is the nondimensional time, a is the thermal diffusivity of the specimen,  = R2 / a is the
characteristic time of the transient, b = 2 L / R is a geometric factor and I0() is the modified Bessel
function. For bulk specimens b   the MDPS method corresponds to the TPS one and function
(2) goes to (25) in [2]. Dependencies in Figure 2 can be interpreted as the higher the specimen
thickness the smaller the influence of the heat sink, provided the radius of the sensor is kept
constant.

b
b=3
0.4
b=1

0.2

0

b = 0.3

0

0.5

1

1.5



Figure 2: Dimensionless shape function computed by means of (2) for various values of the
geometric factor b versus nondimensional time  given by (3).
Similarly, we can find the relation to the EDPS method, in which the temperature increase of the
specimen at z = 0 is given [6]
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where the shape function is
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is the nondimensional time,  E =L2 / a is the characteristic time of the transient,  = ‐1 for a
perfect heat sink [6], ierfc is the error function integral and q = P /  R2 is the power per unit area
dissipated by the sensor. Then the temperature function of MDPS method (1) can be rewritten
to the form
TM 

qL 2
qL 2  b
qL

F  , b  
F  ,b 
f  , b 
  b
  b 2
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0.5
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0
0

0.5

1
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Figure 3: Dimensionless shape function computed by means of (7) for various values of the
geometric factor b versus nondimensional time  given by (6).
For thin specimens b  0 the MDPS method corresponds to the EDPS one and the shape
function f (, b) from (7) goes to g() from (4). Dependencies in Figure 3 can be interpreted as
the higher the sensor radius the smaller the influence of the lateral heat flux, provided the
thickness of the specimen is kept constant.
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3. Experiment
The electronic of the apparatus is based on the multichannel PC plug‐in card (Advantech PCL‐
816). Using the constant power resistor the electrical current and thus the sensor resistance can
be determined [10].
Figure 1 illustrates the arrangement of the apparatus for four above mentioned methods. The
sensor, usually termed as transient plane source/sensor element, in the form of a bifilar spiral is
made of 10 m thick nickel foil covered on both sides by 25 m thick kapton insulating film [3].
The heat sink, made of aluminium, provides isothermal boundary condition of the experiment.
In TPS method the thickness of the specimen must be at least as large as the radius of the
sensor. In EDPS method the cross section of the specimen is exactly the same as that of the
sensor. But in TPS and MDPS methods the radius of the specimen must be at least twice as large
as that of the sensor so that the condition related to the probing depth is fulfilled in the plane of
the sensor.
In order to verify the MDPS method a cast PMMA specimens were measured by means of TPS,
EDPS and MDPS methods. In TPS and MDPS methods the sensor 5501 with a radius of 6.5 mm
was used. The EDPS measurements were carried out by means of the sensor with a radius of 15
mm described in [11]. The samples had cylindrical shape with the radius of 15 mm and
thickness about 3 mm. In TPS measurements 3 cylinders were glued by silicon oil to fulfill the
condition for probing depth.
In practice, the conditions (i) and (ii) are not exactly fulfilled so that the temperatures of the
sensor and adjacent specimen surfaces are not identical. The initial temperature of the
specimen, sensor and heat sink is stabilized and equals to T0. A short time  S after the start of
the experiment, a steady state at the boundary between the sensor and specimen is reached and
Newtonʹs cooling law can be written as
q  h TS  TM



(7)

where h is the heat transfer coefficient and TS is the temperature increase of the sensor due to
its self‐heating. The temperature difference is caused not only by the thermal contact between
the sensor and specimen but also by its bifilar spiral shape. Then the temperature of the sensor
can be expressed as

TS t   T0 

q
 TM t 
h

(8)

where TM is the mean temperature increase of the specimen given by (1). The predicted values
of the sensor resistance can be determined by the formula
r t   r0 

 at 
F
,b

R   R


 0 r0 P


3/ 2

(9)

where r0 and 0 are the sensor resistance and its temperature coefficient (TCR) both at
temperature T0, respectively. Both thermophysical parameters can be determined by fitting eq.
(9) to measured points t i , ri  . The thermal diffusivity a is iterated and thermal conductivity  is
obtained from the slope of the linear dependence, as described in [3] and [6].
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4. Results and discussion
Figure 4 shows the time dependence of residuals [3] in MDPS measurement. It illustrates how
well the theoretical model fits the experimental data and reveals the deviating points which
should be omitted. The random component of the resistance measurement uncertainty (noise)
can be evaluated from the variance of the residuals u(r) = 60  corresponding to the sensor
temperature of 1 mK. In addition, the characteristic time of the sensor can be estimated as  S
1.8 s.
r, m

0

-1

-2
0

20

t, s

40

Figure 4. Time dependence of residuals in MDPS measurement.
The probing depth defined by the formula [3]

p  2 a  t max

(10)

acquired the value 5.3 mm in this experiment. So the heat flow did not reach the surface in the
plane of the sensor and there are no deviating points at the end of the transient in Figure 4.

Table 1. Results of the thermal conductivity and diffusivity measurements of PMMA at the laboratory
temperature.

 W  m 1  K 1 



a mm 2  s 1



TPS

EDPS

MDPS

mean

standard
deviation

0.200

0.199

0.203

0.201

0.002

0.118

0.118

0.114

0.117

0.002

Table 1 presents the results of thermophysical parameters measurements of PMMA material.
The measurements were performed by TPS, EDPS, MDPS methods and repeated with various
values of input power. All three methods gave the results with coefficients of variation about 1
and 2% for thermal conductivity and diffusivity, respectively.
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5. Summary
A new method of thermal conductivity and diffusivity measurement of low thermally
conducting materials was proposed and experimentally verified. The theoretical model assumes
zero thermal contact resistance between the sensor and specimen (ii), which does not
correspond with the experiment, but the part of the temperature rise relating to the contact
resistance can be ignored, as described in part 3. From this point of view, the contact paste is not
recommended between the sensor and specimen [3]. However, in this work all thermal contact
resistances, namely, sensor‐specimen, specimen‐heat sink and between parts of the specimen,
were eliminated by making the surfaces sufficiently flat and smooth and using very thin layer
of a silicone oil. Because of low viscosity, no addition gap was introduced.
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Determination of poromechanical coupling parameters for
calcium silicate boards
Peter Matiasovsky, Peter Mihalka
Institute of Construction and Architecture, Slovak Academy of Sciences, Dúbravská
cesta 9, 845 03 Bratislava, Slovakia, email: usarmat@savba.sk
Abstract: Building capillary porous composite materials are very hydrophilic ones, pores of which have
a large specific surface area, which results in strong fluid‐skeleton interactions. On the basis of micro‐
macro relations of poroelasticity the poroelastic coupling coefficients of calcium silicate boards were
identified. For determination of the fluid‐skeleton coupling coefficients of porous material the
experimental procedure based on measurement of moisture deformations under isothermal sorption, and
simultaneously the measurement of the water sorption isotherms is necessary. The equipment for
measurements of temperature and moisture expansion, together with water vapour sorption enabled the
application of complex methodology of poromechanical properties determination for calcium silicate
boards.
Keywords: moisture induced deformation, poromechanical coupling, calcium silicate

1. Introduction
Calcium silicate is a highly porous material characterised by the high moisture expansion.
Koronthalyova and Matiasovsky (2003) gave an interpretation of the moisture expansion
influence of this material to a bilinear character of the moisture dependence of its thermal
conductivity.
The fluid‐skeleton interactions in nonsaturated porous materials can be expressed by
constitutive equations of linear poroelasticity in the form (Coussy, 1995):

d  K  d  b  dpc
dml

l



dp c
 b  d
M

(1)
(2)

where:  and  are respectively the stress and strain, pc is the capillary pressure, ml and l are
respectively the fluid mass content and fluid density. The isotropic linear poroelastic behaviour
is characterised by four independent poroelastic coefficients, which can be chosen in the
following way: two undrained or drained coefficients from among the Lamé coefficients and
, the Young modulus E, the Poisson ratio , the bulk modulus K, altogether with the Biot
coefficient b and Biot modulus M (Coussy, 1995). Carmeliet (2000) presented the approach
enabling to determine the coefficients of coupling between moisture content and moisture
induced strain in porous materials. For determination of the coupling coefficients of the porous
material, the experimental procedure based on measurement of moisture deformations under
isothermal sorption, and simultaneously on the measurement of the water sorption isotherms is
necessary. The equipment for measurements of moisture expansion, together with
determination water sorption enables the application of the complex methodology of
poromechanical properties determination for calcium silicate boards. In this paper an
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application of this approach was used to analyse the mechanism of calcium silicate moisture
expansion.

2. Measurements
The analysis of poromechanical coupling issued from the measurements of moisture expansion
of four types of calcium silicate boards, different in density, within the water saturation interval
of 0 – 90 %. The experiments consisted of two subsequent processes: wetting and drying guided
by changing the gravimetrically controlled moisture content. The length changes of the
specimens dimensions of which were 0.04 x 0.04 x 0.5 m were measured by dilatometer in a
climatic chamber at varied water saturation degrees.

Table 1: Basic parameters of calcium silicate A
Parameter

Value

Bulk density

240 kg/m3

Porosity

0.91

Critical moisture content

0.16 m3/m3

Young modulus

416 MPa

Poisson ratio

0.2

Relative deformation (m/m)

Besides the moisture expansion measurements, the water vapour sorption isotherms in a
climatic chamber and the pore size distribution by mercury intrusion porosimetry method were
determined for the chosen materials. The Young modulus of dry materials was determined by a
standard mechanical bending test. The results of the measurements are presented for the
calcium silicate marked “A”, basic material parameters of which are presented in Table 1.
Results of the moisture expansion measurements for the analysed material are in Figure 1.

Measurement
Model
Degree of saturation (‐)

Figure 1: Moisture induced deformation of calcium silicate
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3. Analysis
In Figure 1 it can be seen that the zero deformation of the calcium silicate is at relative humidity
of 95 %, that means that all moisture induced deformations are represented by the shrinkage.
The presented deformation course shows a significant hysteresis. The upper ‐ wetting and
lower ‐ drying lines are different significantly. From the figure it is evident that for the calcium
silicate two shrinkage minima are typical. Besides the first (95 % relative humidity) minimum,
close to the critical moisture content, the second minimum occurs, close to the absolute water
saturation state. During the moisture deformations two specific phases can be distinguished.
The first phase is represented by the steep, almost linear change in the hygroscopic region
corresponding to the relative humidity interval of 1 – 95 %. The second phase is characterised
by weak changes in the overhygroscopic region.
Carmeliet (2000) expressed the free drying shrinkage from Equation (1), introducing d= 0 and
the bulk modulus reduction factor (1‐D), in the form:

d  

b
dpc
K (1  D)

(3)

where: D is the damage variable. The Biot coefficient has the form:


K 
  S
b  1 
 Km 

(4)

where: S is the degree of saturation and Km is the bulk modulus of material solid matrix. Using
the parameter:

K
Km

(5)

Degreee of saturation (‐)

  1

Adsorption
Desorption
Capillary pressure (Pa)

Figure 2: Retention curve of calcium silicate
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Relative moisture content (m3/m3)

Water vapour
sorption
Mercury intrusion
porosimetry

Relative humidity (‐)

Figure 3: Adsorption curve of calcium silicate
the moisture induced linear strain of calcium silicate can be expressed by the following relation
(Coussy et al., 1999):

 


K (1  D )

p max

 S  p  dp
c

c

(6)

pc min

The Equation (6) was applied at the analysis of the carried out moisture induced strain
measurements described in Figure 1. The capillary pressures pc, were determined from the
retention curve (Fig. 2) using Equation (2), with neglected second term. The Biot modulus M is
identified as an inverse value of the first derivation of the retention curve. The retention curve
was determined from adsorption curve by transformation of the relative humidities to the
capillary pressures, supposing the validity of capillary condensation sorption model (Gregg and
Sing, 1982), using Kelvin equation in the form:

pc   ln   k  135  10 6

(7)

where k = 1 at adsorption and 2 at desorption.
The adsorption curve (Fig. 3) was constructed by joining the measured water vapour adsorption
and pore size distribution curves, where the pore radius r (nm) was transformed to relative
humidity for k = 1 by Kelvin equation in the form:

ln    

k  0.535
r

(8)

As the moisture induced deformation of calcium silicate has a hysteretic character the
calculation of water saturation integral in Equation (6) distinguishes a difference between
wetting and drying processes (Eq. 7). The results for the analysed material presented as the
model solution in Figure 1 were calculated with the following considerations: The first water
saturation phase represents the adsorption in hygroscopic region, guided by capillary pressure
corresponding to cylindrical menisci (k = 1). The second water saturation phase is the
adsorption with capillary condensation guided by the mixed effect of cylindrical menisci
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Relative deformation (m/m)

First wetting ‐ measurement
First wetting ‐ model
Second wetting ‐ measurement
Second wetting ‐ model
Degree of saturation (‐)

Figure 4: Moisture induced deformation of calcium silicate in hygroscopic region

proportional to the non saturated pore volume (with pcads) and spherical menisci (with pcdes)
proportional to the saturated pore volume:
p max

pmax

pmax

pc min

pc min

pc min

 S  pc  dpc  1  S  pcads  

 S  pcads  dpcads  S  pcdes  

 S  p  dp
cdes

cdes

(9)

The drying is a desorption process guided by the capillary pressure corresponding to spherical
menisci (k = 2).
Applying Equation (6) from the known data on moisture induced strain and bulk modulus
and for the adequate water saturation integrals, considering D = 0, the Biot coefficient b = 0.28 S
for the first wetting and also drying was determined. The repeated second wetting (swelling) of
the calcium silicate was different (Fig. 4) the Biot coefficient has increased to the apparent value
equal to S. This change can be interpreted as the effect of a degradation of bulk modulus, with
the corresponding damage variable D = 0.71.

3. Conclusions
On the basis of micro‐macro relations of poroelasticity the coefficients of coupling between
moisture content and moisture deformation were identified for calcium silicate boards. The
coupling coefficients were determined for the water saturation interval 0 ‐ 90 %. The moisture
induced deformation of calcium silicate has a hysteretic character and it is given by different
capillary pressures during the material wetting and drying.
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Application of generalised Wiener mixing formula at modelling
transport properties of porous materials
Peter Matiasovsky, Peter Mihalka, Lubomir Bagel
Institute of Construction and Architecture, Slovak Academy of Sciences, Dúbravská
cesta 9, 845 03 Bratislava, Slovakia, email: usarmat@savba.sk
Abstract: Basic relationships among composition, pore structure parameters and transport properties of
homogenous building materials were investigated. Thermal conductivity and relative permittivity of
moist material are the functions of air and water saturated pore volume fractions. The relative
permittivity of calcium silicates and lightweight mortars at various moisture contents were modelled as
the parallel configurations of solid matrix, air and moisture content volume fractions, expressed as the
power functions. Values of the power functions exponents were given by the mean fractal dimensions of
particular volume fractions determined on the basis of mercury intrusion porosimetry tests. The proposed
pore structure based models of transport properties are reliable tools for the analyses and development of
porous construction materials.
Keywords: porous composites, effective permittivity, moisture content

1. Introduction
At present there are a lot of models of relative permittivity of moist porous materials ‐ from
empirical functions to mixing formulae of various complexity. As the universal solution for
many building materials it seems to be Lichtenecker (1926) model of effective relative
permittivity in the form:

ef uw   1    ks    uw    ka  u kw   kw 

1/ k

(1)

which represents a generalisation of Wiener formula, where the subscripts s, a, w represent the
phases solid, air and water respectively. Symbol  is porosity, uw is volumetric moisture
content. Parameter k can have values from ‐ 1 to 1, which are limit values of k corresponding to
Wiener bounds.
In Holubek et al. (2009) an application of the effective relative permittivity model representing
another generalisation of Wiener formula was presented:

ef uw s 1

1FDms

a uw 1FD w uw ucrit
ma

1FDmw

(2)

where: FDm is the mean fractal dimension of the phase volume, ucrit is the critical moisture
content. The fractal dimension has values from 0 to 1 and the zero value corresponds to the
upper Wiener bound.
The approximation of effective permittivity by Equation (2) was verified only for one type of
calcium silicate in (Holubek et al., 2009). In this paper the applicability of this model was tested
for two types of lightweight plaster and four types of calcium silicate boards.
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2. Measurements
For the application of Equation (2) the measurements of relative permittivity of materials with
various degrees of water saturation were carried out. For the TDR measurements, LOM/4/mpts
produced by Easy Test was used in combination with second‐level multiplexers for sensors
connection. A two‐rod miniprobe LP/ms was used for the determination of moisture content.
The pore structure parameters of the analysed materials necessary for modelling the volumetric
distribution of particular phases and their fractal dimension during the water saturation were
determined with use of the mercury intrusion porosimetry tests. The capillary moisture content
was determined from drying experiments. The basic material parameters of the analysed
materials are in Table 1.

Table 1: Basic material parameters of analysed materials
Material

Bulk density

Porosity

(kg/m3)

(‐)

Capillary
moisture content
(m3/m3)

Lightweight carbonate

610

0.67

0.23

Lightweight lime‐cement plaster

670

0.63

0.18

Calcium silicate A

240

0.91

0.27

Calcium silicate B

240

0.91

0.22

Calcium silicate C

200

0.93

0.22

Calcium silicate D

280

0.90

0.15

3. Analysis
The effective permittivity model expressed by Equation (2) supposes the parallel configuration
of the permittivities of solid matrix s, air a and water w equal to 2.3, 1.2 and 80 respectively, at
a given degree of saturation uw.
The increase of effective permittivity has two phases corresponding to the porous material
water saturation character. The first phase is characterised by the adsorption of water film on
the specific surface of the pores. This process is realised within the moisture content interval 0 –
ucrit. The water adsorbs on the surface of all capillary pores and the mean fractal dimension of
adsorbate equals to mean fractal dimension corresponding to the volume of pores relevant for
the water vapour adsorption. In (Matiasovsky, 2009) the mean fractal dimension of pore volume
for the analysed materials determined by the box counting method equals 1.0 and the fractal
dimension of solid is 0.7. Considering a negligible contribution of solid and air to the effective
relative permittivity Equation (2) for the degrees of saturation lower than critical moisture
content will have the form:

ef uw   2.3 1 1.2  uw  80 uw

2
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(3)

In a case of the degree of saturation higher than critical moisture content Equation (2) will have
the form where the mean fractal dimension is calculated only for water filled fractions bigger
than critical moisture content:

ef uw   ef .(ucrit)  80 uw  ucrit 

1FDm

(4)

In the equation the mean fractal dimension is changing with increasing relevant moisture
content uw – ucrit.
The Equations (3) and (4) were applied for in analyses of chosen materials. The comparisons of
measured and modelled relative permittivity data (Fig. 1 – 6) show a good similarity, and
confirm the significant correlation between pore size distribution and fractal properties of the
analysed material. It is necessary to emphasize, that the results of the modelling are sensitive to
determination of critical moisture content.

Figure 1: Comparison of measured and modelled relative permittivity of lightweight carbonate

Figure 2: Comparison of measured and modelled relative permittivity of lightweight lime‐cement plaster
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Figure 3: Comparison of measured and modelled relative permittivity of calcium silicate A

Figure 4: Comparison of measured and modelled relative permittivity of calcium silicate B

Figure 5: Comparison of measured and modelled relative permittivity of calcium silicate C
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Figure 6: Comparison of measured and modelled relative permittivity of calcium silicate D

3. Conclusions
The generalised Wiener formula for modelling the effective permittivity of three phase media
was proposed. The model is a modification of parallel Wiener model where the irregularity of
particular phases is the function of their fractal dimension. The model considers two specific
water saturation stages: adsorption and condensation, determined by critical moisture content.
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Capillary condensation sorption model and its validity for
highly porous building materials
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Abstract: Up to now various sorption hysteresis models were developed. With use of the BJH capillary
condensation model the sorption isotherms for water determined for various types of building materials
with high porosity could be approximated on the basis of BET nitrogen sorption and mercury porosimetry
data. The model enabled also the approximation of scanning curves. This approach is applicable for IV
type isotherms and for the H1 type hysteresis (according to IUPAC classification), which are typical for
the materials with well defined cylindrical pores. The validity of the model was tested for various types of
highly porous building materials.
Keywords: sorption, capillary condensation, building materials

1. Introduction
In Mihalka et al. (2011) the analysis of results of the water vapour and nitrogen sorption in
combination with the results of MIP for the lightweight carbonate plaster proved the
compatibility of the used methods in water vapour sorption modelling and the possibility to
identify the pore structure and to model the sorption hysteresis with the use of BJH model of
capillary condensation. The approach is applicable for the type IV isotherms and type H1
hysteresis, typical for porous materials containing well defined cylindrical‐like pores.
In this paper the validity of capillary condensation sorption model and the equivalence of its
application for nitrogen and water vapour sorption for various highly porous building and
materials are proved. The validity criteria used were: the similarity of the specific surface areas
and the similarity of the adsorbate volumes at 95 % relative pressure for the analysed sorbates.

2. Measurements
For two lightweight plasters and four calcium silicate plates the measurements of the nitrogen
and water vapour sorption were carried out. From the results of the measurements the sorption
isotherms and the specific surface areas were determined.
Nitrogen adsorption‐desorption isotherms of nitrogen gas at liquid nitrogen temperature were
obtained with Quantachrome Autosorb iQ Station 1 instrument. The isotherms were obtained
for the 0.01 – 0.99 relative pressure range.
Water sorption isotherms were determined with Aquadyne DVS Water Sorption Analyser, an
integrated microbalance system for the automatic study of dynamic water sorption at ambient
pressure. The isotherms were determined in 0.1 – 0.98 relative pressure range.
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Table 1: Basic parameters of analysed materials
Bulk density

Porosity
(‐)

Nitrogen
specific surface
area (m2/g)

Water vapour
specific surface
area (m2/g)

(kg/m3)
Lightweight carbonate

610

0.67

18.45

16.25

Lightweight lime‐cement plaster

670

0.63

30.08

9.75

Calcium silicate A

240

0.91

18.93

25.27

Calcium silicate B

240

0.91

19.93

32.49

Calcium silicate C

200

0.93

48.54

50.54

Calcium silicate D

280

0.90

21.31

43.32

Material

The basic parameters of the analysed materials are presented in Table 1. The values of specific
surface area for water vapour are lower than for nitrogen in a case of lightweight plasters and
higher in a case of calcium silicates.

3. Analysis
The analysis of the results of measurements was focused on two parameters: the specific surface
area and the adsorbate volume at 95 % relative pressure. These parameters for each material
were compared from the aspect of their similarity for analysed sorbates. The similarity was
evaluated by the specific surface areas ratio determined for water and nitrogen Awater/AN, as well
as by the ratio of the adsorbates volumes at 95 % relative pressure Vwater/VN. The obtained ratios
were then compared. From (Fig. 1) it is evident that for all analysed materials the ratios of
specific surface areas and adsorbed volumes are close. For the analysed materials the values of
Vwater/VN ratios represent ca 0.78 portion of the Awater/AN ratios.
This result can be explained if we suppose that the thickness of the adsorbate layer t(p/po) on the
adsorbate relative pressure p/po is expressed in (nm) by Halsey equation:



5
t  

 ln( p0 / p) 

1/ n

(1)

where is the effective diameter of sorbate molecule equal to 0.277 nm for water and 0.354 nm
for nitrogen, n equals approximately 3.
The value 0.78 is identical with the ratio of effective diameters of water and nitrogen molecules
and the following relationship between the measured water and nitrogen sorption parameters
is valid:

Vwater
A
 0.78  water
VN
AN

(2)
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Vw / VN (‐)

Aw / AN (‐)

Figure 1: Similarity between ratio of specific surface areas (Awater/AN) and ratio of sorbate volumes at
95% rel. pressure (Vwater/VN), ‐‐‐‐ equality reduced by ratio of effective diameters of water and nitrogen
molecules equal to 0.78
The fact that the ratios of specific surface areas and volumes at 95 % relative pressure for both
sorbates are proportional suggests that the multilayer adsorption on the pore surfaces is the
dominant process and the nitrogen and water sorption can be modelled with use of Halsey
equation as the product of adsorbate layer thickness and specific surface area:

V  p / p0   t  p / p0   A

(3)

In case of the sorption hysteresis the desorption is realised at lower relative pressures than the
sorption, considering the cylindrical capillary model at the capillary condensation (Gregg and
Sing, 1982). This results from a theoretical assumption that at the sorption the relative humidity
corresponds to the creation of the cylindrical multilayer water film of the limited stability,
spontaneously filling the capillary and converting into the spherical capillary meniscus and so
the desorption relative humidity corresponds to this water meniscus existence. Under this
assumption there are the corresponding sorption and desorption relative humidities at a given
equilibrium moisture content.
A modelling of the sorption hysteresis by capillary condensation model then is based on the use
the classical Kelvin equation for water in the cylindrical pore:

ln  p / p 0   

k   V
rp  R  T

(4)

where  is the surface tension, V is the molar volume, R is the universal gas constant, T is the
temperature, rp is the pore radius in (nm) and k = 1 at adsorption and 2 at desorption and the
following relationship results (Gregg and Sing, 1982):

 desorption  

2
sorption

(5)

The desorption isotherm then can modelled from the adsorption one replacing the relative
pressures by their squares.
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Nitrogen ‐ measurement
Nitrogen ‐ model
Water vapour ‐
measurement

Lightweight lime‐ cement plaster
Amount adsorbed (m3/m3

Amount adsorbed (m3/m3)

Lightweight carbonate

Relative pressure (‐)

Measuremen
t

Relative pressure (‐)

Nitrogen ‐ model
Water vapour ‐
measurement
Wate vapour ‐ correction

Relative pressure (‐)

Lightweight lime ‐ cement plaster
Amount adsorbed (m3/m3

Amount adsorbed (m3/m3

Lightweight carbonate

Nitrogen ‐ measurement

Measuremen
t

Relative pressure (‐)

Figure 2: Sorption isotherms of lightweight carbonate and lightweight lime‐cement plaster for nitrogen
and water vapour – up and nitrogen sorption – desorption isotherms ‐ below
In Figure 2 there are results for lightweight plaster materials. The lightweight carbonate gives
an evident identity of nitrogen and water sorption. The modelling of nitrogen sorption by
Equation (3) is almost identical with measurement, considering the use of coefficient 3 instead
of coefficient 5 in Equation (1). The application of capillary condensation desorption model
gives results comparable with measurement.
The results for lightweight lime‐cement plaster give differences between nitrogen and water
sorption. The multiplication of water vapour sorption values by water/nitrogen specific surface
area ratio gives a similarity with nitrogen sorption curve. The use of coefficient 3 in Equation (1)
is optimum in modelling the nitrogen adsorption. The capillary condensation model of
hysteresis is applicable for this material.
For both plasters the modelling by Equation (1) does not satisfy in relative pressures region
corresponding to the validity of BET equation.
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Measurement
Model

Calcium silicate B
Amount adsorbed (m3/m3

Amount adsorbed (m3/m3

Calcium silicate A

Relative pressure (‐)

Relative pressure (‐)

Calcium silicate B
Amount adsorbed (m3/m3

Amount adsorbed (m3/m3

Model

Model

Relative pressure (‐)

Calcium silicate A
Measurement

Measurement

Measurement
Model

Relative pressure (‐)

Figure 3: Sorption isotherms of calcium silicates A and B for nitrogen and water vapour – up and
nitrogen sorption – desorption isotherms – below
In Figure 3 there are results for calcium silicates A and B. The calcium silicate A gives almost the
identity of nitrogen and water sorption. The modelling of nitrogen sorption by Equation (3) is
almost identical with measurement, considering the use of coefficient 3 instead of coefficient 5
and n = 2.5 in Equation (1). The application of capillary condensation desorption model gives
results comparable with measurement.
The results for calcium silicate B give identity of nitrogen and water sorption. The use of
coefficient 3 and n = 2.5 in Equation (1) is optimum in modelling the nitrogen adsorption. The
capillary condensation model of hysteresis is applicable for this material.
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Measurement
Model
Water vapour ‐
measurement

Calcium silicate D
Amount adsorbed (m3/m3

Amount adsorbed (m3/m3

Calcium silicate C

Relative pressure (‐)

Calcium silicate D
Amount adsorbed (m3/m3

Amount adsorbed (m3/m3

Relative pressure (‐)

Model

Relative pressure (‐)

calcium silicate C
Measuremen
t

Measurement

Measurement
Model

Relative pressure (‐)

Figure 4: Sorption isotherms of calcium silicates C and D for nitrogen and water vapour – up and
nitrogen sorption – desorption isotherms – below
In Figure 4 there are results for calcium silicates C and D. The calcium silicate C gives almost the
identity of nitrogen and water sorption. The modelling of nitrogen sorption by Equation (3) is
almost identical with measurement, considering the use of coefficient 3 instead of coefficient 5
and n = 2.9 in Equation (1). The application of capillary condensation model for desorption
gives results comparable with measurement.
The results for calcium silicate D give identity of nitrogen and water sorption. The
multiplication of water vapour sorption values by water/nitrogen specific surface area ratio
gives a similarity with nitrogen sorption curve. The use of coefficient 3 and n = 2.5 in Equation
(1) is optimum in modelling the nitrogen adsorption. The capillary condensation model of
hysteresis is applicable for this material.
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3. Conclusions
For two lightweight plasters and four calcium silicate boards the capillary condensation model
of sorption based on the application of Halsey equation was verified. The model data were
determined from the results of nitrogen and water vapour sorption experiments. The results
were compared with the measured sorption isotherms and confirmed an appropriate
agreement.
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Abstract: The heat and moisture transfer is a complex process, because of the many factors that affect its
behavior, such as the involved thermophysical properties, the experimental setup and those due to done
assumptions to develop the model that describes the process.
The Luikov’s model has been widely used to describe the heat and moisture transfer inside of capillary‐
porous materials, which can be solved analytically for some specific cases, and obtain an exact solution.
This solution is useful to obtain the prediction curves (for temperature and moisture) however, in order to
improve it closeness to a real process, it is necessary to take into account involved uncertainties of the
thermophysical coefficients (thermal and moisture conductivity coefficients, phase change coefficient, etc.)
and the experimental conditions under which the process is realized.
In this work, an analytical solution is presented, which it is based on Cheng and Liu method; and an
analysis of the main factors that influence the heat and moisture distribution is realized, which was
applied for a slab of ceramic material.
Keywords: Luikov, moisture transfer, heat transfer, drying, temperature, uncertainty.

1. Introduction
The heat and moisture transfer in capillary‐porous bodies is relevant in many processes where
these kinds of materials are present; some of these materials are: foods, wood and related
materials, building materials and some others. The importance of the study of the heat and
moisture transfer processes is related with food preservation, energy saving, building
protection, trading, materials transportation savings, food processing, development of new
materials, etc.
There are several models that describe the moisture transfer capillary porous materials, some of
the most used due to: Philip and deVries, Kowalsky, Whitaker, Luikov and others [1, 2, 3].
The Luikov´s model perhaps is one the most extensively used to describe the heat and moisture
transfer in capillary porous materials which was derived using the principles of irreversible
thermodynamical processes and the conservation laws of energy and mass. It has been solved
by several methods including analytical and numerical methods [3, 4, 5, 6, 7].
Although an analytical solution gives exact results, under the assumption that involved
thermophysical coefficients are exact, in practice the coefficients are obtained experimentally
and have associated uncertainties, which affect to the temperature and moisture prediction
curves, as consequence they are deviated from the experimental curves.
In order to have a better closeness to a real drying curve respect to the solution of Luikov´s
model, it is necessary identify the most important influence factors. In [5, 7, 8, 9 and 10] are
analyzed some influence factors, however some others are lacking in the analysis.
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In this work, it is described the solution of the Luikov model for a ceramic slab using the
potential function described by Cheng and Liu in [4], and a evaluation of the major influence
factors in the moisture and temperature distribution during drying of a slab of ceramic is
realized.

2. Luikov’s model
The Luikov model is a system of coupled partial differential equations of second order, which
describes the heat and moisture transfer in capillary‐porous materials. This model was derived
using irreversible thermodynamic principles and conservation laws for matter and energy [1].It
has been solved for simple geometries such as slabs, cylinders and spheres and for 1D, 2D and
3D.
For this work, consider a flat plate of a capillary‐porous body with a thickness of 2L (see Figure
1), whose initial moisture and temperature conditions are U0 and T0 respectively, which is
exposed to a drying environment with moisture and temperature Ua and Ta respectively (Figure
1).

Figure 1. A slab of a capillary‐porous material
If it is assumed that the cross section of the material is sufficiently large with respect of its
thickness, this problem could be outlined as a problem in one dimension (1D).
According to the above described, the Luikov´s model is given by,

C q

T ( x, t )
 2T ( x , t )
U ( x, t )
 Kq
 C m
2
t
x
t

(1)

Cm

U ( x, t )
 2T ( x , t )
 2U ( x, t )
 K m
 Km
2
t
x
x 2

(2)

Where T , temperature potential; U, moisture potential; t , time; Kq , the thermal conductivity
coefficient; Km , moisture conductivity coefficient; Cq , specific heat coefficient; Cm , specific
moisture coefficient;  , ratio of vapor diffusion coefficient to the total moisture diffusion
coefficient ;  , heat phase change coefficient; , thermogradient coefficient; , density
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Equation (1) describes the heat transfer within a body by conduction and includes a term for the
heat transfering due to the phase changes in the body; equation (2) describes the moisture
transfer by diffusion, and includes a term that expresses the moisture transfer by temperature
gradients.
To complete the problem statement (direct problem) is necessary to specify the boundary and
initial conditions. Assuming that ceramic plate is symmetric, the problem analysis can be done
for the half of a plate, i.e. for 0≤x≤L.
The boundary conditions for this problem are derived from the mass and energy balance at the
surface (x=L) and at the center of the material (x=0). These conditions are given as follows:
At x=±L
Kq

T ( x , t )
  q T ( x, t )  Ta   (1   ) m U ( x, t )  U a   0
x

(3)

Km

U ( x , t )
T ( x , t )
 K m
  m U ( x, t )  U a   0
x
x

(4)

Equation (3) describes the heat balance considering heat conduction into the body and
convection at the surface; a term due to the heat of phase changes of water into the pores of the
body also is included, while equation (4) describes the moisture balance regarding the presence
of moisture flow and a moisture term due to temperature gradients.
At x=0 (center of slab) there is no heat and moisture flow, so,
T ( 0, t )
0
x

(5)

U ( 0, t )
0
x

(6)

Initial conditions are for temperature and moisture at t=0 are T0 and U0 respectively, i.e.,

T ( x,0)  T0

(7)

U ( x,0)  U 0

(8)

2.1 Solution method
In order to obtain the solution of the equations system (eq. 1 and 2), the following conditions are
assumed:
 The thermophysical coefficients are constants

 The capillary‐porous bodies have open capillaries
 The solid matrix (skeleton) does not experiment deformations during the drying
 The gravitational effects are neglected
 The method used for the solution of Luikov´s model is outlined by Liu and Cheng in [4],
where the first step is the transformation of the non homogeneous equations system to a
homogeneous one, by mean of the transformation,

T ( x, t )  Tl ( x, t )  Ta
U ( x, t )  U l ( x, t )  U a

(9)
(10)
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Next step is using a potential function  (x,t), which allows transform the coupled system of two
partial differential equations second order to a fourth order partial differential equation . The
Liu and Cheng potential is given as

2

T1 ( x, t )   K m 2  C m 
x
t 


U 1 ( x , t )   K m

(11)

 2
x 2

(12)

With the use of , the resulting equation is solved by the separation of variables method,
therefore the final solution is given by the equations (13) and (14),

T1 ( x, t )   2 e 

2

t

 K

m

D12  Cm A cos D1x  ( K m D22  Cm ) B cos D2x



U1 ( x, t )  K m 2 e  t D12 A cos D1x  D22 B cos D2x
2



(13)



(14)

where A, B, C, D1 and D2 are constant coefficients and  are the eigenvalues of a transcendental
equation.  Values are obtained from the boundary conditions in equations (13) and (14), where
it is obtained the following:

 2 D1 D2  tan D1l tan D2l   1D2  tan D2l   2D1  tan D1l 

 q m
KqKm

0

(15)

Equation (15) is nonlinear and could take an infinite number of values, even complex values.
According to the ‐values (eigenvalues), the general solution of Luikov’s model for a slab is
written by


T1 ( x, t )   An n2 e 

2
n

t

 K

n 1


m

D12  C m cos D1 n x  (  K m D22  c m ) g ( n ) cos D2 n x



U 1 ( x, t )   K m n2 e  t An D12 cos D1 n x  g ( n ) D22 g ( n ) cos D2 n x
2

n





(16)
(17)

n 1

In the solution of the Luikov´s model, the calculation of eigenvalues is very important since
these could take real and complex values and affect the moisture and temperature distribution
[4, 5, 6]. In this analysis, were not considered the existence of complex eigenvalues.
The methods used to calculate the eigenvalues were a combination of the Newton‐Raphson and
bisection methods.
2.2 Temperature and moisture distribution for a slab of ceramic
The obtained solution for the Luikov´s model was evaluate in the drying of a slab of ceramic
assuming the thermophysical properties and drying conditions given in table 1 (Data from
Alvarez G. et al. given in [5]).
The solution of the Luikov model was obtained using 56 real eigenvalues of the transcendental
equation (15). However, it was found that using 5 real eigenvalues, is good enough to satisfy
the temperature and moisture distribution satisfies the initial conditions.
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Table 1.Thermophysical coefficients and drying conditions for a slab of ceramic
Property
Kq
Km
Cq
Cm

Value
Units
1.143
W∙m‐1∙K‐1
1.1e‐7
Kg∙m‐1∙s‐1∙%‐1
835
J∙kg‐1∙K‐1
0.0018
kg(moisture)∙kg‐1(dry body)∙%‐1
1260
kg∙m‐3
0.30
dimensionless
2.5e6
J∙kg‐1
0.56
%∙K‐1
35
W∙m‐2∙K‐1
8.64e‐6
Kg∙m‐2∙s‐1∙%‐1
Drying conditions
0.005
m
10
°C
60
°C
90
%
5
%





q
m
L
T0
Ta
U0
Ua

The model predicts that the required time to dry the sample from 90 % to 5 % of moisture
content at 60 °C, is 160 minutes (x=L), while 170 minutes are required to dry it at the center(x=0).
The same times are required to reach the drying temperatures (Figure 2).
70.0

100.0
90.0

60.0

80.0

U(x,t)

60.0
50.0
40.0

U(x,t)

40.0

Tl(x,t)

30.0

30.0

T(x,t)

50.0

70.0

20.0

20.0
10.0

10.0
0.0

0.0
0

50

100

150

200

time/min

Figure 2. Temperature and moisture profiles at x=0.005 m for a slab of ceramic.
During the first 40 minutes about 82 % of water is evaporated, which is about one fourth of the
total drying time. Then, the evaporation is reduced (falling rate period), and are required more
than 100 minutes to drying the sample down to 5 % of moisture content.
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3. Evaluation of the influence factors in the prediction of the heat and moisture
distribution
The given solution for the Luikov´s model is exact; however in real experimental conditions its
evaluation is affected by many influence factors, which as consequence affect the moisture and
temperature profiles.
The influence factors could be classified as: a) those due to thermophysical coefficients involved
directly in the drying model and, b) those due to quantities and thermophysical coefficients as
result of the establishment of the initial and boundary conditions.
In the first case are found the coefficients of equations (1) and (2), while in the second one the
coefficients of equations (3) and (4), in the latter the thickness of the slab is included. These
coefficients are identified in table 2.
In addition to the influence factors abovementioned, the number of eigenvalues, also have a
contribution in the moisture and temperature profiles. This effect was evaluated by using a
different number of eigenvalues and then the estimation of temperature and moisture profiles
was performed. As was already mentioned, the use of 5 eigenvalues satisfied the initial
conditions with an error less than 0.1 %.
As was described, the existence of complex eigenvalues in the transcendental equation,
improves the temperature and moisture profiles and there exist a better closeness to the initial
conditions, however, as can see in Figure 2, for this case the use of only real eigenvalues was
good enough because it is satisfied the problem conditions.
a) Thermophysical coefficients of Luikov´s model
In the Luikov´s model are found eight thermophysical coefficients (Kq , Km , Cq , Cm ,  , , , ),
which values are obtained by experiments with their respective uncertainties. Some of these
coefficients, such as Km, ,  are difficult to measure, even are difficult to be found in the
literature [9, 10].
b) Quantities and thermophysical coefficients due to initial and boundary conditions.
In this case are included the coefficients and variables involved in initial and boundary
conditions, such as convective coefficient of heat(q), convective coefficient of moisture (m), and
moisture (U0) and temperature (T0). Also, in this classification is included the thickness of the
slab (L). The contributions of U0 and T0 essentially are due to preparation of the sample before
to start the drying process.
In this work was assumed an uncertainty of 10 % of the coefficient values; which is reasonable if
is considered that the coefficients are not constants under wide ranges of humidity and
moisture (as was considered in this work). In table 2, the thermophysical coefficients and
involved variables are shown.
The estimation of the error propagation is obtained according to the ISO GUM [11], which is
given as follows:

 f
u   
i 1  xi
n
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2

n
 2
f f
 u xi  2
cov( xi , x j )
i  j x i x j


(18)

where f is the moisture content U(x,t) or T(x,t), xi are the influence factors and  f/ xi are the
sensitivity coefficients.
If it is assumed no correlation among the influence factors, i.e. cov(xi,xj)=0, then the error
propagation equation given as follows

 f
u   
i 1  xi
n

2

 2
 u xi


(19)

Table 2. Uncertainty of thermophysical coefficients
Property
(a,b)Kq
(a, b)Km
(a)Cq
(a)Cm



(a,b)
(a,b)
(b)q
(b)m
(a)

(a,b)

L
T0
(b)Ta
(b)U0
(b)Ua
(b)

(b)

u
11.43e‐1
1.1e‐8
83.5
1.8e‐4
126
0.03
2.5e5
0.056
3.5
8.64e‐7
1e‐3
0.06
‐‐‐
0.5
‐‐‐

Units
W∙m‐1∙K‐1
Kg∙m‐1∙s‐1∙%‐1
J∙kg‐1∙K‐1
kg(moisture)∙kg‐1(dry body)∙%‐1
kg∙m‐3
non dimensional
J∙kg‐1
%∙K‐1
W∙m‐2∙K‐1
Kg∙m‐2∙s‐1∙%‐1
m
°C
°C
%
%

Due to the difficulties to obtain the sensitivity coefficients from equation (18), these were
estimated changing each coefficient value for an amount  (keeping constant the others) and
evaluating its effect in U(x,t) and T(x,t). The ‐value used in the analysis was the uncertainty of
the coefficient. According to this, the error propagation equation for the temperature and
moisture distribution could be written by
 f

 K
q


2

 2

 u K q   f
 K

m



2
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 u K m  
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q
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 2

 u  q   f
 

m



2

 2
 u  m 


2

 f  2
 f  2
 f  2
 u U 0  
 u T0

 u L  
 L 
 U 0 
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(20)

where f = U(x, t) o T(x,t).
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3.1 Influence factors in the moisture distribution

u(xi)/%

The uncertainty of the influence factors in the moisture profiles during drying is shown in
Figure 3.
4.00
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Figure 3. Uncertainty values in the moisture distribution during drying.
One the most important influence factor is the thickness of the sample which contributes up to
about 3.7 % in the uncertainty of moisture content (in 25 minutes), after that time its uncertainty
is reduced by less than 0. 5%. Also it affects the drying time, i.e. while higher is the thickness,
drying time is longer. For the specific case when the thickness increasing in 1 mm, the drying
time increases from 160 minutes up to 200 minutes.
The convective coefficient of moisture (m) is included in the boundary conditions and its
contribution to the uncertainty is important because its value affects the moisture distribution.
As is expected, when the m increases, the drying is speed up, i.e. the reduction of its value
diminish the moisture value and as consequence drying time is reduced in about 12 minutes.
The specific moisture content (Cm) is a coupling factor in the Luikov´s model and it has a
significant influence in the moisture profile. Its contribution to the total uncertainty reaches a
maximum value of 1.6 % of moisture content. Also, drying time is affected because of changes
of Cm, in fact at higher values the drying time increases.
The density () affects the moisture distribution in the same way as Cm, even its contribution
value is about the same.
According to Figure 3, the initial moisture value (U0) of the material also affects the moisture
distribution during drying, which is related with the moisture conditioning to a specific
measured value of moisture content and (with an uncertainty of uU0). Its maximum
contribution is 1.0 % and it is reduced as drying progresses.
The remaining coefficients such as , , Km, etcetera, have negligible contributions.
3.2 Influence factors in temperature distribution
In Figure 4 are shown the uncertainty contributions to the temperature profiles during drying.
As can see, the most important contributions are due to L, q, m(am),  and Cm.
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Figure 4. Uncertainties in the temperature distributions during drying.
In the same way as moisture distribution analysis, the thickness (L) has an important
contribution in the temperature profile; in this case its maximum value of uncertainty is about
2.5 °C.
The convective heat coefficient q (aq) has a contribution similar to that of L. As it is expected,
when q is increased, improves the heat transfer, as consequence the temperature distribution
increases and drying temperature reaches the established temperature in shorter time.
The  coefficient is related with the heat phase change of water inside of material; when 
increases the temperature distribution is reduced and as consequence the drying time increases.
Its maximum contribution is reached in about 10 minutes with a value of about 2.0 °C.
The convective moisture coefficient m (am)is a coupling coefficient in the boundary conditions,
for such reason it also affects the temperature profile; it s maximum is given during the first 10
minutes and it reaches a maximum value of 1.5 °C of temperature.
Finally the coefficients  and Cm also have a contribution in the uncertainty of temperature
distribution, which reach values of about 1.0 °C during the first 40 minutes, after that their
contribution is reduced.
The remaining coefficients have a negligible contribution.
The temperature distribution is affected by the influence factors mainly during the first 30 or 40
minutes and after this time their contribution is reduced.
In Figures 5 and 6 are shown the moisture and temperature profiles and they include the error
prediction curve for each case.
In [5] the autors conclude that  has not contribution while Km does it. In present work both 
and Km do not contribute significantly because in our case Km was very small compared with
Km values used in [5]. In addition, here the analysis was extended to the other coefficients; some
of them resulted with major influence in temperature and moisture profiles.
The prediction error is reduced as the moisture and temperature reach the final condition. This
is important for applications were falling rate period is of interest, for example in processes
where is required to extract the total amount of water, or in metrological applications for
moisture measurements where the dry oven method is used.
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Figure 6. Profile of temperature in a slab of ceramic with its uncertainty due to influence factors.
Among the coefficients which strictly are part of the model of Luikov and have major influence
are those due to Cm,  and . In [8] Ďurana et al describe the effect of  and  at high
temperatures (in a fiber o reinforced cement) and concluded that  does not have contribution,
while  could contribute up to about 1.4 % of moisture content when there are big changes of its
value.
The other influence factors will depend of the specific problem to be studied.

4. Conclusions
The implementation of the solution of Luikov´s model for a slab of a capillary porous material
(one dimensional analysis) was realized. The solution was obtained assuming constant values
for the thermophysical properties and it is based on the Cheng and Liu method.
The solution was applied to analyze the moisture and temperature transfer of a slab of ceramic
during drying.

132

In addition, an analysis was performed to evaluate the influence factors in the prediction of the
temperature and moisture distributions. This analysis allowed obtaining an error curve for the
prediction of the moisture and temperature profiles in the slab of ceramic material, which is
very useful in the heat and moisture transfer process.
The most important influence factors in the moisture distribution were L, m, Cm,  and U0,
while in temperature distribution were L, q, m, Cm and  . L, , Cm are properties of the material
and U0, q, m are coefficients due to the experimental conditions during drying and therefore
their uncertainty could be reduced improving the experimental conditions.
Finally, according to the obtained results, the error in the prediction curve decreases in the
falling rate period, which could be useful in drying processes where it is necessary to evaporate
the whole amount of water of the body. One of such applications could be the moisture
measurement by the gravimetric method in a drying oven.
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Abstract: There is an increased interest in and awareness of mould growth damage in buildings. Today’s
mould growth models are limited to only presenting the risk of mould growth. They do not take into
account underlying factors and other parameters that make it possible to establish necessary measures to
limit or avoid the risk of mould growth. This paper presents a chart that can be used to determine these
measures, both to reduce the risk of mould growth in buildings and, at the same time, indicate the risk of
mould growth. The chart can be based on all known risk models for mould growth. No new mould growth
model is presented; only an illustration of how it is possible to use known models in practical moisture
safety design processes. The chart can also be used to compare different structural designs, measured and
calculated values, and to show how mould growth risk prediction depends on which mould model is used.
Keywords: Mould model, risk of mould growth

1. Introduction
1.1 Background
Newly introduced laws and requirements, in combination with observed mould growth
damage in buildings, has meant increased interest in the factors affecting mould growth in
buildings [1, 2, 3]. Furthermore, recent studies also show that today’s highly insulated buildings
are more sensitive to mould growth damage [4]. Several models showing conditions for, and
risk of, mould growth on building materials have also been developed. Most of the models are
relatively similar, as shown in Figure 1. [5] However, many models are limited to only showing
whether or not there is a risk of mould growth, below or above the critical lines in Figure 1,
without presenting the underlying factors affecting the risk of mould growth or when the risk
of mould growth would occur. The lack of knowledge about the underlying factors hides
required measures to avoid mould growth and makes it difficult to compare different design
solutions. Furthermore, there are different views on how the influence of duration should be
regarded and how possible risk levels regarding mould growth should be dealt with [5, 6, 7, 8].
1.2 Aim
The purpose of this article is to present a chart that illustrates the underlying factors affecting
the risk of mould growth in a specific location in a construction. Knowledge of these underlying
factors makes it possible to evaluate the measures that can be taken to limit or avoid the risk of
mould growth. Furthermore, the chart aims to make it possible to compare the conditions in
different locations within a structure as well as different designs and different mould models.
The risk of mould growth can be presented according to any chosen mould growth model.
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1.3 Limitations
This article is limited to presenting a chart that includes the factors used to evaluate the risk of
mould growth and the measures that might be required in order to avoid mould growth. No
new mould growth models are presented. However, the chart has been constructed in such a
way that it can be used for any mould growth model.

2. Fundamentals
2.1 Factors affecting mould growth
The risk of mould growth depends on several different factors. Besides different materials
having different resistance to mould growth, there is wide agreement that the dominating
factors affecting mould growth are temperature, relative humidity (RH) and duration above
critical conditions, i.e. the length of time when temperature and RH allow mould growth to
occur. [9, 10] As mentioned above, the different mould growth models show similar behaviour
where the influence of temperature and RH is concerned, as shown in Figure 1 [5]. Critical
conditions (RHcrit) are defined as the conditions when mould growth is possible. RHcrit varies
depending on temperature, as shown in Figure 1 [5, 8]. RHcrit occurs when the RH, at a specific
temperature and time, is above the specific RHcrit curve for each mould growth model. RHcrit
does not necessary lead to mould growth. Different materials have different RHcrit lines [9].

Figure 1: Different mould models show similar behaviour with respect to temperature and RH [5]

Differences between existing mould growth models mainly concern the way in which the
influence of duration is treated, if at all. The influence of duration includes both the conditions
above RHcrit and the possible decline of mould growth during non‐critical conditions.
Besides each material having specific limits for RHcrit and the influence of the main factors
temperature, RH and duration above RHcrit, there are other factors that affect the risk of mould
growth. Examples of such factors are the amount of dirt or dust on the surface of the material,
surrounding microbial conditions, shortwave radiation and moisture content in the material [9].
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2.2 Examples of existing mould models
Several mould models investigate the risk of mould growth using charts, as shown in Figure 1,
to present their findings [5, 8]. During the evaluation of mould risk, isopleth dots, indicating an
RH level and temperature at one specific time, are normally plotted on a chart similar to that in
Figure 1. Hourly based evaluation over one year will give 8760 dots. Dots above the line
indicate RHcrit conditions and dots below indicate non‐critical conditions [7, 8]. However, the
point in time when critical conditions occur or the influence of duration is not shown.
Mould models including the influence of duration mainly refer to a mould index (MI) or
relative dose that must not be exceeded if mould growth is to be avoided. Some models take
into account the effect of duration both during RHcrit conditions, with regard to germinating
mould growth, and during non‐critical conditions with regard to the decline in mould growth,
as shown in Figure 2. [5, 6] Other models only deal with the influence of duration during RHcrit
conditions and do not take into account any decline of mould growth [5, 7]. However, factors
that affect the mould index or relative dose, such as RH or temperature or the vapour content,
are not shown. There are also models that calculate the probability of mould growth in relation
to duration time [12]. Some models only present a number as mould growth risk [13].

Figure 2: Mould model that takes into account the influence of duration on mould growth and decline of
mould growth without showing the factors affecting the risk of mould growth [6]

3. Description of the Folos 2D visual mould chart
3.1 Parameters in the Folos 2D visual mould chart
The Folos 2D visual mould chart, shown in Figure 3, visualizes the factors temperature (yellow)
on the right y‐axis and RH (turquoise), RHcrit (red), the RH > RHcrit difference (light brown) and
MI divided by 10 (green dotted line) on the left y‐axis. The time presented on the x‐axis
indicates the conditions at each specific time and particularly the periods when RH > RHcrit.
When a moisture risk evaluation is carried out in the design phase, temperatures and RHs are
calculated. Normally, the calculated RHs for one year are shown as 8760 isopleth dots in a chart
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similar to that in Figure 1. The same RH isopleth dots create a line when presented over time in
the Folos 2D visual mould chart. The temperature is also given for each specific point in time.
RHcrit conditions occur, and mould growth is possible, when the RH is above the RHcrit line. The
RHcrit line is defined by the temperature that, at any specific time, exceeds the RHcrit limit as
shown in Figure 1. I.e. the chosen RHcrit line from Figure 1 is converted over time by using the
actual temperature at each point in time. This means that RHcrit conditions depend on the
prevailing RH and temperature, where a high temperature gives a low RHcrit line and vice
versa. Depending on the legislation in different countries, the RHcrit line could be used to define
a limit [2, 14]. The RHcrit line in Figure 3 is based on the Viitanen curve shown in Figure 1.
However, it is easy to use another mould growth model by choosing another appropriate curve.

Figure 3: The Folos 2D visual mould chart with calculated values for the basic construction (BC) shown
in Figure 4 including the parameters temperature (yellow), RH (turquoise), RHcrit (red), RH > RHcrit
(brown) and MI (green dotted line).
The parameter RH > RHcrit shows how much, when and for how long RH exceeds RHcrit.
The parameter MI shows the mould index as described in [11, 15]. In order to read the correct
MI value, the scale number on the left‐hand y‐axis must be divided by 10, i.e. 10 = 1, 20 = 2 etc.
Furthermore, the vapour content could also be of interest. This can be easily calculated from the
temperature and RH using Equation 1 and added to the chart.

RH 

v
vs

(1)

Where RH is the relative humidity, v the vapour content and vs the vapour content at
saturation, depending on the temperature. [16] RH and temperature are known from the initial
calculated conditions.
Other factors that affect the risk of mould growth, such as climate conditions or moisture
content, could also be added to the Folos 2D visual mould chart.
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3.2 Evaluating the risk of mould growth and required measures to limit the risk of damage
RHcrit periods, when mould growth is possible, are shown as periods when RH > RHcrit in the
Folos 2D visual mould chart. The greater the RH > RHcrit differences and the longer the periods
when RH > RHcrit, the higher the risk of mould growth.
The level of RH and, furthermore, the risk of mould growth on a specific material can mainly be
affected by changing the vapour content or the temperature, which affects the vapour content at
saturation. A lower level of vapour content or a higher temperature gives a lower RH as shown
in Equation (1). [16] By using this relationship it is easy to define what measures are needed.
Periods with RH > RHcrit and high temperatures, June to September in Figure 3, have to be dealt
with using measures that reduce the vapour content, such as higher rates of ventilation in the
façade air gap, as shown in Figure 4.
Periods with RH > RHcrit and low temperatures and low vapour content, October to November
in Figure 3. This period could be dealt by applying measures that result in higher temperatures,
such as fitting a mould‐resistant insulation board onto the outer frame, as shown in Figure 4.
Shorter periods with RH > RHcrit, December to March in Figure 3, would probably not need to
be dealt with as the duration of RH > RHcrit is not long enough to create mould growth.
However, in some cases, measures are required that can create both lower vapour contents and
higher temperatures.
If it not is possible to create non‐critical conditions, or the risk of mould growth is not predicted
to be eliminated by a model that includes the influence of duration, the design might have to be
changed. Materials could be replaced by materials with higher resistance to mould growth, i.e. a
material that has a higher RHcrit limit. The design could also be changed in such a way that more
or less vapour transport, dependent on the design, through different material layers is possible.

Figure 4: Example of possible measures that could be used in Swedish climate conditions to eliminate or
reduce the risk of mould growth [4]. Calculations made using WUFI 5.0 [17]

4. Other possible comparisons using the Folos 2D visual mould chart
The Folos 2D visual mould chart could also be used to compare different locations within
structures or different structural designs, different mould models with different risk levels of
mould growth, and differences between measured and calculated temperature and RH in actual
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structures. Figure 5 shows a comparison carried out using WUFI 5.0 calculations for the Basic
Construction (BC) and the Modified Construction (MC) shown in Figure 4. Figure 6 shows an
example of how the Folos 2D visual mould chart could be used to compare measured and blind
calculated values.

Figure 5: Folos 2D visual mould chart with comparison of critical location in the basic (BC) and modified
(MC) structure. BC temperature (yellow), MC temperature (dark blue), BC RH (turquoise), MC RH
(black), RHcrit depending on BC temperature (red), MC RH > RHcrit (brown), MC RH > RHcrit
(purple).

Figure 6: Folos 2D visual mould chart with comparisons of measured and calculated temperatures and
RH in a construction [18]. Levels of RHcrit from LIM I in Figure 1 [8]. Measured temperature (dark
blue), calculated temperature (yellow), measured RH (black), calculated RH (turquoise), RHcrit
depending on calculated temperature (red), measured RH > measured RHcrit (purple), calculated RH >
RHcrit (brown).
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In order to limit the number of plots, there is only one RHcrit plot and no mould index (MI) in
Figures 5 and 6. Gaps in the comparison between measured and calculated values indicate a
lack of measured values.
In the comparisons between measured and calculated values, differences can be seen in the
Folos 2D visual mould chart, as shown in Figure 6. By using the relationship in Equation 1, it is
easy to determine whether the differences between the measured and calculated RH depend on
the differences between measured and calculated temperature, or vapour content, or both. A
separate plot for calculated vapour content might need to be added to the chart.

5. Discussion
The article demonstrates how the Folos 2D visual mould chart might be used to evaluate the
risk of mould growth and, at the same time, establish what measures need to be taken to limit
or avoid the risk of mould growth. This is done by investigating the underlying factors, such as
temperature and RH. The Folos 2D visual mould chart could also be used to compare different
structural designs, measurements and calculations, and different mould models. To encourage
the use of the Folos 2D visual mould chart it could be introduced as a tool when implementing
the ByggaF moisture safety design recommendations during the design phase [19].
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Abstract: Mineral additives are used in concrete primarily for the purpose of a positive effect on
mechanical properties. Using the DTA and DSC methods, it is possible to observe thermophysical
changes in concrete samples containing such additives at the microstructural level. Two different types of
samples were measured. One type was the classical concrete sample with no special additives. The other
type was a concrete sample with a metakaolin addition. The paper compares the results obtained by both
analytical methods.
Keywords: concrete, metakaolin, DSC, DTA

1 Introduction
The building materials are usually composite materials, and therefore the resistance of
particular components is necessary for the resistance of these materials under given ambient
conditions (temperature, humidity, etc.). The cement matrix is usually the weakest part of
concrete or other silicate composites. The Portland cement can be combined with other
materials for production of various cement materials during which hydration reactions of
Portland cement as well as other chemical reactions occur. The enhancement of concrete
properties using pozzolana admixtures is basically due to the combination of several facts. In
the pozzolana reaction calcium hydroxide Ca(OH)2 is depleted (the hydroxide is not suitable for
mechanical properties of common concrete, but it is a carrier of concrete alkalinity and thus
protects reinforcement of concrete). The insertion of a pozzolana admixture into concrete is
accompanied by a creation of C‐S‐H phases which fill up most of the free intergranular space
and thereby contribute to a permeability decrease. The phases are similar to the cement
hydration products. Moreover, the so developed hydrates are less dissoluble than Ca(OH)2 so
that the corrodible capacity of this system decreases significantly. Metakaolin is one of the
pozzolanic materials. Metakaolin is a thermally activated material with pozzolanic properties.
As an additive to concrete it can improve both physical material characteristics and durability
properties. Positive effects of metakaolin on concrete durability have been widely demonstrated
[1].
The differential thermal analysis (DTA) is a frequently used dynamical thermoanalytical
method in which a temperature difference between the tested and reference samples is
measured that are exposed to the same controlled temperature regime. To determine the
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reactions in the sample more accurately, it is useful to combine the DTA with another thermal
analysis, for example, the differential scanning calorimetry (DSC) [2]. The DSC is a method
where the energy difference between the tested and reference samples as a function of the
temperature is measured, while their temperature difference is kept negligible. The two
samples are exposed to the same controlled temperature regime as for the DTA analysis [3, 4].
If in the sample a physical‐chemical reaction in which the reaction heat is released or absorbed
does not occur, the resulting graph of the DTA and DSC will be straight blank lines. If, on the
other hand, some reaction occurs in the sample, in the resulting graph a peak appears. The peak
area is directly proportional to the reaction heat and mass of the active part of the material [3, 4,
5].
In the case of concrete the determination of the amount of portlandit is not simple. In the tested
samples there are several fillers that make this determination hard. So in this paper we focused
on the amount of portlandit determination in the concrete samples with metakaolin addition
using the DSC and DTA thermal analysis.

2 Sample and measurement methods
For the comparison analysis we used two kinds of samples which were made from cement CEM
I 42.5 R Mokrá and metakaolin. The samples A were without metakaolin, but the samples were
aerated. The samples M contained 9 mass % of metakaolin (Mefisto K 05 from České lupkové
závody, a. s.). The chemical compositions of metakaolin and cement are given in Tab. 1 and the
compositions of the studied materials are given in Tab. 2.

Tab. 1 – The chemical composition of metakaolin Mefisto K 05 and cement CEM I 42.5 R Mokrá [mass %]

Metakaolin
Cement

SiO2

Al2O3

K2O

Fe2O3

TiO2

MgO

CaO

SO3

Na2O

MnO

LOI

58.70
23.9

38.50
5.2

0.85
0.8

0.72
2.9

0.50
‐

0.38
3.0

0.20
58.8

‐
2.5

‐
0.3

‐
0.2

1.67
‐

Tab. 2 – The composition of the studied materials [kg.m‐3]
Composition

M

A

CEM I 42,5 R Mokrá
metakaolin Mefisto K 05
siliceous aggregates 0‐4 mm Dobříň
siliceous aggregates 4‐8 mm Zbraslav
siliceous aggregates 8‐16 mm Zbraslav
Superplasticizer
aerated admixture
Water

400
40
795
315
670
4.4
‐
177

440
‐
795
315
670
4.18
2.42
177

w/c [‐]
w/b [‐]
air content [%]

0.44
0.40
1.6

0.40
0.40
5.8

For the determination of the amount of portlandit we used two thermal analyses, namely, the
DSC and DTA. For the DTA and DSC the powder samples which were grinded from the
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samples with dimension 50  50  10 mm were used. The DTA analysis was performed by the
device Derivatogaph 1100°, MOM Budapešť, where the DTA and TG run simultaneously [6]. As
a reference material was used Al2O3 powder. The DSC analysis was performed by the device
Labsys Evo from company Setaram. The samples were heated from the room temperature (in
the air for the DTA and argon for the DSC) up to 1000 °C with the heating rate 5 °C.min–1.

3 Results and discussion
When we tested the samples they were 23 month old. The observed component was portlandit.
The DSC and DTA analyses were aimed to show whether its amount in the samples with
metakaolin is lower (thanks to the pozzolanic reaction) than in the samples without metakaolin.
The DSC and DTA measurements provided the plots of the voltage and temperature difference
(in thermocouples of the studied and reference samples), respectively, vs. the actual
temperature (see Figs. 1, 2). The measured data show peaks that say whether an exothermic or
endothermic reaction occurs in the given sample. The peak in the temperature interval 420 – 550
°C corresponds to the portlandit decomposition. In order to be able to compare the amount of
portlandit in the samples, we represented the measured data in terms of the mass unit, namely,
1 mg.
In Tab. 3 we list the average values of the peak areas for both types of samples and both thermal
analyses that were obtained from three measurements under unchanged conditions. The DSC
and DTA confirmed the assumption that more amount of portlandit occurred in the sample of
type A (without metakaolin) than the samples of type M (with metakaolin).
Figures 1 and 2 also show an important difference between the DSC and DTA measurements.
Since we used different reaction gases for these analyses (argon for the DSC and air for the
DTA), we obtained completely different results. Indeed, there is an endothermic peak in the
DSC case (corresponding to the dehydration of portlandit) [1, 7, 8] and an exothermic peak in
the DTA case (also corresponding to the dehydration portlandit). This creation is possible
because the chamber in which the studied samples were placed is not flushed by the reaction
gas. That is why all liberated water can immediately react.

Fig. 1: The DTA curve of concrete A with the linear heating 5 °C.min–1 up to 1000 °C
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Fig. 2: The DTA curve of concrete M with the linear heating 5 °C.min–1 up to 1000 °C
Tab. 3 – The comparison of the areas of peaks associated with the portlandit decomposition

Sample A
Sample M

DSC [V.°C.g‐1]

DTA [°C2.g‐1]

631
105

434
62

4 Conclusions
Both thermal analyses showed that in the samples of type A (without metakaolin) a larger
amount of portlandit was present than in the samples of type M (with metakaolin). From the
given DSC and DTA results it also follows that both the thermal analyses are suitable to
compare the content of portlandit in concrete samples. It is also not important what reaction gas
is used. We may further conclude that the DTA analysis is somewhat more suitable to this end
than the DSC analyses because the DTA analysis uses samples with larger volumes and masses
than the DSC analysis, which is more appropriate for concrete samples that are rather
heterogeneous.
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Abstract: Experimental analysis of plasters with increased heat storage capacity is presented in the
paper. The obtained results show a positive effect of incorporation of phase change materials (PCM) on
the thermal performance of the plaster. The phase transitions of PCM cause substantial latent heat
storage in dependence on temperature exposure of the material what is very promising for the practical
application of the plaster in lightweight building envelopes, where the heat accumulation is, typically,
very low.
Keywords: plasters, heat storage, phase‐change materials, experimental analysis

1. Introduction
Energy consumption for heating and air conditioning of industrial, commercial and residential
buildings varies significantly during the day and night, especially in extremely hot and cold
climate. Energy storage in the walls, ceiling and floor of buildings may be enhanced by
encapsulating suitable phase change materials (PCMs) within these surfaces to capture solar
energy directly and increase human comfort by decreasing the frequency of internal air
temperature swings and maintaining the temperature closer to the desired temperature for a
longer period of time [1].
Application of PCMs for thermal energy storage and enhanced thermal stability of buildings
has received a great interest in efficient use of thermal energy in recent years [2‐3]. Several
PCMs were tested and applied in materials research especially in order to improve the thermal
standard of lightweight building structures, whereas the latent heat storage (LHS) is based on
the heat absorption or release when a storage material undergoes a phase change from solid to
liquid or liquid to gas and vice versa. Although the thermal performance of building structures
depends on climate, design and orientation of construction, the amount and type of PCMs is of
great importance within the optimized design of lightweight building envelopes. Within the
intensive research, many PCMs have been applied in building materials and their
thermophysical properties have been studied in detail [4‐6]. For application in building
industry, PCMs having a low phase‐change temperature are the most suitable. Among them,
paraffins, fatty acids and hydrates are the most popular materials [7].
Theoretically, the latent heat storage can be accomplished through the solid‐liquid, liquid‐gas,
solid‐gas, and solid‐solid phase transition [8]. However, from the practical point of view, taking
into account the real conditions of building structures, only PCMs working on phase change
from the solid to liquid or solid to solid phase can be used. In practice, usually the solid‐liquid
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transition is utilized and it has proved to be economically attractive for the effective thermal
energy storage systems. In case of the application of PCMs working on the phase change
between solid and liquid, the encapsulation of the PCM is necessary to avoid leakage of a liquid
PCM [7].
Since the benefit of PCMs for indoor environment quality of buildings was already proved,
there is a need to develop and test new building materials with PCMs and design them for
specific applications in building industry.
In this paper we focused on the analysis of a newly developed lime based plaster that should
enhance the total heat storage capacity of lightweight envelopes. This material is based on
hydrated lime as main binder and its durability is enhanced by pozzolana addition. The
paraffinic wax Micronal DS 5008 X enclosed in polymer microcapsules is added to the dry
mixture as PCM.

2. Studied materials
Lime plaster modified with Micronal DS 5008 X and pozzolana based on calcined kaolin mixed
with milled mudstone was the analyzed material. For the evaluation of PCM contribution to the
heat storage capacity of developed material, the reference plaster without PCM addition was
studied as well.
The applied pozzolana material was prepared using the calcination of raw kaolin in rotation
kiln at temperature close to 750°C and consequent milling in rotation silo. To this “metakaolin”
was then added milled mudstone and the mixture was homogenized. The final material was
very fine, having specific surface area 14.56 m2/g and D50 4.09 m [9].
Micronal DS 5008 X is product of company BASF SE, Germany. It is fine powdered material
based on parrafinic wax encapsulated in polymer spherical microcapsules. LHS of this material
is based on solid‐liquid phase change, whereas the capacity of LHS can be given by the
following equation
Q 

Te

 mC

Tm

Tm

p , l dT  mL   mC

p ,s



dT  m C p , l (T e  T m p )  L  C p , s (T mp  T i )

Ti


,

(1)

where m (kg) is PCM mass, Cp,s (J/kgK) specific heat capacity of solid PCM, Cp,l (J/kgK) specific
heat capacity of liquid PCM, Tmp (K) melting point temperature, Ti (K) initial temperature, Te (K)
final temperature and L (J/kg) latent heat [7].
Lime hydrate was produced by the lime kiln Čertovy schody, Inc., Czech Republic, whereas the
silica sand was coming from sand pit Hlavačov, Czech Republic. The water/dry substances
(w/d) ratio was slightly modified in order to keep the workability of fresh mixtures on the same
level. Composition of the studied plasters is given in Tables 1, 2.

Table 1: Composition of Studied Materials
Plaster
w/d Lime hydrate (kg) Pozzolana (kg) Sand 0 – 4 mm (kg)
reference 0.21
1.5
1.0
7.5
with PCM 0.24
1.5
1.0
7.5
The samples were cast from the fresh mixture of studied plasters into the moulds having
dimensions of 70/70/70 mm, 50/50/50 mm and 20/20/5 mm.
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Table 2: Composition of Studied Materials
Plaster
Micronal DS 5008 X (kg)
reference
0.0
with PCM
0.5

3. Experimental
3.1 Measurement of Basic Material Properties
At first, powder density and particle size distribution of Micronal were measured. The powder
density was measured gravimetrically, weighing the known mass of material in the measuring
cylinder. The particle size distribution was measured on laser diffraction principle using the
device Analysette 22 Micro Tec plus. The particle size distribution was measured also for the
reference dry mixture, as well as for the mixture with Micronal addition.
For the researched plasters, measurements of bulk density, matrix density, and total open
porosity were performed. The experiments were done on 5 cubic samples of side 50 mm. The
relative expanded uncertainty of applied testing method was 5% and was mainly due to
material nonhomogeneity. Bulk density was determined from the measurement of sample sizes
(using digital length meter) and its dry mass. The matrix density was accessed by helium
pycnometry using apparatus Pycnomatic ATC (Thermo Scientific). The accuracy of the gas
volume measurement using this device is ± 0.01% from the measured value, whereas the
accuracy of used analytical balances is ± 0.0001 g. On the basis of bulk density and matrix
density measurements, the total open porosity ψ (‐) was calculated using equation

  100 (1   b /  mat ) ,

(2)

where mat (kg/m3) is matrix density, and b (kg/m3) bulk density.
3.2 Measurement of Water Vapor Sorption Properties
To investigate the effect of PCM addition on water vapor adsorption capacity, the measurement
of sorption and desorption isotherms was done using the dynamic sorption device DVS‐
Advantage (Surface Measurement Systems). The instrument measures the uptake and loss of
vapor gravimetrically using highly precise balances having resolution of 10 g. The vapor
partial pressure around the sample is generated by mixing the saturated and dry carrier gas
streams using electronic mass flow controllers. The humidity range of the instrument is 0 – 98%
with accuracy ± 0.5% at temperatures 5 – 60°C.
For the vapor sorption/desorption step experiments, the samples were dried for 360 min to
establish the dry mass. Then, the samples were exposed to the following relative humidities
(RH): 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 98%. The RH was then decreased in a similar manner
to accomplish a full sorption/desorption cycle. During the experiment, the instrument worked
in dm/dt mode (mass variation over time variation) to decide when equilibrium is reached. A
fixed dm/dt value of 0.00004 %/min was selected for all RH segments. This criterion permits the
DVS software to automatically determine when equilibrium has been reached and complete a
relative humidity step.
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3.3 Measurement of Heat Transport Parameters
Among the heat transport properties, measurement of thermal conductivity and thermal
diffusivity were done. For that purpose, device ISOMET 2104 [10], [11] working on dynamic
measurement principle was used. The measurement is based on the analysis of the temperature
response of the analyzed material to heat flow impulses. The heat flow is induced by electrical
heating using a resistor heater having a direct thermal contact with the surface of the sample.
The measurement range of thermal conductivity is from 0.015 to 6 W/mK, the accuracy is 5% of
reading + 0.001 W/mK, the measurement reproducibility is 3% of reading + 0.001 W/mK.
Operating temperature is for probes ‐20 to 70 °C, for the electronic instrument 0 to 40 °C.
The measurements were performed in laboratory conditions at constant temperature 23˚C ± 1˚C
and relative humidity 30% ± 5%. The samples had cubic shape of dimensions 70/70/70 mm,
whereas 5 samples of each material were tested.
3.4 Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) analysis was performed using apparatus DSC 822e
(Mettler Toledo) with the cooling device Julabo FT 900. The measurements were performed for
the Micronal DS 5008 X, the reference plaster and plaster modified by PCM addition. For the
measurement, the particular samples were first crushed in laboratory mill. The following
temperature regime was applied: 5 minutes of the isothermal regime; cooling of 10°C/min from
the temperature 40°C to the temperature – 10°C; 5 minutes of the isothermal regime; heating of
10°C/min from the temperature ‐10°C to the temperature 40°C; 5 minutes of isothermal regime.
On the basis of DSC analysis, the temperature of the phase transition was accessed, as well as
the temperature dependent specific heat capacity.

4. Results and Discussion
Figures 1 – 3 show the particle size distribution of the studied materials measured by laser
diffraction. Here, the very fine particle size distribution of Micronal PCM was observed. We can
see that the highest amount of its particles was around 10 m. The reference plaster exhibited
maxima of particles at 5 and 90 m. The particle size distribution of plaster mixture modified by
PCM was only slightly affected by the Micronal PCM addition.

Figure 1: Particle size distribution of Micronal DS 5008 X .
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Figure 2: Particle size distribution of reference plaster dry mixture.

Figure 3: Particle size distribution of plaster with Micronal addition.
Basic material properties of investigated materials are given in Tables 3, 4. We can see very low
powder density of Micronal PCM that affected the matrix density and bulk density of the
plaster modified by PCM addition. The total open porosity of the modified plaster was in
comparison with the reference plaster about 20% higher, which was in accordance with its
higher w/d ratio.
Sorption and desorption isotherms of researched materials are given in Figs. 4 ‐ 6. We can see
that the Micronal DS 5008 X had only slightly higher hygroscopicity in comparison with the
reference plaster. The accumulation of water vapor molecules in the developed plaster with
PCM addition was slightly enhanced in comparison with the reference material. This
corresponded with both the slightly higher hygroscopicity of Micronal DS 5008 X and the
higher open porosity of the material with PCM.
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Table 3: Basic Physical Properties of Studied Materials
Material
Micronal DS 5008 X
reference plaster
plaster with PCM

Powder density
(kg/m3)
359
1.5

Bulk density
(kg/m3)
‐
1 861
1 593

Table 4: Basic Physical Properties of Studied Materials
Material
Micronal DS 5008 X
reference plaster
plaster with PCM

Matrix density
(kg/m3)
‐
2 605
2 430

Total open porosity
(‐)
‐
28.6
34.4

Figure 4: Sorption properties of Micronal DS 5008 X .

Figure 5: Sorption properties of reference plaster.
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Figure 6: Sorption properties of plaster with PCM

Results of impulse method measurements are presented in Table 5. We can see much lower
thermal conductivity of the developed plaster in comparison with the reference plaster. This
finding corresponds with the results of total open porosity measurement and may be attributed
on one hand to the higher amount of batch water in composition of the developed plaster and
on the other to the low thermal conductivity of Micronal capsules.
Figures 7 – 10 describe the data obtained within the DSC analysis. The data were graphed using
the STARe SW 9.1 software that controlled also the DSC device.
Table 5: Basic Physical Properties of Studied Materials

Material
refence plaster
plaster with PCM

Thermal conductivity (W/mK)
0.86
0.55

Thermal diffusivity (m2/s)
0.54∙10‐6
0.34∙10‐6

Figure 7: Heat flow during the cooling of Micronal DS 5008 X.
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Figure 8: Heat flow during the heating of Micronal DS 5008 X.

Figure 9: Heat flow during the cooling of the plaster with PCM.

Figure 10: Heat flow during the heating of the plaster with PCM
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The temperature of the phase change of the Micronal PCM during the cooling process was
19.45°C and 26.97°C during heating. For the modified plaster exposed to the cooling process we
measured temperature of liquid‐solid transition equal to 22.63°C. The solid‐liquid transition of
modified plaster was detected at 26.31°C. The measured temperatures of phase changes are
beneficial for the LHS in the developed material.
The temperature dependent apparent specific heat capacities of the developed and reference
plaster during heating are presented in Figs. 11 – 12.
Here, high increase of the specific heat capacity at the temperature close to the PCM phase
transition was registered for the PCM modified plaster. In comparison with the reference
plaster, the newly developed plaster exhibited higher apparent specific heat capacity in the
whole studied temperature range.

Figure 11: Specific heat capacity of the reference plaster – heating process.

Figure 12: Specific heat capacity of the plaster with PCM – heating process.
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5. Conclusions
The tests presented in the paper revealed the positive effect of PCM incorporation on the
thermal performance of the modified lime‐based plaster. The phase transitions of PCM caused
substantial latent heat storage in dependence on temperature exposure of the material what is
very promising for the practical application of the plaster in lightweight building envelopes,
where the heat accumulation is, typically, very low.
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Early age properties of cement paste with pozzolanic admixture
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Abstract: Early age properties of cement paste containing ceramic powder as pozzolanic admixture are
studied. The tested materials with partial Portland cement replacement are found to have good
mechanical strength that is only partially reduced in comparison with the reference paste without
ceramics addition. Also the measured pore size distribution confirms the reasonable quality of the studied
materials.
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1. Introduction
Recent development in manufacturing of building materials is focused on application of
secondary raw materials having pozzolanic properties. Many industrial byproducts possessing
pozzolanic properties are produced in large amounts worldwide, and despite the current trends
of environmental protection and sustainable construction, their production volume still greatly
exceeds their industrial reuse. Therefore, there are compelling reasons to extend their practical
application in building industry.
These materials can be beneficially applied above all in concrete industry, where they can be
used as partial Portland cement replacement in concrete and mortars. In this way, the concrete
industry will produce environmentally more friendly materials especially from the point of
view of reduction of CO2 production. One possible source for such a pozzolana is calcined clay
that is usually product of ceramic industry [1]. A portion of ceramic products formed within the
burning illite‐group minerals is discarded as scrap, thus constitutes industrial waste. These
waste products having suitable fineness can then become active pozzolana [2], [3]. Therefore,
waste ceramic materials may have a potential to become a cheaper but almost equivalent
alternative to metakaolin as supplementary binder in mortar and concrete [4].
In this paper, fine‐ground ceramics is used as an alternative binder in cement pastes mixtures
replacing Portland cement in the amount of up to 20% of mass.

2. Experimental
2.1 Materials and samples
The researched cement pastes were prepared with Portland cement CEM I 42.5 R as the main
binder. Its specific surface area was 341 m2/kg. A part of cement was replaced by fine‐ground
ceramics, which specific surface area was 336 m2/kg. The differences in particle size distribution
were observed by laser particle size analyser Analysette 22 MicroTec plus. The particle size
distribution of used binders is shown in Figs. 1, 2.
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Figure 1: Particle size distribution of applied binders

Figure 2: Particle size distribution of applied binders
Looking at these results, one can see that the CEM 42.5 R is slightly finer than used ceramics. On
the other hand, the fineness of grinding of the applied ceramics is sufficient for optimal
pozzolanic reaction.
The composition of pastes mixtures is given in Table 1. Here, the reference mixture without
ceramics addition is denoted RP. P10 and P20 are mixtures where the part of the Portland
cement is replaced by fine‐ground ceramics. As superplasticizer, Mapei Dynamon SX was used.
It is based on modified acrylic polymer and allows greater water reduction, along with high
mechanical strength and prolonged workability.
The measurement of materials properties was done in the early hardening period up to 28 days.
The following specimens were used in the experiments for each of the studied materials:

158

compressive strength – 3 specimens of dimensions 100 x 100 x 100 mm, monitoring of hydration
process using electrical conductivity sensors – 3 specimens of dimensions 100 x 100 x 100 mm,
pore size distribution – 1 specimen cut from the cubic specimens for the electrical conductivity
measurements.

Table 1: Composition of tested pastes
Amount of material (kg/m3)
Mixture

CEM I 42.5 R Fine‐ground ceramics Superplasticizer Water

RP
P10

484
435.6

‐
48.4

5.3
5.3

200
200

P20

387.2

96.8

5.3

200

2.2 Monitoring of hydration process
To study the effect of fine‐ground ceramics addition on the process of hydration of cement
pastes, monitoring of electrical conductivity was done. For that purpose, two rods waveguide
electrical conductivity sensors LP/ms by Easy Test were applied. The sensors are made of two
53 mm long parallel stainless steel rods, having 0.8 mm in diameter and separated by 5 mm.
The particular sensors were placed into the cubic moulds containing fresh mixtures of studied
pastes and connected to the cable tester TDR/MUX/mts produced by Easy Test. This apparatus
was developed in the Institute of Agrophysics PAS, Lublin, Poland, and allows measurement of
electrical conductivity, temperature and relative permittivity [5], [6]. The monitoring of
electrical conductivity changes was performed for time interval of 28 days.
2.3 Measurement of compressive strength
The compressive strength tests were performed according to ČSN EN 12390‐3 [7] on samples 1
and 28 days old. Using this measurement we were able to observe the hardening process of
studied materials together with the strength growth.
2.4 Pore size distribution
There are several methods of the experimental assessment of porosity and the relevant
quantities such as pore size distribution [8]. In this paper, pore size distribution of investigated
materials was measured by mercury intrusion porosimetry using apparatus Pascal 140 and 440
(Thermo). The measurement by mercury porosimetry is based on the physical principle that a
non‐reactive and non‐wetting liquid (in our case mercury) will note penetrate pores until
sufficient pressure is applied to force its entrance [8]. As narrow pores must be filled up, high
pressure must be applied. The relationship between the applied pressure and the pore size into
which the mercury will intrude is given by the Washburn equation [9]

P

2 (t )
cos ,
r

(1)

where P [Pa] is the applied mercury pressure, r [m] the pore radius, (t) the surface tension of
mercury, (at 20°C it is equal to 480 mN/m), t [°C] temperature, and θ [°] contact angle of
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mercury and pore wall. In our experimental setup we assumed contact angle 130°. The pore size
distribution measurement was performed on dried samples in 7 days intervals.

3. Results and Discussion
The results of electrical conductivity measurement are presented in Figs. 3, 4.

Figure 3: Changes of electrical conductivity of studied pastes within first 5 days from casting

Figure 4: Electrical conductivity of studied pastes measured for time interval of 28 days
We can observe an increase of the electrical conductivity after the addition of batch water into
the studied pastes mixtures, which is due to the increase of temperature of the mix induced by
hydration heat generation. Looking at the data from the quantitative point of view, the highest
values of electrical conductivity were measured for pure cement paste without ceramics
additions. On the other hand, the lowest values were reached for paste P20. The results
measured for modified paste P10 were in the middle. The decrease of the amount of free water
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in the mix with increasing ceramics amount was apparently due to the wetting of ceramics
particles.
The data of electrical conductivity are in agreement with compressive strength results presented
in Fig. 5. As high is the electrical conductivity at the beginning of the hardening process, as high
is the material mechanical strength. Clearly, the supposed pozzolanic reaction in the mixes
containing ceramics was not yet complete.

Figure 5: Compressive strength of researched materials
The highest values of compressive strength exhibited the pure cement paste. However, the
values of compressive strength measured for pastes containing ceramics are also very
promising, especially taking into account fact that the part of Portland cement was replaced by
waste material.
The results of mercury porosimetry measurements are given Figs. 6‐8. The data demonstrate the
process of materials’ hardening and strength growth.

Figure 6: Pore size distribution in the reference paste RP
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Figure 7: Pore size distribution in the paste P10

Figure 8: Pore size distribution in the paste P20
In Fig. 9, there is presented comparison of pore size distribution of all the tested materials
measured for 28 days. We can see that the measured cumulative pore volumes correspond with
the results of compressive strength and electrical conductivity measurement. The lowest pore
volume exhibited reference paste. Also in this case, the application of fine‐ground ceramics did
not lead to the significant decrease of pastes quality and the tested materials with ceramics can
be generally considered as acceptable.
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Figure 9: Comparison of pore size distribution

4. Conclusions
In this paper, experimental testing of new types of cement pastes containing fine‐ground
ceramics was presented. The tested materials with partial Portland cement replacement
revealed good mechanical strength that was only partially reduced in comparison with the
reference paste without ceramics addition. Also the measured pore size distribution confirmed
the reasonable quality of the developed materials.
For the practical application of the developed materials in building industry, it will be necessary
to perform series of durability tests in order to obtain information on materials’ long term
behaviour at harmful climatic conditions.
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Application of diatomite as partial Portland cement
replacement in mortar mix design
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Abstract: The aim of the present study is to investigate the use of diatomite as a partial replacement for
cement in the production of cement mortar. Diatomite was used at 10% and 20% replacement by weight
of cement while sand and water quantities were kept constant. For the materials with diatomite as well as
for reference mortar, basic material properties, compressive and bending strength, freeze–thaw resistance,
dynamic modulus of elasticity, sorption and desorption isotherms are measured. The particle size
distribution of diatomite is researched on laser diffraction principle, whereas the pozzolana activity is
studied as well. The diatomite use led to the increase of mechanical strength.
Keywords: cement mortar, diatomite, partial Portland cement replacement

1. Introduction
During production of Portland cement, carbon dioxide which is one of the greenhouse gases is
emitted to the atmosphere. Approximately 1 tone of CO2 arises during the production process
of 1 tone of Portland cement, about one‐half of it originating from decomposition of limestone,
which is the main raw material for Portland clinker, and the second half from fuel combustion
necessary for cement production. Globally, the amount of annual world production of cement is
typically about 1.4 billion tones. This means that the manufacture of Portland cement
contributed about 1.4 billion tones of CO2 to atmosphere [1]. Therefore, with respect to a
necessity to decrease the amount of carbon dioxide in atmosphere, alternative more
environmental‐friendly materials must be studied in order to replace a part of Portland cement
in concrete composition. These materials must have pozzolana properties and must be available
in large quantities. Supplementary cementitious materials became quite common in today’s
concrete industry [2], [3], whereas typical examples are by‐products of iron, silicon and
ferrosilicon alloys production, and waste products from coal combustion in thermal power
stations. Here, blast furnace slag, fly ash and micro silica are produced. These products are
presently commonly applied in concrete production, and their beneficial effects on concrete
properties and performance are approved by number of years of their usage. However, there is
still number of other pozzolana materials that are applied in concrete production very rarely,
and whose contribution to concrete performance is not fully understood. One of them is
diatomite.
Diatomite is a sedimentary rock primarily composed of the skeletons of microscopic single
celled aquatic plants called diatoms. The skeletons are composed of amorphous silica (silicon
dioxide, SiO2), a very durable substance. Besides its amorphous silica content diatomite rocks
commonly contain carbonate and clay minerals, quartz and feldspars. Diatoms skeletons are
highly porous, light in weight and chemically stable and inert [4], [5]. Aydin and Gül [6] studied
the effect of diatomite as additive on the properties of concrete. They indicated that the increase
of additive ratio results in a sudden decrease in compressive strength. The pozzolanic reaction
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of diatomite leads to the formation of higher amounts of hydrate products, especially at the age
of 28 days [7]. Stamatakis et al. [8] demonstrated that the use of diatomite rocks as cement
additives has drawbacks such as higher water demand, but compressive strength of the
laboratory produced cements exhibit higher values. Since the effect of diatomite use in concrete
design is still not fully understood, its applicability is studied in the presented paper in order to
contribute to this environmentally friendly research.

2. Studied Materials
Ordinary Portland cement (CEM‐I 42.5 R) was used in the experimental study. Diatomite was
applied at 10% and 20% replacement by weight of cement, while sand and water quantities
were kept constant. Diatomite was produced by LB MINERALS, Ltd., Czech Republic. In order
to maintain similar consistency of fresh mixtures, the superplasticizer Mapei was used for
mixtures with diatomite. The composition of the researched mortar mixtures is given in Table 1.
For the sake of comparison, also a reference mixture with Portland cement as the only binder
was studied as well.

Table 1: Composition of studied mortars
RM
Portland cement CEM 42.5 R kg 4.5
Diatomite
kg ‐
Silica sand 0/4 mm
kg 13.5
Water
kg 2.33
Mapei
ml ‐

DM 10
4.05
0.45
13.5
2.33
45

DM 20
3.6
0.90
13.5
2.33
90

The measurement of material parameters was done after 28 days of standard curing in a
conditioned laboratory at the temperature of 22±1°C and 25‐30% relative humidity. The
following specimens’ sizes were used in the experiments: basic physical properties – 50/50/50
mm, compressive strength – 150/150/150 mm, bending strength 40/40/160 mm, freeze/thaw
resistance – 150/150/150 mm, dynamic modulus of elasticity 20/40/300 mm. The sorption and
desorption isotherms were measured on fragments of samples for basic physical properties
measurement.

3. Experimental Methods
3.1 Particle size distribution
The particle size distribution was measured for the Portland cement, diatomite and mixtures of
diatomite with cement. The measurement was done on laser diffraction principle using the
device Analysette 22 Micro Tec plus. This device uses red laser for measurement of bigger
particles and green laser for finer particles, whereas the laser analyser allows measurement of
grain size up to 2 mm.
3.2 Measurement of basic material properties
Among the basic properties, the bulk density, matrix density and total open porosity were
measured on gravimetric principle combined with helium pycknometry.
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3.3 Measurement of pozzolana activity
Pozzolana activity was determined on the basis of comparison of the amount of Ca(OH)2
present in liquid phase in the contact with cement with the amount of Ca(OH)2 that saturates
the environment of equal alkalinity.
3.4 Mechanical properties
The bending strength of cured mortars that were stored 28 days in relative humidity of 100%
was determined using the procedure described in ČSN EN 12390‐5 [9]. The compressive
strength was measured according to the ČSN EN 12390‐3 [10].
3.5 Frost Resistance
Frost resistance tests were carried out according to ČSN 73 1322/Z1 [11]. The samples were
tested after 28 days of standard curing. One single freezing/thawing cycle requires 4 hours
freezing at ‐20°C and 2 hours thawing in 20°C warm water. The total number of applied cycles
was 150. After the particular cycles, the compressive strength of research cubic samples was
measured according to [10].
3.6 Mercury porosimetry analysis
The evaluation of obtained results was done regarding to the pore size distribution that was
studied on mercury porosimetry principle. For the measurement, porosimeters Pascal 140 and
Pascal 440 Thermo Scientific were used. Within the evaluation of measured data, the circular
cross section of capillaries was assumed.
3.6 Dynamic modulus of elasticity
For the measurement, the ultrasonic pulse method and resonance method were applied. The
samples were cured prisms, whereas the measurements were performed in longitudinal
direction. The ultrasonic pulse method is based on measurement the travel time of ultrasonic
wave passing through the material. The resonance method is based on determination of
system’s first resonation frequency by help of piezoelectric resonator applied to the sample.
3.7 Sorption and desorption isotherms
Apparatus DVS‐Advantage (Surface Measurement Systems Ltd.) was used for measurement of
sorption and desorption isotherms of studied materials. The instrument measures the uptake
and loss of vapour gravimetrically using highly precise balances having resolution of 10 g. The
vapour partial pressure around the sample is generated by mixing the saturated and dry carrier
gas streams using electronic mass flow controllers. The humidity range of the instrument is 0 –
98% with accuracy ± 0.5% at temperatures 5 – 60°C.
For the vapour sorption/desorption step experiments, the samples were dried to establish the
dry mass. Then, the samples were exposed to the following relative humidities (RH): 0, 20, 40,
60, 80, and 98%. The RH was then decreased in a similar manner to accomplish a full
sorption/desorption cycle. During the experiment, the instrument worked in dm/dt mode (mass
variation over time variation) to decide when equilibrium is reached. A fixed dm/dt value of
0.00004 % /min was selected for all RH segments.
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4. Results and Discussion
Results of particle size distribution measurement are given in Figures 1, 2.

Figure 1: Particle size distribution of studied mixtures – cumulative curve.

Figure 2: Particle size distribution of studied mixtures – distribution curve.

168

We can see that the diatomite is in comparison with cement finer. On this account, one can
assume higher specific surface of this material, what was observed also within the samples
preparation, where the super plasticizer Mapei was used in order to reach optimal consistency
of fresh mixtures with diatomite. Within the chemical analysis, the pozzolana activity of
researched diatomite was proved.
In Table 2, there are presented the basic physical properties of studied materials. We can see
that the inner structure of mortars with diatomite was slightly changed. Cement replacement by
diatomite in 20% of cement mass led to the high decrease of total open porosity in comparison
with reference material. This finding is in agreement with data of mechanical properties
presented in Table 3. Here, one can see systematical improvement of bending and compressive
strength with increasing amount of diatomite in mortars composition. Young’s modulus
measured by pulse and resonance method was improved for material DM 20. On the other
hand, material DM 10 exhibited lower Young’s modulus than reference mortar. This finding can
be assigned to the higher porosity of mortar DM 10 in comparison with material RM.

Table 2: Basic physical properties of studied mortars

Material

Bulk
density

Matrix
density

RM
DM 10
DM 20

[kg/m3]
2011
1860
1963

[kg/m3]
2684.33
2519.31
2492.27

Total
open
porosity
[‐]
0.25
0.26
0.21

Table 3: Mechanical properties of studied mortars

Material

Compressive
strength

Bending
strength

RM
DM 10
DM 20

[MPa]
39.6
42.3
42.8

[MPa]
6.6
6.7
7.0

Young’s
modulus –
pulse
method
[GPa]
19.3
17.7
20.9

Young’s
modulus –
resonance
method
[GPa]
19.3
17.8
21.0

Results of freeze/thaw resistance are graphed in Figure 3. We can see that the frost resistance of
diatomite modified mortars was systematically lower compared to reference material. On the
other hand, material DM 20 exhibited acceptable performance within the freeze/thaw tests and
maintained its strength until 75 cycles.
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Figure 3: Compressive resistance after freeze/thaw cycles.

Figure 4: Incremental pore volume.
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Mercury porosimetry data are presented in Figure 4. Application of diatomite led in both
studied cases to the decrease of pores in the diameter range 0.01 – 10 m. This clearly explains
the increase of mechanical properties of mortars with diatomite compared to reference cement
mortar.
Sorption and desorption isotherms measured by DVS device are given in Figure 5. The moisture
storage was slightly enhanced with diatomite admixture what we assign to the higher specific
surface of diatomite modified mortars. Additionally, mortars with diatomite exhibited higher
hysteresis. However, the total moisture storage remains very low for all research materials.

Figure 5: Sorption and desorption isotherms of researched mortars.

5. Conclusions
The experimental results presented in this paper pointed out to the possibility of using
diatomite as a partial Portland cement replacement in composition of cement based mortars.
The following conclusions can be drawn from the study: application of diatomite led to the
increase of compressive and bending strength and partially also to the improvement of Young’s
modulus; the total open porosity as well as pore size distribution were properly modified by
diatomite admixture; the frost resistance of mortars with diatomite decrease in comparison with
reference cement mortar, the water vapour storage properties were slightly enhanced by
diatomite admixture, however, the moisture storage capacity remained very low.
In respect to the obtained data, further experiments and detail analyses must be performed
before practical application of diatomite in mortars mix design.
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The use of municipal solid waste incineration materials in
concrete production
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Abstract: Waste management becomes one of the most actual problems of present society. In the
advanced countries, the recycle approach to the waste treatment is absolutely superior against other
methods that are used until now especially from the economical reasons or because of the absence of the
effective recycling methods. The building materials are manufactured mainly on natural basis, what has
harmful effect on the living environment quality. Hence the ways of the natural sources savings are
searched. One of important ways, widely applied in civil engineering for long years, is to replace natural
sources with secondary materials (i.e. wastes from other processes). The municipal solid wastes
incineration (MSWI) generates worldwide significant amounts of waste materials. However, their
application for production of new materials is unfortunately very limited. This paper reviews the
possibilities of municipal solid waste incineration materials (MSWIMs) for application in concrete
industry.
Keywords: municipal solid waste incineration materials, fly ash, bottom ash, concrete and cement
composites production

Introduction
During Regulations on waste elimination make waste management a significant problem for the
public authorities today. For a long time, the majority of waste was disposed of in tips but this
is now becoming impossible. The present age is characteristic by the tendency of maximal
recycling of all types of wastes and reducing their disposal. Recycle approach to the waste
treatment is absolutely superior against other methods there were used till now especially from
economical reasons. The direction of European Union No. 1999/31/EC sets to the member states
the obligation to reduce the total amount of waste damps. According to this direction, in 2010
the amount of disposed waste should be reduced in 2013 to 50% and in 2020 to 35% as
compared to state in 1995.
The combustion methods are presently considered as significant source of greenhouse gases,
especially of carbon dioxide. However, this opinion is in the case of municipal waste
combustion inappropriate. The municipal waste can be considered as biomass that originates
from photosynthetic reactions with carbon oxides. In balance considerations, the municipal
waste combustion cannot lead to the rising of greenhouse gases amount in the atmosphere. In
addition, the municipal waste incinerators are indispensable source of energy. For example
incinerator Termizo in Liberec, Czech Republic, has heat power of 22.8 MW. The amount of the
developed pressure steam (43 bar/430°C) corresponds to 35 t hod‐1. The back‐pressure turbine
then lowers the pressure of steam, what is subsequently utilized for heat supply of city
buildings. The energetic outcomes of biomass combustion are from the point of view of energy
sources classified as “waste to energy”. Incineration of municipal waste allows also a great
reduction in the quantity of the wastes of 65–80% in mass and 85–90% in volume.
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On the basis of above given facts there is evident that the amount of MSWIMs will increase in
near future and their industrial use is necessary from the environmental point of view as well as
from the financial benefits. Especially the recycling of industrial wastes in the concrete
manufacturing is of increasing interest worldwide, due to the high environmental impact of the
cement and concrete industries and to the rising demand of infrastructures, both in
industrialised and developing countries [1].
Solid Residues from Incineration Processes and Their Pre‐treatment
The solid wastes that are formed during incineration processes can be generally divided into
three basic groups: under‐furnace grate slag materials, solid wastes from electro‐filters (ash
materials ‐ MSWIAs) and fly ashes from sleeve and catalytic filters. The ash materials represent
about 1‐3% of the total municipal solid waste incinerator (MSWI) residues. These fly ashes
differ in grain size distribution, composition and amount of heavy metals, and many other
parameters. Among them, the toxicity is from the point of view of their utilization at the top of
the interests.
Toxic fly ashes are contaminated with toxic organic compounds, especially with
polychlorinated dibenzo‐p‐dioxines, benzofurans and biphenyls phenols (POP compounds –
persistent organic pollutants). These highly toxic fly ashes should be detoxified by safe
technologies because the current practice of landfilling these materials is quite provisional from
an environmental point of view. Presently, no effectual legislative limits on the content of toxic
POP compounds in the solid wastes from municipal waste incinerators are valid. The legislative
process that assessed the limits of the toxicity of fly ash materials was in EU finished in 2007
(EU regulation No. 850/2004, No. 1195/2006, No. 172/2007).
On the other hand most of ashes from electro‐filters are according to current legislative
harmless because of low content of polychlorinated dibenzo‐p‐dioxines and benzofurans.
Electro‐filters enable fractional separation of fly ashes with respect to particles size. It can be
used for the optimization of composition in the study of fly ashes recycling from the point of
view of optimal properties of solidified products for building purposes. Under‐furnace grate
slag materials represent majority part of solid waste produced in incinerators. However the
amount of solid waste is highly dependent on the type of burnt material, it is possible to say
that approximately one weighted third of the total amount of burnt waste will come out of
incinerators in form of solid waste. In case of meeting European Union requirements on land
filling reduction to 35% in 2020, the amount of recycled solid waste will be 500 kt per year. It is
absolutely evident that successful economical solution of recycling of these waste materials is
highly actual topic. The toxic MSWIA materials will be not studied in this work since their
detoxification and consequent recycling belong to the chemical destruction problems [2].
Both MSWIA and under‐furnace grate slag materials from MSWI contain certain amount of
chlorides, causing chloride penetration problems in concrete mixes, and increasing the
leachability of the heavy metals they contain [3], [4]. To reduce the chloride contents, the
washing treatment using distilled water can be performed [1]. The high levels of toxic metals
also make MSWIA materials classifiable as hazardous waste [5], [6], [7]. Currently there exist
several treatments solving the problem of waste ashes from incinerators from the point of view
of stabilization of heavy metals to prevent their risk landfilling. Nevertheless, these methods do
not take into account presence of highly toxic persistent pollutants (polychlorinated dibenzo‐p‐
dioxines, benzofurans and biphenyls) that are often contained is some ashes. In light of
application of toxic MSWIAs in industry there is not possible to solidify materials containing
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higher amount of POP chemicals than limit values. Stabilization of heavy metals can be done in
the following ways.
Heavy metals in ashes can be stabilized against their leaching by solidification, i.e. by the
addition of some solids, such as cement. However, the heavy metals are not fixed safely enough
in this way, and, furthermore, the additives increase the total amount of the material which
must be landfilled or recycled [8].
Another perspective method is vitrification of heavy metals into glassy structures using high
temperature heating. During the melting process, heavy metals are evaporated or immobilized
in Si‐O matrix [9], [10]. Heavy metals are fixed reliably in this way and the formed material
exhibits excellent leaching characteristics. With a suitable fly ash composition, the process can
work even without any additives or with certain amount of admixtures. Besides the classical
glass furnaces, also microwave heating can be applied as the fly ash contains residual carbon
strongly interacting with microwaves and the heat produced is able to melt the ash. Vitrification
methods can be counted among the complex methods because in addition to the permanent
immobilization of heavy metals, also PCDD/F is usually decomposed [11]. Along with the
above mentioned vitrification, the so called 3R process also belongs to the complex methods
group. The process makes use of acid solutions from scrubbers which extract heavy metals from
the ash, and their subsequent separation. In the extraction step, 90% Cd, 70% Zn, and 20 to 40%
of other heavy metals are removed from the ash which is then returned to the incineration unit
and subjected to PCDD/F destruction. The 3R process decreases amount of heavy metals and
improves their immobilization in the product formed. The final solidification products can
already be used e. g. as a building material [12].
In general, the published or patented potential solutions of municipal toxic waste disposal are
limited to selected parts of the detoxification and recycling of toxic fly ashes. Comprehensive
technological pilot plant solutions are very sparse, and commercial solutions are completely
absent. The solutions of the particular technological points (detoxification, heavy metal
separation, sintration methods, ashes solidifications, recycling of waste materials for the
application in building industry) are not linked together and the particular technical solutions
do not offer any complex treatment of the problem.

Application of MSWIMs in Building Materials
The Solid residuals from municipal solid waste incineration process are subjected in the last two
decades to an intensive research focused on their possible application as new concrete mineral
admixtures. Here, the MSWIMs can play role as active as well as non‐active mineral admixture.
Although the recycling of ashes from coal power stations is technologically well established,
and commonly applied in the building practice, fly and bottom ashes from municipal waste
incinerators remain technologically an open field from this point of view, until now.
MSWIA and under‐furnace slag materials possess a chemical composition that is not dissimilar
from that of fly ashes from coal combustion. In fact, they are mainly composed of amorphous
silica, alumina, iron oxide and calcium oxide. This suggests that these materials could have
pozzolana or hydraulic behaviour and its addition to the concrete mix could have a beneficial
role in the development of the microstructure of the hydrated cement paste. Hence, a great
advantage in the sustainability of the concrete industry would be achieved if MSWIMs, which
are available in great quantities throughout the world, could be used to produce quality
concretes [1]. Several researches have already proved the pozzolana activity of MSWIA
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materials showing their reactivity with calcium hydroxide (see e.g. [13]). The pozzolana
reaction of active aluminous and silicate ions with calcium hydroxide formed within the
hydration of Portland cement results in the formation of calcium silicates and aluminous silicate
hydrates, which fill the pore volume, and increase the compressive strength and the durability
of the blended cement concrete.
Because the waste treatment represents highly actual topic, several researches have studied the
possibility of recycling of MSWIMs in concrete and cement manufacturing, both as aggregates
or mineral additions. MSWI bottom ash and fly ash have been also used as secondary raw
materials for manufacturing cement, ceramics, bricks, or tiles [14] – [20]. Recently we published
also several papers on application of MSWIMs as partial Portland cement replacement or fine
aggregates in concrete mix design [21] ‐ [23]. In paper [24] we used bottom ash from MSWI as
partial silica sand replacement in cement mortar. The chemical composition of applied bottom
ash determined by X‐ray fluorescence (XRF) analysis is presented in Table 1. XRF is just a semi‐
quantitative technique; hence the results have to be taken into account just as indicative (an
error as high as 20 % may be estimated). We can see that the amount of chlorides is very low,
what is beneficial from the point of view of possible reinforcement corrosion in case of
application of studied materials in construction concrete [24].

Table 1: Chemical composition of applied bottom ash (in %)
Substance
SiO2
Al2O3
Fe2O3
CaO
MgO
SO3
ZnO
Na2O
K2O
TiO2
Cl
Σ

Amount [mass %]
33.5
15.8
8.4
19.4
2.0
9.3
0.8
3.6
1.9
1.5
1.1
97.1

In paper [24] we studied the effect of MSWI bottom ash application on the properties of the
hardened cement based mortars. The bottom ash was used as partial sand replacement in the
amount of 10 and 40%. See Table 2 for the comparison of properties of mortars with bottom ash
(CM10, CM40) and reference cement mortar CMR. Here, the addition of MSWI bottom ash
contributes significantly to the mechanical performance of developed materials.

Table 2: Mortars properties

CMR
CM10
CM40
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Matrix Density
[kg/m3]
2662
2671
2650

Bulk Density
[kg/m3]
2105
2013
1911

Total Open
Porosity [%]
20.9
24.6
27.9

Compressive
Strength [MPa]
41.0
42.0
45.0

Bending
Strength [MPa]
6.5
7.0
7.5

Another practical example of utilization of MSWIA was presented for instance in [1]. Here, the
authors deal with 30% replacement (by mass) of Portland cement by MSWIMs in concrete
structure. They have cast control concrete with 440 kg/m3 of Portland cement type CEM I 52.5R,
according to European Standard EN 197‐1, water/cement ratio of 0.50 and 1700 kg/m3 of
crushed limestone aggregate (maximum size 14 mm). For the evaluation of effect of MSWIM
addition, concrete mixture with the same composition as the previous was cast with the partial
Portland cement replacement by dry or washed MSWI fly ash or MSWI bottom ash (slag
material). The authors refers that the concrete mixtures with the addition of different types of
MSWI materials did not show any workability problems and their fresh density was
comparable with that of the control concrete. Nevertheless, the concrete with addition of dry
MSWI bottom ash experienced a remarkable expansion during setting. Because of such
expansion, the density of the hardened concrete decreased, what led to the decreasing in
strength characteristics. This feature was observed also by other authors (see e.g. [24]) and the
causes of this phenomenon have been discussed in several papers [30]. This harmful effect of
MSWI material addition into concrete mixture can be explained by chemical reactions on non‐
ferrous metals, particularly on aluminum and zinc that cause an increase in volume. Under
alkaline conditions, which occur during cement hydration, metallic aluminum can form
hydroxides or lead to the emission of hydrogen. Two basic approaches were developed to avoid
this phenomenon. In paper [1], the wet MSWI materials were used. In this case, no expansion
was observed. The results given in [1] clearly demonstrated good pozzolana behaviour of
MSWIMs and proved the possibility of these materials to give a significant contribution to the
development of the strength and impermeability of concrete.
Second possibility how to solve the problem of volume expansion of concretes containing the
MSWI materials is to immerse the ash materials in a solution of sodium hydroxide, till all
hydrogen is produced, according to the following reaction

NaOH  Al  H 2O  NaAlO2 

3n
H2 .
2

(1)

For example Pera et al. [25] have immersed MSWI bottom ash in sodium hydroxide solution for
15 days. The ash was then washed and dried. The concrete mixture with such treated ash
addition has than revealed very perspective strength characteristics.

Conclusions
This review shows that MSWIMs are potentially attractive for application in building industry.
They can find use above all in cement and concrete manufacturing as mineral binder or
aggregate addition. Nevertheless, it should be pointed out that their widespread utilization in
practice is limited by the variability in their composition. Therefore, detailed chemical and
physical analysis has to be performed before their application. Some of MSWI materials require
also pre‐treatment like wetting, washing, vitrification (melting) etc. for optimization of their
properties.
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Chosen physical properties of flours
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Abstract: In this paper, basic physical properties of three different types of wheat flour, nominally
smooth flour, whole‐meal flour, and semi‐meal flour are studied at first. Here, powder density and matrix
density are measured using the gravimetric method and helium pycnometry. Particle size distribution is
measured on laser diffraction principle. For the studied materials, measurement of thermal conductivity,
volumetric heat capacity and thermal diffusivity is done using the impulse method, whereas the
measurement is performed in dependence on moisture content. Among the hygric properties, sorption and
desorption isotherms are measured using dynamic water vapor sorption device. The results presented in
this paper can find utilization in food industry. They can be applied for instance for the adjustments of
the drying rate, for the calculations of the economical drying time and for the determination of energetic
balances of drying processes.
Keywords: smooth flour, whole‐meal flour, semi‐meal flour, physical properties, food industry

1. Introduction
Biological agricultural materials consist of highly heterogeneous sets of different substances,
mixtures and structural components, including complex organic structures. Their
inhomogeneous composition and high variability affect their behavior and cause complicated
and variable physical properties. Physical properties of biological agricultural materials are
dependent on moisture and temperature of the studied material, and mostly show a
considerable hysteresis.
Characterization of agricultural materials is the first step in food products formulation and
development. Basic understanding of the properties of these materials can lead to improvement
of both the products quality and ease of product development. Fundamental knowledge of
physical characteristics and their variability, such as powder, moisture and particle size
distribution, are helpful to ensure proper handling, storage, and drying, as well as help to
determine the overall design of the processing system. Several studies have been conducted on
the relationship between powder density and moisture content of grains or their products [1‐3].
Accurate description of particle size distribution of milled wheat products is essential to feed
formulation and manufacturing because it affects the feed’s processing conditions and
nutritional efficiency [4]. Thermal conductivity, thermal diffusivity and specific heat capacity
are important physical properties of food, and agricultural materials, are critical parameters in
the engineering design of food production thermal processes as cooling, cooking, drying,
extrusion and freezing [5]. Water vapor storage properties represent important parameter for
flour storage and its use. On this account, chosen physical properties of three different types of
wheat flour, nominally powder density, matrix density, particle size distribution, thermal
properties and sorption and desorption isotherms are researched in the presented paper.
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2. Materials and Sampling
Three different types of wheat flour, nominally smooth flour (HLM), whole‐meal flour (HRM),
and semi‐meal flour (PHM) are studied in the paper. All the researched materials are products
of UNIMILLS, Inc., Prague, Czech Republic, and were studied in the dry state, initial state from
the market and after exposure to 75% of relative humidity. The drying was performed for 90
minutes at 130°C according to ISO 712.

3. Experimental Methods
All the experiments were realized in the air conditioned laboratory at constant temperature
23˚C ± 1˚C and relative humidity 30% ± 5%.
3.1 Measurement of basic material properties
Among the basic properties, powder density and matrix density were measured on gravimetric
principle combined with helium pycknometry.
3.2 Particle size distribution
The measurement was done on laser diffraction principle using the device Analysette 22 Micro
Tec plus. It allows measurement of particle size in the range 0.08 – 2000 m. The measuring
range is obtained with the utilization of two lasers with different wave length. A green laser is
used for the small particle range whereas an IR‐laser is utilized for the measurement of larger
particles. Due to movability of the measuring cell, the captured angle area of the diffracted
respectively scattered laser light can be matched to the requirements of the individual sample.
With larger particles a large distance between measuring cell and detector is chosen, so the here
appearing small diffraction angles can still be detected very well. With fine and very fine
powders, optimal conditions for the measurement of large scattering angles are obtained by
selecting a small distance between measurement cell and detector distance. This results in high
resolution and sensitivity.
3.3 Measurement of thermal properties
The thermal conductivity, thermal diffusivity and volumetric heat capacity as the main
parameters of heat transport and storage were determined using the commercial device
ISOMET 104 (Applied Precision, Ltd.). ISOMET 104 is equipped with various types of optional
probes, needle probes are for porous, fibrous or soft materials, and surface probes are suitable
for hard materials. The measurement is based on the analysis of the temperature response of the
analyzed material to heat flow impulses. The heat flow is induced by electrical heating using a
resistor heater having a direct thermal contact with the surface of the sample. The
measurements in this paper were done using the needle probe.
3.5 Sorption and desorption isotherms
Sorption and desorption isotherms characterize the moisture storage in the hygroscopic
moisture range, where the transport of water vapor is dominant mode of moisture transfer.
They express the dependence of the moisture content in the material on the relative humidity.
The sorption and desorption isotherms are mostly measured by traditional methods, which are
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employed in almost the same form for many decades. The basic principle of the methods is very
simple. In the case of determination of a sorption isotherm, a dry specimen of a porous material
is weighed and put into a chamber with an exactly specified value of relative humidity. Here,
the specimen is left, until the equilibration between the moisture content in the porous space
and the relative humidity in the surroundings is achieved, i.e., until the specimen stops to
absorb water vapor from the air in the surroundings. This can take a relatively long time,
usually several days or weeks but sometimes even several months [6].
On this account, dynamic vapor sorption device DVS‐ Advantage II (Surface Measurement
System Ltd.) was used for the measurement of sorption and desorption isotherms in the
presented work. This device allows shorten the measuring time to three days.
Results and Discussion
Basic physical properties of studied flours are given in Table 1. Here, symbol i represents initial
state of material, d dried material, and w flours exposed to 75% of relative humidity.

Table 1: Basic physical properties of studied flours
Material
HLMi
HLMd
HLMw
PHMi
PHMd
PHMw
HRMi
HRMd
HRMw

Powder
Density
[kg/m3]
647
‐
‐
649
‐
‐
685
‐
‐

Matrix
Density
[kg/m3]
1455
1489
1456
1454
1484
1457
1453
1472
1459

Moisture
content
mass [%]
13.9
‐
15.8
12.4
‐
16.1
12.2
‐
15.5

Results of particle size distribution measurement are given in Figures 1, 2. We can see that the
flour HLM is milled in comparison with other two flours finer, whereas the most roughly
milled is flour HRM.
Thermal properties are summarized in Table 2. Here, u is moisture content by mass, thermal
conductivity, a thermal diffusivity, and c volumetric heat capacity. We can see their high
dependence on moisture content changes, what is the consequence of water high thermal
conductivity and specific heat capacity. The lowest thermal conductivity as well as thermal
diffusivity exhibited flour PHM. On the other hand, the lowest volumetric heat capacity has
HRM.
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Figure 1: Particle size distribution of studied flours – cumulative curve.

Figure 2: Particle size distribution of studied flours – distribution curve.
Tab. 2 Thermo‐physical parameters of tested flours
Type of grain
HLMi
HLMd
HLMw
PHMi
PHMd
PHMw
HRMi
HRMd
HRMw

u
13.9
0
15.8
12.4
0
16.1
12.2
0
15.5

[W/mK]
0.138
0.133
0.203
0.137
0.136
0.216
0.128
0.125
0.204

c *106 [J/m3K]
1.440
0.919
1.450
1.410
0.900
1.470
1.440
0.832
1.460

a *10‐6 [m2/s]
0.144
0.091
0.150
0.152
0.093
0.155
0.142
0.088
0.153
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Sorption and desorption isotherms measured by dynamic vapor sorption device are graphed in
Figures 3, 4. All the studied materials exhibited high hysteresis, what must be considered
within their technological processing.

Figure 3: Sorption and desorption isotherms of researched flours in initial state.

Figure 4: Sorption and desorption isotherms of researched flours in dry state.
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4. Conclusions
The results presented in this paper can find utilization in food industry in such processes where
heat transport and storage properties of flours are indispensable. They can be applied for
instance for the adjustments of drying rate, for the calculations of the economical drying time
and for the determination of energetic balances of drying processes.
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Abstract: Electrical conductivity of green ceramic materials (60 wt.% of clay, 0 and 20 wt.% of calcite
waste and 20 and 40 wt.% of the clay fired at 1000 °C) was measured in the temperature range of 20 –
1050 °C. DC electrical conductivity was measured with V‐A method (sensitivity of 1×10‐3 V and 1×10‐14
A). Pt wires ( 0.5×150 mm) were used as the electrodes, which were inserted into the middle of the
sample (20×10×10 mm). The samples passed through a release of the physically bound water, burning of
the organic impurities, dehydroxylation of kaolinite and illite, decomposition of calcite and creation of
anorthite and mullite. At low temperatures (20 – 200 °C), charge carriers are H+ and OH‐ ions bound to
defects located on crystal surfaces and polar water molecules in the pores. After the releasing physically
bound water, up to start of dehydroxylation at the temperature ~450 °C, DC conductivity is determined
by a transport of Na+, Ca2+ and K+. During dehydroxylation, the charge carriers are ions OH‐ which are
released from kaolinite and illite lattice. Between these ions, a reaction OH‐ + OH‐ → H2O(g) + O2‐ leads to
lowering of the concentration of OH‐ ions and, consequently, to a temporary lowering of the DC
conductivity. Decomposition of calcite runs between ~700 °C and 900 °C and leads to an increase in DC
conductivity.
Keywords: calcite, ceramics, DC conductivity

1. Introduction
Ceramic masses, which contain calcite, are often used in a brick industry. Instead of the
relatively large calcite stones, it is profitable to exploit fine‐grain quarry waste. According to
estimation, there is about 105 t of such waste in limestone quarries in Czech Republic.An
advantage of the calcite addition is small irreversible contraction of the fired body during and
after firing [1]. That is caused by a presence of anorthite which arises in the fired body at
temperatures above 950 °C through metastable gehlenite. Gehlenite can be created by three
ways: a) from CaO and metakaolinite, b) from CaO and metastable spinel phase, which
precedes formation of mullite, and c) from CaO and mullite. The next step is transform
gehlenite into anorthite [2]. A creation of gehlenite and anorthite is accompanied with
increasing the fired body volume [3].
A creation of anorthite in ceramic samples with different waste addition of CaCO3, Ca(OH)2,
marble dust and plaster cast was studied in [4]. In every case were confirmed two steps of the
creation of anorthite – firstly gehlenit appeared in exothermic reaction at 950 °C and then
appeared anorthite in exothermic reaction at 980 °C. Similar results were obtained in [5].
Since the ceramic sample contains kaolinite and/or illite as plastic constituents, dehydroxylation
in the temperature region 450 °C – 650 °C takes place. This endothermic process is linked with
significant mass loss. A contraction of the kaolinite volume is also registered. The volume of the
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illite continues to expand in this temperature region [6, 7]. Both crystalline lattices,
metakaolinite and dehydroxylated illite, exothermically collapse at the temperatures above 950
°C which is accompanied with significant volume contraction [6, 8].
The next important process is decomposition of calcite between 700 °C and 900 °C which
present itself with high mass loss of the calcite phase (up to 44 wt.%) and volume contraction. A
new phase CaO is porous [9, 10].
If the sample is not dried, physically bounded water is released at the temperatures lower than
200 °C [6].
The objective of the paper is experimental study of phase development and the electrical
properties of the ceramics samples with different content of calcite waste.

2. Experimental
We used two types of the samples, see Table 1. Clay B1, supplied by LB‐Minerals s.r.o., is a
constituent of the each sample. As a filler was used clay B1 fired at 1000 °C with a soaking time
90 min at the highest temperature. The clay B1 consists of kaolinite (65 wt.%), illite (25 wt.%),
muscovite (3 wt.%), free quartz (5 wt.%) and undefined filler (2 wt.%) [11]. Calcite waste came
from washing of the crushing the limestone in a quarry Omya, a.s., Vápenná, Czech Republic.
The chemical compositions of clay B1 and calcite waste are in Table 2. The calcite waste was
dried and then milled for 24 h in the laboratory dry ball mill. The equivalent mean spherical
diameter d(0.5) of the milled calcite waste was 17.4 μm (measured with the particle size
analyzer Mastersizer 2000).

Table 1: Composition of measured samples (wt.%)
Sample
A
C

clay B1
60
60

B1 fired at 1000 °C
40
20

Calcite waste
‐
20

Table 2: Chemical composition of clay B1 and calcite waste in wt.%

clay B1
waste

SiO2

Al2O3

Fe2O3

TiO2

CaO

MgO

K2O

Na2O

48.6
0.01

33.8
0.08

2.6
0.09

0.8
0.01

0.28
54.55

0.36
0.6

1.98
0.02

0.10
‐

sulphate
s
‐
0.87

LOI
11.3
43.77

Fired clay B1 was ground and sieved and then was mixed with clay, milled calcite waste, and
the water to obtain a plastic mass with water content ~20 wt.%. Samples for measurement of DC
conductivity are prepared according to standard STN 72 1565‐4. After filling the first part of the
template with the material, the platinum wire electrodes are attached to it. A distance between
the electrodes is 3 mm, see Figure 1.
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1
20 mm
3 mm

3 mm

10 mm

2
3 mm

Figure 1: Location of electrodes in a sample with dimensions 20 × 10 × 10 mm. 1 – Pt wire diameter 0.5
mm and length 150 mm, 2 – sample
Then the second part of the template is attached. For better connection of various parts of the
sample, the first part of the sample is wetted and then the second part is pressed on it and
knocked in. The electrode is inserted into the sample in length 17 mm (Figure 1). Such an
arrangement is chosen in order to minimize the surface electric current of the sample. DC
conductivity of ceramics at elevated temperatures is measured in the same method as at room
temperature [12].
To measure the sample resistance R (or conductance
1/ ), we used the volt‐ampere method
according to the scheme shown in Figure 2.

2
1

SAMPLE
V
A

Figure 2: Scheme of TCA measurement. 1 ‐ stabilized power BS 525, 2 – voltage stabilizer MA 7809, V –
multimeter Hameg HM 8012, A – electrometer Keithley 6514
A measuring circuit, see Figure 2, is fed with the DC power supply BS 525. Its voltage is set on
12 V, but for the higher stability and higher smoothness of the voltage, the next stabilizing
cascade was used. A voltage stabilizer MA 7809, with the output voltage 9 V, was inserted
between the power supply and the sample. The voltage is recorded with a multimeter Hameg
HM 8012 with a sensitivity of 1 mV. For measuring and recording the current, electrometer
Keithley 6514 is used, which has sensitivity of 1×10‐14 A. As can be seen, the measuring circuit
represents the serial connection of the power supply, the sample and the current measurer [13].
There resulting conductivity was calculated using the relation
(1)
12.88
where U is voltage measured with the multimeter and I is current measured with the
electrometer. The numerical value of 12.88 is a geometrical correction coefficient, which was
experimentally obtained.
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3. Results and discussion
The first peak in Figure 3, located in the range 3.36 – 2.36 K‐1 (or 20 – 150 °C in Figure 4), reflects
a release of the physically bound water. Its extent depends on the method of preparation and
storage of the samples, which affects the physical content of bound water in the sample.
Two mechanisms of electrical conductivity with a little different activation energies were
identified from Figure 3 between 2.36 K‐1 and 1.5 K‐1 (i.e. 150 ° C ‐ 400 °C in Figure 4). The
increase of the electrical conductivity at the temperatures lower than 260 °C (or 1.87 K‐1) can be
explained by the superposition of the deliberation of the residual physically bound water
(transport of H+ and OH‐ ions) and by migration of Ca2+, Na+ and K+ ions.

Figure 3: DC conductivity of the sample A (gray line) and C (black line)
Above this temperature up to the temperature of the starting the dehydroxylation, the increase
of the conductivity is caused by migration of Ca2+, Na+ and K+ ions. During dehydroxylation
between 450 °C and 650 °C, two contradictory processes take place. The first process is a
removal of OH‐ groups from the kaolinite lattice which could increase the values of measured
DC conductivity. The second process is a reaction between these OH‐ groups according to
equation OH‐ + OH‐ → H2O + O2‐[14]. This decreases the number of charge carriers. After its
completion, an increase of the DC conductivity occurs as a consequence of the previously
mentioned ion migration [15, 16, 17].
A qualitative course of the both lines (A and C) begins to be more different after
dehydroxylation. That is caused by a presence of CaCO3 in the sample C. The sample C has
lower DC conductivity than sample A up to ~850 °C. This temperature is typical for
decomposition reaction CaCO3 → CaO + CO2. After this reaction, DC conductivity significantly
increases in the sample C, but we do not observe it in the sample A. Since the both samples (A
and C) contain metakaolinite and dehydroxylated illite (metaillite), which collapse at ~950 °C,
we observe a small maximum, which can be ascribed to this reaction [5].
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Figure 4: DC conductivity of the sample A (gray line) and C (black line). Enlarged part of the
relationships between 150 °C and 400 °C is in the inserted Figure

4. Conclusion
DC electrical conductivity of green ceramic materials (60 wt.% of clay, 0 and 20 wt.% of calcite
waste and 20 and 40 wt.% of the clay fired at 1000 °C) was measured in the temperature range
of 20 – 1050 °C using Pt wires ( 0.5×150 mm) electrodes. The samples passed through a release
of the physically bound water, burning of the organic impurities, dehydroxylation of kaolinite
and illite, decomposition of calcite and creation of anorthite and mullite. We found that:
•
at low temperatures (20 – 200 °C), charge carriers are H+ and OH‐ ions bound to defects
located on crystal surfaces and polar water molecules in the pores.
•
after the releasing physically bound water, up to start of dehydroxylation at the
temperature ~450 °C, DC conductivity is determined by a transport of Na+, Ca2+ and K+.
During dehydroxylation, the charge carriers are ions OH‐ which are released from
kaolinite and illite lattice. Between these ions, a reaction OH‐ + OH‐ → H2O(g) + O2‐ leads
to lowering of the concentration of OH‐ ions and, consequently, to a temporary lowering
of the DC conductivity.
•
decomposition of calcite runs between ~700 °C and 900 °C and leads to an increase in DC
conductivity.
•
around the temperature 950 °C we observe a small maximum of the conductivity, which
can be ascribed to a collapse of the metakaolinite and metaillite.
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Abstract: The paper deals with the bricks taken from the Gothic part of the church in Pác (Trnava
County, Slovakia). The study of the temperature was based on results of thermodilatometric analysis
(TDA), differential thermal analysis (DTA) and thermogravimetric analysis (TGA). These analyses were
carried out at heating rate of 5 °C/min in the temperature range of 25 ‐ 1050 °C. The results revealed that
the samples did not contain the glassy phase and contain calcite, which means that the bricks were fired at
relatively low temperatures, not higher than 750 °C. It was also observed no signs of dehydroxylations of
the clay constituent. A temperature of the start of dehydroxylation, 450 °C, can be considered as
minimum firing temperature. It can be concluded that the historical bricks were fired at the temperature
between 550 °C and 700 °C. Besides that, we could determine that the bricks contained calcite and quartz
as fillers. A plastic constituent was illite as follows from the high temperature part of the DTA curve.
Keywords: historical bricks, differential thermal analysis (DTA), thermogravimetry (TGA),
thermodilatometry (TDA)

1. Introduction
In the past 40 years thermal analyses have been applied for more complete interpretation of the
results obtained from archeological excavations. To learn about our history, we do not only
analyze and preserve ceramic objects but also investigate and understand their technology [1].
This is important in renovating of historical buildings where a damaged material should be
replaced with a new one, the properties of which should be close to the properties of the
historical material. Thermal analyses, especially DTA, TGA and thermodilatometry (TDA), are
successfully applied to the study of historical building ceramics, such as bricks and tiles.
The most frequent object of the thermoanalytical study of historical ceramics is the estimation of
the firing temperature [2]. The estimation is based on the comparison of the TGA, DTA and
TDA curves received from historical ceramic samples with the curves received from laboratory
prepared samples [2]. The curves are known for the most frequent constituents of ceramic clay,
i.e. kaolinite, illite, montmorillonite, muscovite, calcite, quartz and feldspar. These minerals
change their structure as well as their chemical formula (except quartz) if subjected to heating.
The degree of conversion, which characterizes phase transformation in clay during firing,
depends on the temperature and time,   f (T , t ) , if measured on a small powder sample. A
different situation is in a large ceramic body, such as the brick. The layers, which are on the
brick’s surface, are transformed sooner than the layers inside the brick. Experiments on large
cylindrical green samples (80 mm) showed a clear dependence of the degree of kaolinite 
metakaolinite conversion on the location of the sample taken for the TGA. Consequently, we
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have   f (T , t , r ) , where r is the distance of the sample from the axis of rotation. It was also
found that after heating at 650 °C for 10 h, the degree of conversion reached 0.95 and almost
did not depend on r [3, 4].
According to the description of firing of bricks in simple kilns used locally in Slovakia until
early 1950s, the fuel was wood. Green bricks prepared by moulding the clay with water were
formed, then dried, and finally inserted into the kiln and fired. The firing process took 4 – 6
days depending on the kiln size and amount of bricks inside. The temperature was not
measured [5]. As reported in [6], the upper temperature limit in such a kiln is 700 °C. We can
suppose that the similar method and equipment were used for firing the bricks for the Gothic
part of the church in Pác sometime in the 15th century.
In this contribution, the study is focused on the analysis of historical bricks. Our goal was to
estimate the firing temperature.

2. Experimental
The samples were bricks from a church located in Pác, Trnava County, Slovakia. The church
was originally built in the Romanesque style, then was rebuilt in the Gothic style in 15th century
and enlarged in the Baroque style in 17th century. The bricks, which are the object of this study,
come from the Gothic part of the church.
The DTA and TGA were performed on the modernized analyzer Derivatograph 1000 (Hungary)
using a compact sample of 101020 mm cut from the surface layer of the brick and the heating
rate 5 °C/min. A reference compact sample of the same size was made from a pressed powder
Al2O3. The TDA was done on the dilatometer described in [7] with the sample 101040 mm at
the heating rate 5 °C/min.
The XRD analysis was performed with the diffractometer BRUKER D8 Advance with Cu
anticathode (λα1 = 1.5406 Å), accelerating voltage 40 kV and beam current 40 mA. The XRD data
were obtained by the BRUKER LynxEye detector.

3. Results and discussion
The results of the thermal analyses DTA and TGA are illustrated in Fig. 1. The first endothermic
minimum on the DTA curve, which belongs to the interval of 20 – 300 °C, is typical for porous
building clay ceramics, which does not contain glassy phase, i.e. fired at relatively low
temperature. The minimum is related to the liberation of the physically bounded water
absorbed on the faces of the crystals of minerals. It is known that the porosity of a green
porcelain body increases by 4 – 5 % during dehydroxylation [8] and the specific surface of a
kaolin body increases from 11 to 15 m2/g during this reaction [9]. The dehydroxylated ceramic
body can absorb more water molecules than the green body. This fact was also observed in
ancient ceramics investigated in [2, 10, 11].
The second step of the mass loss has a sharp termination at 840 °C, which is a typical feature of
the TG curve of the decomposition of calcite [12]. Between these two significant mass losses, a
gradual mass loss is present, which can be explained by the presence of dissociated water
molecules, i.e. ions H+ and OH‐ on the crystal surfaces. To liberate such water, a higher
temperature (up to 600 °C) is necessary [13]. The second reason can be the liberation of OH‐
which could insert into dehydroxylated clay during redehydroxylation. Neither the
endothermic minimum on the DTA curve, nor the step connected with the mass loss on the
TGA curve, which could be ascribed to the second dehydroxylation, were not registered with
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these analyses. Redehydroxylation is a very slow process and 500 years, during which the
bricks were hidden under a plaster, was probably not a sufficiently long time for the binding of
greater amount of OH‐ into the dehydroxylated clay structure.
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Fig. 1: DTA (gray) and TGA (black) curves of the Gothic brick
The results of TDA are depicted in Fig. 2. The TDA shows the presence of the significant
amount of quartz, which corresponds to the small DTA endothermic peak at 580 °C. Above
700 °C, the TDA curve begins to bend down, i.e. the contraction of the sample takes place. It
reflects the decomposition of calcite [14]. If the decomposition is almost finished, the sample
continues to expand up to the maximal experimental temperature 1050 °C. If the glassy phase
would be present in the brick, it would be indicated on the TDA curve via a typical contraction
caused by the pressing force of the dilatometer’s push‐rod [15]. This contraction appears above
the transformation temperature of the glassy phase. Since the glassy phase can arise during
firing at the temperatures higher than 900 °C, we can state that the maximal firing temperature
of the bricks was lower than 900 °C.

Fig. 2: Thermodilatometry of the Gothic brick
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The time of the firing usually took 5 days. If we suppose a simple firing schedule according to
Fig. 3, we see that a period with temperatures higher than 450 °C, which are suitable for
dehydroxylation, is 50 h long. The period above 600 °C, where dehydroxylation runs
intensively, is 28 h. Such conditions are sufficient for completing dehydroxylation. Heating rate
0.2 °C/min is safe (from the cracking point of view) for the firing of such ceramic bodies as the
investigated pavement bricks.
800

temperature / °C

700
600
500
400
300
200
100
0
0

20

40

60

80

100

120

time / h

Fig. 3: The probable firing schedule for 5‐day firing. Temperatures between horizontal lines are suitable
for dehydroxylation
A mineral composition of the bricks was determined with XRD analysis. As depicted in Fig. 4,
quartz, calcite, feldspar and muscovite/illite are present in the brick after its firing. DTA and
TDA clearly notice    transformation of quartz and DTA together with TGA show
endothermic effect between 650 – 900 °C. It can be ascribed to two reactions – decomposition of
calcite and dehydroxylation of muscovite, both run simultaneously: dehydroxylation of
muscovite starts at ~500 °C and terminates at the temperatures above 850 °C [16, 17] and
decomposition of calcite starts at ~600 °C and terminates at the temperature ~850 °C [12, 14].
Feldspar does not change its properties at the used temperatures, so it was not registered with
TGA and DTA.
It seems that the estimation of the firing temperature, based on the evaluation of the degree of
conversion , is easily possible. But, in fact, we firmly know only two temperatures. The first of
them is given by technical capability of the kiln (700 °C) and the second is the lowest
temperature (500 °C) at which dehydroxylation runs at a reasonable rate. In this temperature
interval only irreversible phase transformation is dehydroxylation. After the analysis of the
probable firing schedule (Fig. 3), we can conclude that there was enough time to complete
dehydroxylation in the whole brick’s volume, i.e.   f (T , t , r ) can be simplified as   f (T , t ) .
We can reach the same degree of conversion by many combinations of the temperature and
time. Therefore, we can not say exactly which the firing temperature was. The most probable
interval for this temperature is 550 – 700 °C.
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Fig. 4: XRD pattern of the Gothic brick. Q – quartz, F – feldspar, C – calcite, m – mica, illite

4. Conclusions
A pavement brick taken from a Gothic part of the church in Pác, Trnava County, Slovakia, was
investigated by the thermal analyses DTA, TGA and TDA. It was found that the brick contained
dehydroxylated clay, calcite and quartz. As revealed, dehydroxylation was completely finished
and no redehydroxylation was observed. The decomposition of calcite was also found. The
estimated firing temperature is between 550 °C and 700 °C. Besides this, we could determine
that the green bricks contained calcite and quartz as fillers. A plastic constituent was illite as
follows from the high temperature part of the DTA curve.
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Abstract: A great deal of attention has been given to Zinc chalcogenides (ZnX, X = S, Se and Te) due to
their wide range of application as solid state optical devices having wide and direct band gap properties in
blue and ultraviolet region. These materials become very popular because of their wide use in photovoltaic
applications. In this paper we have applied the full‐potential linear‐augmented plane wave (FP‐LAPW)
method within the skeleton of the density functional theory (DFT) for structural, electronic, and thermal
characterisation of these materials. For the purpose of exchange‐correlation energy (Exc) determination in
Kohn–Sham calculation, the standard local density approximation (LDA) formalism has been utilized.
Murnaghan’s equation of state (EOS) has been used for volume optimization by minimizing the total
energy with respect to the unit cell volume. With the knowledge of electronic density of states (DOS) and
phonon dispersion, electronic, structural and thermal properties of Zinc chalcogenides have been
estimated. The calculated lattice parameters and thermal parameters are in good agreement with other
theoretical calculations as well as available experimental data.
Keywords: Chalcogenides, electronic properties, thermal properties, DFT, FP‐LAPW.

Introduction
Chalcogenide glasses unlike conventional oxide glasses in recent times have attracted
researcher with much attention as, they demonstrate semiconducting properties and show
broad range of application in a variety of solid‐state devices. These resources, especially
selenium glasses, demonstrate the distinctive property of reversible transformation [1], which
turns these glasses into useful materials as optical memory devices. Chalcogenide glasses, like
alloys of Se–Te system turn out to be materials of extensive commercial, scientific and
technological value. These materials are broadly used for diverse applications in numerous
fields such as optical recording due to their excellent sensitivity on laser writing, photography.
They have a variety of electrographic applications such as photoreceptors in photocopying,
laser printing, infrared spectroscopy, fibre optic techniques [2,3] etc. Amorphous Se–Te alloys
have greater hardness, higher crystallization temperature, higher photosensitivity and smaller
ageing effects than pure Se [4]. On the other hand doping in these glasses act as a role of
chemical modifier, for example, by doping it is possible to expand the glass forming region,
since it affects the compositional and configurational disorder [5]. The integration of a doping
element like Zn to Se–Te binary system is expected to modify the optical and electrical
properties of the mass alloy in device preparation. Zn is preferred for fine tune in chemical
modification in the Se–Te system due to its important applications in photo‐doping in
chalcogenide glasses [6]. Zinc Chalcogenides (ZnS, ZnSe ,ZnTe) belonging to the wide band gap
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II‐VI system are the promising material for their application in several optoelectronic
applications [7]. Bulk ZnSe is very essential material applicable as active medium in the blue
range [8].
Theoretically the structural, electronic, optical and dynamical properties for Zn chalcogenides
have also been extensively studied [9–14]. An ab initio approach method was followed for the
investigation of the lattice dynamics for ZnO [10]. Linear muffin tin orbital model [11] has been
used for analysing the electronic structures of ZnX compounds. The empirical pseudopotential
method has been exploited for the determination of band structure and of the density of states
for ZnX binary compound [13].
Comparatively less research has been devoted on the thermal properties study of
chalcogenides. The objective of this paper is to employ the full‐potential linear‐augmented
plane wave (FP‐LAPW) method within the application of the density functional theory (DFT)
for the determination of structural, electronic, and thermal properties of ZnX materials. The
exchange‐correlation energy (Exc) determination in Kohn–Sham calculation is performed with
the standard local density approximation (LDA) method. Murnaghan’s equation of state (EOS)
has been considered for volume optimization by minimizing the total energy with respect to the
unit cell volume. Based on vibrational computation, phonon dispersion is dicussed and thermal
properties has been elucidated.

Computational details
The structural, electronic and thermal properties of the compound ZnX have been studied in the
frame work of the full potential linearized augmented plane wave plus local orbitals (FP‐
LAPW+lo) with Wien2k code [15]. The generalized gradient approximation (GGA)
parameterized by Perdew, Burke and Ernzerhof (PBE) [16] has been used. By optimization of
the total energy with respect to the unit cell volume using Murnaghan’s equation of state [17],
equilibrium structural parameters are estimated. The calculations were performed with RMTkmax
= 7, to accomplish energy eigen value convergence, where RMT is the smallest radius of the
muffin‐tin (MT) spheres and kmax is the maximum value of the wave vector. The maximum
value of the angular momentum lmax is taken as 10 for the wave function expansion inside the
atomic spheres. The k‐points used in the computational work are taken as 10×10×10 Monkhorst–
Pack model [18] in the irreducible Brillouin zone (BZ) of the zinc‐blende structure. The iteration
procedure is continued with total energy and charge convergence to 0.0001Ry and 0.001e‐,
respectively.

Structural properties
The zinc‐blende ZnX has a cubic symmetry as shown in Figure 1. The Zn atom is located at the
origin and the X atom is located at (1/4, 1/4, 1/4). The space group is F‐43M. The ground‐state
properties are obtained by minimization of the total energy with respect to the unit‐cell volume
by fitting the results to the Murnaghan’s equation of state [17]:
B0


B0V V0 / V   
VB

ET V  
 1  E0  o o
 B  B  1

B0  1
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 0

The minimization of the total energy with unit‐cell volume is shown in Figure 2.
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Figure 1. Crystal structure of the zinc‐blende ZnX (X = O, S, Se, Te). The violet ball is Zn atom and the
green ball is X atom.
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Figure 2. Configuration energy with unit‐cell volume variation ZnX (X = O, S, Se, Te). For simulation
Murnaghan’s equation of state has been considered. Different fitting parameters are shown in Table 1

In Table 1, the results of bulk modulus B0, its pressure derivative B0ʹ and the equilibrium lattice
constant a0, for the ZB structure of the binary ZnX at zero pressure is presented. The calculated
lattice parameters are compared with other reported theoretical and experimental data. For
ZnO, ZnS, ZnSe and ZnTe, the energy minimisation occurs for a = 4.612, 5.371, 5.632 and 6.198
Å, which agree well with the experimental values of 4.620, 5.412, 5.667 and 6.103 Å, respectively
with the maximal error of 1.56% with respect to experimental values. Hence well defined
stucrural properties is sufficient for further study of electronic and thermal properties.
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Table 1. Calculated bulk modulus B0 (GPa), its pressure derivative B0ʹ and lattice constant a0 (Å) of
ZnX along with the available theoretical and experimental data.
Compound

Fitting Parameters

Lattice Constant a0 (Å)

B0(GPa)

Present

B0ʹ

ZnO

141.37

5.12

4.612

Others
Exp.
4.620 [35]

ZnS

91.73

4.51

5.371

5.412 [35]

ZnSe

73.17

4.91

5.632

5.667 [36]

ZnTe

57.39

4.78

6.198

6.103 [37]

Theo.
4.614 [28]
4.508 [29]
4.504 [10]
4.633 [30]
5.335 [31]
5.352 [32]
5.399 [11]
5.451 [30]
5.666 [11]
5.618 [31]
5.578 [33]
5.666 [11]
5.743 [30]
6.174 [34]
6.187 [30]
6.019 [9]
6.00 1 [13]
6.195 [12]

Electronic properties
Figure 3 shows the calculated band structure at equilibrium for ZnS as a prototype since the band
profiles are quit similar for all three compounds, with little differentiation. The overall bands are in
quite good agreement with other theoretical results [19‐22]. The valence band maximum and
conduction band minimum in each member of ZnX appears at the ( point. Thus the energy gap
is direct between the top of the valence band and the bottom of conduction band at  point. The
X atom p bands shift up in energy starting from the sulphide to the telluride as a consequence
of increase of the lattice parameters, as observed in other II–VI compounds too [23]. The detail
of the band structure is presented in Table 2. The fact that the calculated band gap is
underestimated in comparison with experiments results is due to the simple form of LDA
which is not able to account the quasiparticle self energy [24]. In Figure 3, the density of states
(DOS) for ZnO is shown. DOS in the other member of ZnX is very similar with small difference.

Table 2: Different electronic energy band for ZnS, ZnSe and ZnTe in zinc‐blende structure.

ZnS
ZnSe
ZnTe

Present
Expt
Present
Expt
Present
Expt

15v ‐ 1c

15v ‐ X1c

15v ‐ L1c

L3v ‐ L1c

2.18
3.8
1.33
2.82
1.29
2.39

3.14
4.1
2.67
4.3
2.18
3.3

3.21
4.4
2.38
3.7
1.71
3.1

4.19
3.41
4.7
2.68
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Figure 3. (Left): Electron energy band of ZnO. (Right): electron density of states of ZnO.

Thermal properties
Vibrational frequency  is described with the dispersion relation  = j(q) [25] where j is the
branch index. Based on DFT, using linear response of phonon frequencies with atomic
displacements matrix q [10] phonon dispersion spectrum is determined [26]. Figure 4 displays
the phonon dispersion relation. The dispersion curve shows symmetry properties in q‐space
subject to restriction in the first Brillouin zone. Unit cell of ZnX crystal having 2 atoms will
contribute to six branches, three of acoustic and other three of optical brances. The phonon
density of states (DOS) is also obtained from the phonon‐dispersion curves (Figure 5). The
thermodynamic properties of ZnX can be obtained from the phonon spectrum.

Figure 4. Phonon frequencies of ZnO at zero pressure

Figure 5. Phonon density of states of ZnO at zero pressure.
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Entropy S as an extensive state function which describes the effects of irreversibility in
thermodynamic systems has been estimated from the relation [27]:

S  3nNk B

max


0

 



coth
 ln  2sinh

2 k BT
2k BT

 2k BT

 
   g   d 
 

where n is the number of atoms per unit cell, N is the number of unit cells, kB is the Boltzmann
constant,

 is the phonon frequency, max is the largest phonon frequency, T is temperature

and g() is phonon density of states with normalization of

max

 g   d  1 . Calculated entropy of
0

ZnX at different temperature is shown in Figure 6.
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Figure 6. Entropy of ZnX at different temperatures

Conclusion
The lattice dynamics and thermodynamic properties of ZnX (X = O, S, Se, Te) compound are
determined by applying full‐potential linear‐augmented plane wave (FP‐LAPW) method within
the frame work of the density functional theory. The standard local density approximation
(LDA) is efficiently used for the exchange‐correlation energy estimation in Kohn–Sham
computation. The calculated lattice parameters of ZnX compound are in good agreement with
experimental results with accuracy of 1.56% error. Also at different phonon frequencies in the
Brillouin zone, the phonon dispersion spectrum and phonon density of states are very
comprehensive tools for the determination of thermal properties. The calculated entropy based
on phonon dispersion finding is in very good agreement with experimental data.
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Abstract: Heterogeneous condensed‐state processes take place at interfaces of different phases. In general,
the surfaces are not perfectly flat and their properties are not homogeneous. They are mostly rough with
many irregularities and inhomogeneities. Surface geometrical inhomogeneity is reflected in its chemical
inhomogeneity. For the description of the structure of physical objects with inhomogeneous properties
(roughness, mass density, heat density, etc.), the methods of fractal geometry can be applied [1]. In this
paper, two phenomena will be analyzed, i.e. the heat capacity of fractal structures and the nucleation‐
induced crystallization.
Keywords: fractal geometry, heat capacity, nucleation‐induced crystallizaton

1. Introduction
Heterogeneous condensed‐state processes take place at interfaces of different phases. In general,
the surfaces are not perfectly flat and their properties are not homogeneous. They are mostly
rough with many irregularities and inhomogeneities. Surface geometrical inhomogeneity is
reflected in its chemical inhomogeneity. For the description of the structure of physical objects
with inhomogeneous properties (roughness, mass density, heat density, etc.), the methods of
fractal geometry can be applied [1]. The word „fractal“ originates from the Latin word
„fractus“, meaning broken. It is indicated that fractals are widespread and that the fractal
geometry is the geometry of Nature [2]. Classical geometry provides a first approximation to
the structure of physical objects; it is the language that we use to communicate the designs of
technological products and, very approximately, the forms of natural creations. Fractal
geometry is an extension of classical geometry. It can be used to make precise models of
physical structures of rough surfaces, disordered layers on surfaces and porous objects (such as
heterogeneous catalysts). Furthermore, gels, soot and smoke, and most macromolecules are also
fractals [3].
Father of the fractal geometry is Benoît Mandelbrot [4]. He described geometric fractals as ʺa
rough or fragmented geometric shape that can be split into parts, each of which is (at least
approximately) a reduced‐size copy of the wholeʺ. Fractals are self‐similar objects that exhibit
dilatational symmetry. Fractals have details on all scales; therefore Euclidean geometry and
classical calculus are insufficient for their description and the fractal geometry is required.
Fractals are disordered systems; the disorder is described by generally non‐integer dimensions
[3]. As long as surface irregularities show scale invariance ‐ that is, dilatational symmetry ‐ they
can be characterized by a single number, the fractal dimension. This means that the surface
exhibits self‐similarity over certain length scales. In other words, the structure exhibited at the

207

scale of the basic building blocks is reproduced at the level of larger and larger conglomerates.
Note that self‐similarity implies that the features of a structure look alike at different scales of
length or time. This self‐similarity of a process at different scales of time can be characterized
with a fractal dimension: A higher value of the fractal dimension indicates a higher level of
heterogeneity or state of disorder.
Fractals possess non‐trivial geometrical properties; in other words, they are geometrical
structures with non‐integer dimensions. A consequence of the fractal nature is a power‐law
dependence of a correlation function (rate constant, number of entities) on a coordinate (for
example, time or scale). The repeating shape or form does not have to be identical [3].
In this chapter, two illustrative examples of application of the fractal geometry on condensed‐
state problems are demonstrated.

2. Heat capacity of fractal structures
Within the fractal theory, the number of objects, N(r), in the circumscribed area with the radius r
can be given as

N (r )  K r D

(1)

where K is the fractal measure and D stands for the fractal dimension.
Applying the equipartition theorem [5] heat capacity C of a solid mass fractal structure
embedded in E‐dimensional Euclidean space can be expressed as

C (r ) 

dU
 EkB N (r )  EkB Kr D
dT

(2)

Here, U is the internal energy and T is temperature. In Eq. (2) it is taken into account that each
object in the E‐dimensional solid matrix possesses E vibrational degrees of freedom.
Heat capacity of solids is mostly normalized as

CV 

1 dU
m dT

(3)

where m is the sample mass. If the fractal structure is composed of Nm(r) objects (atoms) with
the average atomic mass u, the sample mass can be expressed as

m( r )  uN m ( r )  uK m r Dm

(4)

where K means the fractal measure of the mass distribution in the solid with fractal structure
and Dm is the fractal dimension characterizing the mass distribution.
Combining Eqs. (2) ‐ (4), one can get

CV 

EkB K D Dm
r
,
uKm

(5)

When multiplying both the numerator and denominator of Eq.(5) with the Avogadro constant,
we obtain

CV 
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nERK D Dm
r
MKm

(6)

where R is the gas constant, M is the molar mass of the solid under consideration and n is the
number of atoms in a molecule.
It has been derived that the distribution of temperature in the fractal structure embedded in E‐
dimensional space is given as [6‐8]

T (r ) 

K c
r DE 2
kB D( D  E  2)

(7)

where   h /(2 ) Combination of Eqs. (6) and (7) yields:

CV 

nERK
MK m

 RT

D( D  E  2) 

 KN A c


D  Dm
DE 2

(8)

where NA is the Avogadro constant. The continuous fractal structure has the fractal dimension
between 1 and 3 and is embedded in three‐dimensional space (E=3). Taking this into account,
Eq.(8) can be simplified as:

CV 

3nRK
MKm

 RT

D( D  1) 

 KNA c


D  Dm
D 1

(9)

Under the assumption that the distribution of internal energy and the distribution of mass have
the same fractal dimension (D=Dm), Eq.(9) takes the form

CV 

3nRK
MKm

(10)

If the distribution of internal energy and the one of mass are identical (D=Dm and K=Km), Eq.(11)
reduces to the form expected from the equipartition theorem for high temperatures:

CV 

3nR
M

(11)

However, the condition of identical distributions of the internal energy and the mass may not
necessarily be allways fulfilled.
The dependence of heat capacity of fractal objects on temperature, given by Eq.(11), differs from
the dependences derived by Einstein or Debye. The Einstein model was derived under the
assumption that each atom in a perfect crystal oscillates around its equilibrium position with a
single frequency. Debye amended the model taking into account that the atoms in fact oscillate
over a range of frequencies from zero up to a maximum value [5]. When deriving Eq. (9), fractal
structure of the sample instead of perfectly regular crystalline matrix has been assumed.

3. Nucleation‐induced crystallization
Kinetics of condensed‐phase processes is very often described by the generalized kinetic
equation

d
 k  T  f  
dt

(12)
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where t is time and α is the degrese of conversion (or simply conversion). The functions k(T)
and f(α) are the temperature and conversion functions and should be separable [9‐11]. This
paragraph deals with the temperature and conversion functions in the process of nucleation‐
induced crystallization and represents a modification of the approach used by Ozao and Ochiai
[12].
The basic concept of the kinetics of nucleation‐induced crystallization processes was
established by Avrami [13‐15]. His model takes into account the interconnection of the growing
grains. The assumptions adopted are: (i) Nucleation occurs randomly and homogeneously over
the entire untransformed portion of the material; (ii) The growth rate does not depend on the
extent of transformation. (iii) Growth occurs at the same rate in all directions. Hence, the
constant rate of nucleation can be expressed as

dn
 kn
dt

(13)

where n stands for the number of grains. Volume of one grain with the fractal structure, V1, is

V1  Kr D  K  v1t 

D

(14)

Here, K is the volume conversion factor, r is the (effective) radius of the grains and v1 is the
growth rate of grains. First, the growth of grains without their interconnection will be
considered. Volume of the transformed matter, V, can be obtained as
t

t

dn
kn Kv1D D +1
D D
V   V1dt   kn Kv1 t dt 
t
dt
D 1
0
0

(15)

The degree of conversion is defined as the ratio of the volume transformed to the total volume,
Vo. From Eq. (15) then follows:

w 

kn Kv1D D +1
t
Vo  D  1

(16)

From Eq. (16) one can get

 V  D  1 
t  o
D 
 kn Kv1 

1

D +1

w

1

D +1

(17)

Differentiation of Eq.(16) gives

d w kn Kv1D D
t

dt
Vo

(18)

Combination of Eqs. (17) and (18) leads to the result

d w  kn Kv1D
D

 D  1 
dt
 Vo


1

D 1

w

D

D 1

(19)

If the grains grow sufficiently large as to interconnect one another, only a fraction of αw is real;
some portion of it lies on previously transformed material and is virtual. Since nucleation
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occurs at random, the fraction of overlapped volume should be proportional to the
untransformed volume fraction 1‐ α. Hence, the actual degree of conversion, α, is related to αw
by the relationship [12‐16]

d  1    d w

(20)

After separation of variables and integration, from Eq. (20) it can be obtained:

 w   ln 1   

(21)

From Eq. (21) further follows:

d
d
 1    w
dt
dt

(22)

Combining Eqs. (19), (21) and (22), one gets

d  kn Kv1D
D

 D  1 
dt  Vo


1

D 1

1     ln 1    

D

D 1

(23)

The fractal dimension of the grains can be 1 < D < 3.
Comparing Eqs. (12) and (23), it is obvious that the temperature function is a composite of
several quantities:

 k Kv D
D
k T    n 1  D  1 
 Vo


1

D 1

(24)

The conversion function is

f    1     ln 1    

D

D 1

(25)

Integration of Eq.(23) for a constant temperature leads to an Avrami‐like equation:

  kt  D1 
 
  D  1  

  1  exp  

(26)

Main diference with the Avrami derivation is that it is assumed here that the growth of grains
may cease at any moment in any direction, not only by impinging on another growing grain. In
this way the fomation of grains with fractal geometry from the very first moment of
crystallization is admitted, not just the formation of spherical particles.
When deriving Eq.(23), it was implicitely assumed that the process was isothermal. For non‐
isothermal processes, kn and v1 obviously depend on temperature [17]. The dependence of k(T)
on temperature is almost exclusively approximated by the Arrhenius function. In the case of
crystal growth, it would be perhaps advisable to employ the equation by Harecourt and Esson
[18]

k T   AT m

(27)

where A and m are kinetic parameters. The form of temperature power exponent in Eq.(27)
indicates that the fractal nature of matter is taken into account.
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4. Conclusions
The two case studies shown above are just illustration of the application of fractal geometry.
This chapter has no aspiration to present a complete picture on the subject. For example, Google
provides 99900 responses to the keywords „fractal heat capacity“ and 167000 responses to the
keywords „fractal crystallization“. Brownian motion has also the fractal character [19].
Applications of fractals for the problems of adsorption, permeability, aggregation and growth,
diffusion and reactions, spectroscopy, chemical degradation and other topics are summarized in
the monography by Rotschild [20]. Fractal Approach to Heterogeneous Chemistry is reviewed
in [21].
However, a reaction medium does not have to be a geometrical fractal in order to exhibit fractal
kinetics [22]. Classical reaction kinetics has been found unsatisfactory when the reactants are
spatially constrained on the microscopic level by either walls, phase boundaries or force fields.
Among the examples of fractal‐like kinetics are chemical reactions in the pores of membranes,
charge recombination in the colloids and clouds, reactions catalyzed by catalytic islands on
noncatalytic supports, etc. When applying classical reaction kinetics to the processes mentioned,
anomalously large values of the reaction order can be found (from 3 to 75). The rate constant
may depend on time, where the dependence is power‐law one [22].
This contribution is a shortened version of chapter 12 from the book „Thermal analysis of
micro‐, nano‐ and non‐crystalline materials“, edited by. J. Šesták and P. Šimon [23]. The book
will appear this year.
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Identification of thermal characteristics of a high‐temperature
thermal accumulator
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Abstract: Advanced high‐temperature thermal accumulators are designed for the temperature ranges
close to 900°C. Under such conditions, respecting the cyclic character of temperature loads, the high
thermal accumulation ability of an applied material is required. The experimental identification of
thermal characteristics of such materials forces the development of non‐standard experimental
approaches. Namely, it can be done using the original measurement equipment, introduced in this paper,
supported by certain non‐trivial computational tool.
Keywords :Identification of thermal characteristics, high‐temperature thermal accumulators.

Introduction
Solar energy has a large potential for heating and cooling of buildings, preparation of warm
water in households, growing of plants, etc. However, such energy source is discontinuous and
poorly expectable and its exploitation is limited by the daylight. Its use needs effective storage
of thermal energy, to save the superfluous heat for the night hours. Similar difficulties occur in
systems with heat recuperation where the use of the waste heat is conditioned by its reasonable
accumulation.
The project of a thermal accumulator, whose technical solution is the subject of the project of
Technological Agency of the Czech Republic (see Acknowledgement), solved at the Faculty of
Civil Engineering of the Brno University of Technology (FCE BUT), assumes the temperature of
working medium up to 900°C. According to the applied physical and chemical principle, the
accumulation of the thermal energy can be performed i) as the accumulation of sensitive heat,
ii) as the accumulation of latent heat, iii) as the absorption of water vapour, iv) by other
processes. The substantial disadvantage of i) is the need of a great amount of medium,
especially in the case of the small range of working temperature. Similarly, the enthalpy of the
phase change of the working medium is exploited in the case ii). Three types of phase changes
are possible in chemically pure media: melting / solidification, vaporization / condensation,
sublimation / re‐sublimation. In accordance with iii), to store much vapour, some large
equipment, resistant to high pressure loads, would be necessary; thus only the solid‐liquid
phase transition has been implemented in practice. Especially such media, whose melting point
is close to the required temperature, are used. In addition to chemically pure ones, as
NaSO4.10H2O (with the enthalpy 243 kJ/kg at the melting temperature about 30°C), various
mixtures are used, e.g. the paraffin‐based, where the needed phase change temperature can be
better optimized, although the melting temperature range is much wider.
The optimal design of such advanced thermal accumulator, working at high temperatures,
cannot be based on standard considerations, reducing heat transfer phenomena to the (quasi‐
)linear heat conduction; e.g. the radiation heat transfer is substantial here, moreover the
assessment of additional physical and chemical processes is not allowed to be neglected at all.
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However, in this paper we shall pay attention to the reliable setting of the basic temperature‐
dependent heat conduction characteristics, namely of the volumetric heat capacity and of the
thermal conductivity, at the elevated temperature. Unlike standard experimental and
computational approaches, related to the (quasi‐)stationary insulation ability of building
claddings, emphasizing the thermal conductivity, the identification of the heat capacity is the
most important for thermal accumulation equipments; these requirements force substantial
modifications of usual approaches due to technical standards, such as hot‐ball, hot‐plate or hot‐
wire approach. We shall demonstrate that an appropriate approach, based on the hot‐wire
experiments, supported by the effective computational algorithm, combining the least squares
approach with the results from the theory of Bessel functions, is available.

Experimental and computational approach
For simplicity, let us consider both the geometrical and the physical arrangement of the hot‐
wire experiment by the European standard [5], compatible with [2], p. 105; this approach (with
special materials for a measurement device, resistant to high temperatures and aggressive
environment) can be applied just under hard conditions, including fire simulations, fire clay
production, etc. – cf. [10]. However, the usual approach, based on the one‐dimensional
reduction due to the assumed (macroscopic) material homogeneity and isotropy, as well as to
the geometrical radial symmetry, leading to the simplified formulation of heat conduction in
polar coordinates, presented e.g. in [4], p. 265, refers to fundamental solutions that can be
derived from the very classical list of solutions of Fourier equations of [1], although with certain
tricky boundary conditions (in the limit sense), avoiding the use of Dirac measures (present in
original mathematical formulations).
The mathematical and computational background of this approach has been analyzed in [9] in
more details. Searching for the distribution of temperature T ( r , t ) where r denotes the distance
from the origin where the heating wire is active and t means the time, starting from some
appropriate value t0  0 ; the corresponding temperature is assumed to be T0 everywhere. Let
us reserve prime symbols for the partial derivatives with respect to r and dot symbols for those
with respect to t .The initial and boundary conditions then are

T (r t0 )  0 , lim(T  T0 )  0 
r 

T 
0
r 0 Q  (2 r )

lim

where Q , following [5] represents the electric energy input, related to the length unit of a hot
wire; they are applied to the Fourier equation, rewritten in polar coordinates,

 rT   (rT ) ,
containing two (a priori unknown) material characteristics: the volumetric heat capacity  and
the thermal conductivity  . The announced general solution can be consequently found for any
time t  t0 in the form
t

T (r t )  T0   T (r t ) dt
t0

where
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T (r  t ) :

Q  1
u exp(u ) du
4  2

r2
 n 1


Ce  lim    ln n 
4 (t  t0 )
2 t
 k 1 k

 057721566490153286060651209008240243104215933593992….

and  

r



u 

Using the well‐known notation of the elliptic integral

T (r t )  Ei(  2 ) 


Q 
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 … ,
ln(
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 Ce
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22
33
44


neglecting the third, fourth, etc. additive terms in the brackets, we are allowed to conclude

T  T0 

Q
t
ln  …
4 t0





Q
t
ln ,
4 (T  T0 ) t0

which is just the basic formula from [5], followed by standards least squares considerations.
Nevertheless, we are interested more in the constant value (at least in some sufficiently small
temperature range)  than in that of  . One could expect that the incorporation of higher
terms from the decomposition of the elliptic integral will be helpful to obtain  /  , consequently
also  , but this may be disturbed substantially by the random errors of discrete measurements
of T
The natural remedy is to rewrite the Fourier equation in the variational form

(v  rT )  (v ( rT ))  (v rg )
with admissible abstract test functions (in more mathematical details: elements of the Bochner
space of mappings of some finite time interval to the Sobolev spaces of square‐integrable
functions, including their first derivatives) where

Q ( 2 ) for 0  r   ,
g : 
for   r  a,
 0
taking into account the finite wire radius  , as well as the outer sample radius a ; the couples
in brackets are scalar products in the Lebesgue space of square integrable functions on the
interval from 0 to r ; the same notation with the index 0 is introduced for the interval from 0 to
 and with the index 1 for the interval from  to r . Since  and  are known from 0 to  and
have to be identified otherwise, it is natural to use the same indices for their values, too.
The stationary solution of the Fourier equation, i.e. of that where T is neglected, can be
obtained, using the classical differential calculus, as

Q (21 ) ln(a )  Q (40 )(1  (r  )2 ) for 0  r   ,
Ts (r )  
Q (21 ) ln(ar )
for   r  a,

Qr 2  (20 2 ) for 0  r   ,
rTs (r )  
for   r  a,
 Q (21 )
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Q(20 2 ) for 0  r   ,
r (rTs (r ))  
0
for   r  a.

1

Applying the general Fourier method, we have

T (r  t )  Ts (r )   (r  t ) 



 ( x t )   i (r ) i (t )
i 1

with

q ( r  t )    ( r )T ( r  t ) ,

 0 (v r)0  1 (v r)1   0 (v  (r ))0  1 (v  (r ))1  0 ,
  0 (v  ( rTs )) 0  1 (v  ( rTs ))1  Q  ( 2 )(v r ) 0 .
The corresponding initial and boundary conditions are

T ( r  0)  T0 ,

0T (   0)  1T (   0) 

T (0 t )  0 

T (a 0)  0 ,

 (r 0)  T0  Ts (r ) ,
 (0 t )  0 


0 (   0)  
1 (   0) 

Ts (0 t )  0 

0Ts (  )  1Ts (  ) 

 (a 0)  0 ,
Ts (a)  T0

where the indices + and – refer to the right and left limits in the points of (at least potential)
discontinuities.
Let us notice that the Bessel functions

J n (r ) 

1





0

cos(r sin   n )d 

n {01 2…},

studied in [6] and [7] in more details, have, from our point of view, very useful properties

J 0 (r )   J1 (r ) 

J1 (r )  J 0 (r )  J1 (r ) r ,

r 1 ( rJ 0 ( r ))   r 1 ( rJ1 ( r ))   J1 ( r )  r 1 J1 ( r )   J 0 ( r ) ,
r 1 ( rJ 0 ( r ))  J 0 ( r )  0 ,
r 1 ( rJ 0 ( r ))   2 J 0 ( r )  0 ,
for every positive

 , thus we can choose

 i J 0 ( ii r ) for 0  r   ,
 J 0 (i r   ) for   r  a

i (r )  
where

 0 : 0  0 

1 : 11 ,

 : 1 0 

 : 1 0

 : 10
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and the equation

J 0 (i a    )  0
defines all particular values of i (e.g. from Newton iterations).
Some boundary conditions are then satisfied automatically, namely

i (0)  0 

i (a)  0 .

The remaining ones

i (  )  i (  ) 

 (  )i (  )   (  )i (  )

have to be obtained for special i   i from the couple of equations

 i J 0 ( ii )  J 0 (i    ) ,
 i i J1 ( ii )  (    ) J1 (i   )
in the form

 i  J 0 (i    ) J 0 ( ii ) ,
 i  (    ) J1 (i    ) J 0 (i   ) .
This leads again, using the notation

0  F ( i ) :  i J1 ( ii )   i J 0 ( ii ) ,
F ( i )  i ( i J 0 ( ii )   i J1 ( ii ) ,
to the Newton iterations for separate parameters

 i   i  F ( i )F ( i ) .
The application of the Green‐Ostrogradskii theorem gives



(v ri )0    (v ri )1  i   0  (v (ri ))0   (v (ri ))1  i  0 ,




(v ri )0    (v ri )1  i   0i2  i2 (v ri )0    (v ri )1  i  0 ,

in particular for v   j moreover



(v ri )0    (v ri )1  i   0  (v ri )0   (v ri )1  i   0  (v(  )i (  )  v( i (  )   0 ;

this guarantees certain quasi‐orthogonality

( j  ri ) 0   ( j  ri )1  i2  i2 ( j  ri ) 0    ( j  ri )1  ,

(i2   2j )  (i  r j )0  (i2 i2   2j  2j )(i  r j )1  0
with  i2   2j    .
It remains to determine all  i . This can be done from the eigenproblem
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M ji i  K ji i  0
where

M ji : ( j  ri ) 0   ( j  ri )1 ,

K ji :  0i2  ( j  ri ) 0   ( j  ri )1 )  ,

thus we have to search for unknown constant parameters C p from

 i  Vip exp(  p t )C p ;
here p is considered as the Einstein summation index. The matrix form of the resulting equation
then is

(  MV   KV ) exp(  t )C  0 

MV   KV .

The MAPLE results for the effective MATLAB evaluations are for i  j

 J 0 ( j    )  j J1 ( j    ) 
D ji  (1   ) det 
,
 J 0 (i    ) i J1 ( j    ) 


1
1

M ji   D ji  2 2
,
     2 2  2   2 
i
i
j
i 
 j j


2
1
K ji   0i2 D ji  2 2 i 2 2  2
,
2
  j  j   i i  j  i 


2 M ii  a 2 J12 (i a    )   2 (1    ) J 02 (i    )   2  (  i2  1) J 02 (i    ),
2 K ii   0i2 [ a 2 J12 (i a    )   2 ( i2    ) J 02 (i    )   2  (  1) J 02 (i    )].
The constants C p can be then received from one linear algebraic system of the form

(v r (T0  Ts ))0    (v r (T0  Ts ))1   (v ri )0    (v ri )1  VipC p ,
in particular

F0  F1  MVC
where

F0 j :   j ( j j )[(0   1) J1 ( j j )
 20 ( ii ) 2  J 2 ( j j )  0 J 3 ( j j )]

0 : Q (20 ) 

1 : Q (20 ) 

 1 : 1 ln(a  )

F1 j : 1 (ln(a r ) rJ 0 ( j r    ))
for v   j , i.e.
C  ( MV ) 1 ( F0  F1 ) .
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Let us notice that all terms except F1 j are analytic; for this case MAPLE generates Lommel
integrals, whose direct evaluation has not been available in the MATLAB implementation.
The last step of the derivation of the algorithm of identification of     (thus also 1  1
because 0   0 are known in advance) is to make use of a integer finite number m
measurements in the discrete time steps S  {t1  t2 … tm } , i.e. T (t ) for t  S from sensors
located at the position r   .Then we can follow the least squares approach by [9]: with the
MATLAB support we are able to find a minimum of the function of 2 variables

(   )   [T (  t )  T (t )]2
tS

over a set of all technically admissible values of     ; the overview of various alternative
approaches can be found in [3].

Illustrative example
As mentioned in Introduction, for high‐temperature accumulators all hot‐wire measurements
need rather expensive special materials. The illustrative example documents the development
of the experimental and computational identification procedure at the room temperature.
Figure 1 shows the measurement device in the Laboratory of Building Physics of FCE BUT.

Figure 1: Experimental setting of the hot‐wire measurement, compatible with [5].
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Figure 2: Results of numerical simulation: distribution of T ( r , t ) for selected t  S and first 8 Bessel
functions (upper part);test of the robustness of the least squares iteration procedure (lower part).
The uncertainty of identification of     is a serious problem, whose physical, experimental
and computational aspects cannot be analysed in this paper properly. The upper part of Figure
2 shows the simulation results for the optimized     ; the visible oscillations for small times
(expected in [5], too) have been caused by the time discontinuity of g and a low finite number
of applied Bessel functions. The lower part of Figure 2 documents the robustness of the
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computational approach: the upper curve refers to the first (very rough) estimate of     , the
remaining curves refer to particular iterations. However, the dots obtained from real
measurements are rather far from such optimized curve, which generates large values of
standard deviations; this seems to be a motivation for the optimal arrangement of experiments.

Conclusions
The presented approach demonstrates the possibility of identification of both heat capacity and
thermal conductivity from the simple hot‐wire measurements even under hard conditions,
needed (as one partial task) for the design of the high‐temperature thermal accumulator.
However, the practical example incites still other questions: i) howto organize experiments to
reduce differences between measured and simulated temperatures, ii) how to prepare the best
experimental conditions where all other processes except heat conduction, following the Fourier
law, can be really neglected.
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Abstract: Thermophysical properties of mater are used in every aspect of science and industry. The
correct knowledge of these properties in solid, liquid and gaseous phases are especially important for
chemical processing industries, food processing industries, power plants technology for security as well as
energy planning reasons. For energy savings in building industry, the knowledge of thermophysical
properties of construction and insulating materials is important. Among the wide variety of materials,
the focus of this study is to examine the effects nanoparticles have on the heat transfer of fluids and
polymer solids. Nanofluids and polymer nanocomposites are relatively new class of engineering materials
that offer the designer an opportunity to tailor properties to meet specific requirements. Sample
preparation techniques that provide suitable nanoparticle dispersion in both liquid and solid samples are
discussed. Water based nanofluids at different particle concentrations of SiO2 , TiO2 and Al2O3
nanoparticles were prepared using a two‐step methods. For nanofluids the effective thermal conductivity
were measured by using 3ω method and effective viscosity by vibro‐viscometer. Measured results showed
that the effective thermal conductivity of nanofluids increase as the concentration of the particles increase.
In the case of nanocomposites, thermal diffusivity of nanocomposites based on the ethylene‐ vinyl acetate
(EVA) matrix filled with nano‐ structuralized expanded graphite (EG) and standard, micro‐sized
graphite (UG) were investigated by using flash technique. Composite samples up to 29.3% graphite
particle volumetric concentrations (50% weight concentration) were prepared by melt‐mixing process in
a Brabender Plasticorder.
Keywords: Thermophysical properties, Nanofluid, Polymer nanocomposite, thermal conductivity,
thermal diffusivity

1. Introduction
In this work we report on the thermal transport properties of water‐based nanofluids, a new
class of heat transfer fluids and graphite filled conducting polymer (EVA) nanocomposites.
Nanofluids are stable colloidal suspensions of nanoparticles, nanofibers, or nanocomposites
dispersed in base fluids, such as water, oil, ethylene‐glycol mixtures (antifreeze), polymer
solutions, etc. In nanofluids, the particles are very small, nanometer‐sized particles with at least
one dimension usually less than 100 nm (nanometers). The smallest nanoparticles which have
only a few nanometers in diameter contain only a few thousand atoms. These nanoparticles can
have properties that are substantially different from their parent materials. Similarly, nanofluids
may have properties that are different from their base fluids, like much higher thermal
conductivity [1‐4], among others.
Various industries such as transportation, electronics, food, medical industries require efficient
heat transfer fluids to either remove or transfer heat by means of a flowing fluid. Especially
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with the miniaturization in electronic equipments, the need for heat removal has become more
important in order to ensure proper working conditions for these elements. Thus, new
strategies, such as the use of new, more conductive fluids are needed. Most of the fluids used
for this purpose are generally poor heat conductors compared to solids, Figure 1.
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Heat transfer fluids

Metal Oxide
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Thermal Conductivity (W/mK)

Al
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Al2O3
CuO
TiO2
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1

Water
Ethylene Glycol

Oil

0.1

Figure 1: Thermal conductivity of typical materials (solids and liquids) at 300 K.

It is well known that fluids may become more conductive by the addition of conductive solid
particles. However such mixtures have a lot of practical limitations, primarily arising from the
sedimentation of particles and the associated blockage issues. These limitations can be
overcome by using suspensions of nanometer‐sized particles (nanoparticles) in liquids, known
as nanofluids. After the pioneering work by Choi and later on by Eastman of the Argonne
National Laboratory, U.S.A. in 1995 [1,2] and their publications [2,3] reporting an anomalous
increase in thermal conductivity of the base fluid with the addition of low volume fractions of
conducting nanoparticles, there has been a great interest for nanofluids research both
experimentally and theoretically. More than 2471 nanofluid‐related research publications have
appeared in literature since then and the number per year appears to be increasing as it can
seen from Figure 2. In 2011 alone, 581 research papers were published in Science Citation Index
journals. However, the transition to industrial practice requires that nanofluid technology
become further developed, and that some key barriers, like the stability and sedimentation
problems be overcome. Some scientists argued that the anomalous enhancement in thermal
conductivity is caused by inaccuracies of thermal measurement methods, [5, 6]. Comparing
different measurement methods, error sources may result from the preparation of nanofluids,
measurement process, and the formation of particle aggregates [7]. Thus, the controversy is still
not over because of those uncertainties.
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Papers in the title containing either "nanofluid" or
"nanofluids" searched by the ISI web of science-with
conference proceedings on August 2012
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Figure 2: Publications on nanofluids since 1999.
Nanofluids are generally produced by two different techniques: a one‐step technique and a
two‐step technique. The one‐step technique makes and disperses the nanoparticles directly into
a base fluid simultaneously. The two‐step technique starts with nanoparticles which can usually
be purchased and proceeds to disperse them into a base fluid. Most of the nanofluids containing
oxide nanoparticles and carbon nanotubes reported in the open literature are produced by the
two‐step process. The major advantage of the two‐step technique is the possibility to use
commercially available nanoparticles, this method provides an economical way to produce
nanofluids. But, the major drawback is the tendency of the particles to agglomerate due to
attractive van der Waals forces between nanoparticles; then, the agglomerations of particles
tend to quickly settle out of liquids. This problem is overcome by using ultrasonic vibration, to
break down the agglomerations and homogenize the mixture.
Nanocomposites are a new class of materials containing at least one filler dimension in the
nanometer range. Polymeric materials are limited in their applications due to their low thermal
conductivity and diffusivity, low thermal stability, high electrical resistivity, and ductile
mechanical properties. However, polymers are easily processed to give them the required
forms, and they are inexpensive and have high strength‐to‐weight ratios. With the addition of
micro‐ and nano‐meter size particles or fibers into a polymer matrix, the properties may be
enhanced and become suitable for the particular use intended for the material. The discovery of
polymer nanocomposites by the Toyota research group [8] has opened a new dimension in the
field of materials science. The use of inorganic nanomaterials as fillers in the preparation of
polymer/inorganic composites has attracted increasing interest owing to their unique properties
and numerous potential applications in the automotive, aerospace, construction and electronic
industries [9, 10]. So far, the majority of research has focused on polymer nanocomposites
based on layered materials of a natural origin, such as layered silicate compounds or synthetic
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clay [9, 10]. However, the electrical and thermal conductivity of clay minerals are quite low. In
order to overcome these shortcomings, carbon‐based nanofillers, such as carbon black,
expanded graphite (EG), carbon nanotube (CNT), and carbon nanofiber (CNF) have been
introduced to the preparation of conductive polymer nanocomposites [11, 12]. From Figure 3,
we can see that more than 3978 polymer nanocomposite related research publications have
appeared in literature since 1999, and the number per year appears to be increasing each year.
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Figure 3: Publications on polymer nanocomposites since 1999.

2. Experimental
2.1 Nanofluids
A two‐step method was used to produce water based nanofluids with, 0.45, 1.85 vol.%
concentrations of SiO2 (12nm diameter) nanoparticles; 0.2, 1.0 and 2.0 vol.% concentrations of
TiO2 (21nm diameter) nanoparticles and 0.5 and 1.5 vol.% concentrations of Al2O3 (30nm
diameter) nanoparticles. In the first stage of preparation of nanofluids, the proper amount of
dry nanoparticles necessary to obtain the desired volume percentage was mechanically mixed
in de‐ionized water. The next step was to homogenize the mixture using ultrasonic vibration, to
break down the agglomerations, the sonication time was 30 minutes.
A 3ω method was used to measure simultaneous thermal conductivity k and thermal diffusivity
a of nanofluids in a configuration using an “ac” excited hot wire combined with lock‐in
detection of the third harmonic (3ω method), the theory and experimental setup was fully
described in a previous publication [13]. A thin metal wire is employed in the liquid sample
which serves both as heater and thermometer. In our case this thermal probe (ThP) is made of a
40 μm in diameter and 19.0 mm long Ni wire, see Figure 4 for experimental setup. An
alternating input current with frequency ω heats the wire and consequently the sample at 2ω
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frequency. Since electrical conductivity of metal varies linearly with temperature, the output
voltage includes a 3ω component which depends on thermal conductivity of the sample. The
3ω voltage signal can be extracted using lock‐in amplifier. This method works with lower
temperature excitation than other methods.

Figure 4: Schematic diagram of 3 experimental set‐up.

2.2 Polymer Nanocomposites
In this study an ethylene‐vinyl acetate copolymer (EVA) containing 14 mass% of vinyl acetate
(VA), Miravithen® D 14010 V supplied by Leuna Polymer GmbH, Germany was used as the
matrix material. Its melt flow index is 9.8 g/10 min (190 °C/2.16 kg). The filler materials were
expanded graphite (EG) having originally a size in the range of (5 to 6) μm in length and
untreated graphite (UG) having a size from 20 μm to 25 μm. Most of the particles have an
aspect ratio between 20 and 250. Ethylene‐vinyl acetate copolymer (EVA) – graphite mixtures
were prepared in a Brabender Plasticorder PLE 331 internal mixer at 150 °C for a total mixing
time of 10 min. After 10 min, the mixing chamber of the Brabender apparatus is opened and the
resulting mixture is taken out, then after passing through rollers, the mixture is solidified. The
resultant mixture is then put in a compression molding die and compressed in a compression
molding press at 120 °C, under 40 kP pressure for one minute to obtain samples in the form of
sheets.
In this research, the thermal diffusivity of conductive nanocomposites based on ethylene‐vinyl
acetate copolymer (EVA) filled natural graphite (UG) and expanded graphite (EG) were
measured using a flash apparatus Netzsch Nanoflash LFA 447/1. In this method, a uniform,
high intensity heat pulse of short duration compared to the transient time through the sample is
incident on the front face (x=0) of a disc or square shaped sample of a few millimeters thick. The
temperature rise on the rear face (x=e) is recorded. If two dimensionless parameters V and ω are
defined by:

V ( e, t ) 



T ( e, t )
TM

 2 at
e2

(1)

(2)
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Where, T(e,t) and TM are the instantaneous and maximum temperature increases of the rear
face; (e) is the sample thickness; (t) is time and (a) is the thermal diffusivity. If no heat losses
occur, the dimensionless temperature increase on the rear face is given by:


V (e, t )  1  2 ( 1) n exp(  n 2 )

(3)

n 1

It is a common practice to employ the half maximum temperature raise time t1/2 for which ω is
equal to 1.38; hence, the thermal diffusivity (a) can be calculated using the following
expression:

1.38e 2
a 2
 t1/ 2

(4)

3 Results and Discussions
3.1 Nanofluids
In Figure 5 our experimental results for SiO2, Al2O3 and TiO2 samples at room temperature were
compared with classical effective thermal conductivity model, known as Hamilton – Crosser
model [14]. Our experimental results for water based SiO2, Al2O3 and TiO2 nanofluids are lower
than the H‐C model. Moreover, comparison of the TiO2 nanofluids with the Al2O3 nanofluids
showed that the highly thermal conductive material is not always the excellent application for
enhancing the thermal transport property of nanofluids. Thermal conductivity of TiO2 – water
nanofluid has higher enhancement than the Al2O3 – water nanofluid, even TiO2 bulk thermal
conductivity value is lower than the Al2O3.

Relative Thermal Conductivity

1.08

water based nanofluids

1.07

TiO2 experimental

1.06

Al2O3 experimental
SiO2 experimental

1.05
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1.04

H-C model Al2O3

1.03

H-C model SiO2

1.02
1.01
1
0

0.5

1

1.5

2

Particle Volume Fraction (%)

Figure 5: Relative thermal conductivity versus particle volume fraction of TiO2 , Al2O3 and SiO2
nanofluids.
3.2 Polymer Nanocomposites
The samples were square‐shaped with a side length of 10 mm and a thickness of 4 mm. For each
filler concentration, four samples were prepared and five measurements were performed at
room temperature on each of these samples. After exfoliation, a lower concentration should be
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needed to reach the high thermal diffusivity. Figure 6 shows the thermal diffusivity of the
exfoliated graphite filled EVA and unexpanded graphite filler EVA at various filler
contents. Thermal diffusivity of expanded graphite filled EVA increases more rapidly than
unexpanded graphite filled EVA composite. The maximum value thermal diffusivity occurs at
29.3% volumetric concentration of filler, this value is 8.23 x10‐7 m2/s for EG filled EVA and 6.14
x10‐7 m2/s for UG filled EVA which means that the increase of 4.7 times for EG/EVA
nanocomposite, while the increase was only 3.5 times for UG/EVA composite over the pure
EVA having the thermal diffusivity of 1.74 x10‐7 m2/s. This is due to the exfoliation of the
graphite flake into sheets producing highly conductive material with a higher aspect ratio for
expanded graphite (EG) than typical natural graphite (UG).
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Figure 6: Thermal diffusivity of EVA–EG and EVA–UG composites versus volume filler fraction
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Thermal expansion measurement of lining boards
Jan Toman, Tomáš Korecký
Czech Technical University in Prague, Faculty of Civil Engineering, Department of Materials
Engineering and Chemistry, Thákurova 7, CZ‐166 29 Prague 6, CZECH REPUBLIC
Abstract: The linear thermal expansion coefficient is another thermal‐technical parameter which is
important for applications of particular products on the building. Therefore it was decided to add this
detail to already measured board materials.
For measurement was used dilatometer into which was always put specimen of size 2 x 15 x board
thickness, the temperature was gradually rising up to 1000 °C and change of length was being measured.
Then the linear thermal expansion coefficient was easily calculated.
Because the measured materials were thermally structurally instable the experiment was repeated after
cooling down.
Keywords: Linear thermal expansion, High temperatures

1. Introduction
During the research of thermal‐technical properties of composites materials [1] with respect to
their thermal structural stability we measured several parameters after burning the samples on
certain temperature.
The linear thermal expansion coefficient is another thermal‐technical parameter which is
important for applications particular products on the building. Therefore it was decided to add
this detail to already measured board materials.

2. Theory
The linear thermal expansion coefficient is calculated from equation:

Lt  L0 .(1   .t ) ,

(1)

where: Lt is length of specimen at temperature t,
L0 is length of specimen at temperature 0,
α is linear thermal expansion coefficient and
t is temperature,
where it is often used measuring of elongation defined as:



Lt  L 0
  .t .
L0

(2)

Because elongation changes with the temperature, also the linear thermal expansion coefficient
must depend on the temperature. That the reason why is often considered average value of the
linear thermal expansion coefficient for temperature interval from 0 to t

 0t 


t

(3)

and for temperature t we must use differential expression
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t 

d
dt

(4)

For 3D it is easy to prove, when omitting values of very low orders, we can write:

 t  3. t

(5)

where βt is volumetric thermal expansion coefficient.
Particularly thermal dependence of thermal expansion on temperature we will find out by
measuring of elongation for certain temperatures (most suitably every 100 °C up to 1000°C) and
all these measured values we will plot in to the Figures in dependence on temperature. This
function we will analytically describe and with its derivation we can determine αt for each
temperature.

3. Measured materials
All samples were delivered by Research Institute of Building Materials in Brno.
PROMATECT – white composite material, board with thickness 3 cm.
FIREBOARD – grey composite material, board with thickness 2,5 cm.
PLASTERBOARD – pink material based on gypsum, board with thickness 1,2 cm.
FERMACELL – white material based on gypsum, board with thickness 1,2 cm.
Because they all are commercially produced materials their exact composition and formula are
under the ownership rights of the company.
Further composites materials which were made by Research Institute of Building Materials in
Brno: SX6 B and SX6 K
their composition is as follow:
gypsum firm Gypstrend – Kobeřice,
water ratio 0.328,
additives: Retardant GK, Peramin 30,
lightening mixture: 5% weight Experlit EP 150,
reinforcement by fibres: SX6 B – 3 % of volume Baseltex 6 (basalt)
SX6 K – 3 % of volume Kuralon (PVA)
From above materials we cut specimens – beams of size 2 x 15 x board thickness.

4. Methodology of measurement
Measurement was performed on special dilatometer [2]. The measured specimen is put into it,
temperature gradually grows up to 1000 °C and changes of length of the beam are being
observed. From these values it is easy to calculate coefficient of thermal expansion.
Because the structure of material is not always thermally stable the measurement was repeated
after cooling the sample down. No changes were observed on the burned specimen after
repeated rise of the temperature which would arise from its structural instability.

5. Results of measurement
All the measured results were plotted in to the Figures. Because the total change of the length
which is recorded consists of change of the length of the measured specimen and contact a rod.
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For final evaluation it is necessary to take the change of length of contact rod away. Its enabled
by calibration of apparatus.
It is interesting that most of the measurements shows totally shorting. It is probably caused by
drying the specimens. At those materials which are thermally instable the shorting often caused
by changes in the structure.
In the Figure 1 is shown, as a sample, dependence of elongation on temperature for material
PROMATECT. It is the first measurement, which means the specimen hadn´t been burned
before. In the Figure 2 is shown the same specimen but after repeated measurement (after
burning). By the same way were plotted all other Figures for all measured materials. From these
Figures we will easily determine linear thermal expansion coefficient αt as derivation (tangent
of curve) for each temperature t and α0t (secant of curve) so it is average value of linear thermal
expansion coefficient for temperature interval from 0 to t °C.

Figure 1: Measured dilatations of material Promatect

Figure 2: Measured dilatation of material Promatect, repeated experiment
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In the Table 1 are shown calculated average values of the linear thermal expansion coefficients
α0t for each measured material in dependence on the temperature.
Table 1: Average values of linear thermal expansion
MATERIAL 100°C 200°C 300°C
The first measrement  [.10‐6 K‐1]
Promatect
6.72
10.56
2.40
Fireboard
0.0
‐5.1
‐15.0
Fermacell
0.0
‐5.0
‐60.0
Sádrokarton 0.0
‐10.0
‐15.0
SX6‐B
2.0
8.0
4.0
The second measurement  [.10‐6 K‐1]
Promatect
7.8
7.6
6.2
Ferrmacell 10.0
15.0
15.0
SX6‐B
12.5
12.1
12.1

400°C

500°C

600°C 700°C 800°C

2.15
‐25.3
‐55.0
‐40.0
‐8.0

1.42
‐24.8
‐58.0
‐35.0
‐12.0

2.52
‐19.8
‐ 65.0
‐40.0
‐10.0

6.29
‐20.1
‐65.0
‐50.0
‐10.0

6.2
15.0
12.3

6.4
12.0
12.6

7.7
12.0
15.8

7.3
12.0
14.0

5.51
‐35.0
‐65.0
‐40.0
‐20.0

900°C 1000°C
‐4.62 5.40

35.0
‐16.0 ‐20.0

7.6 7.9 8.0
10.0
15.4
16.2 14.5

6. Discussion
During the measurements it was found out that it is better to heat specimens slowly and
gradually instead of in steps of 100 °C. Delay of temperature rising is insignificant but the
Figures are more continuously and calculating of derivation is therefore more accurate.
The results of measurement show that it is necessary to measure the specimens at least twice
because at the first measurement caused drying and thus contraction. Another contraction is
caused by material structural instability.

7. Conclusionn
The measurement proved premise that the materials based on gypsum are at higher
temperatures structurally instable and at the temperatures over 800 °C destruction of material
happens. As the best seems to be the material Promatect.
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Heat Inertia Correction of Data Measured by a Conduction
Calorimeter.
Vratislav Tydlitát, Jan Zákoutský, Robert Černý
Czech Technical University. Faculty of Civil Engineering. Thákurova 7. CZ‐166 29 Prague.
Czech Republic

Abstract: Data obtained using a heat conduction calorimeter are affected by a time delay caused
by the heat inertia of the apparatus. In this paper. a data correction obtained by the solution of a
linear differential equation is presented.
Introduction
The theory of measurement of heat power in conduction calorimeter was published by Calvet
and Prat [1] before nearly fifty years. They describe the measurement of temperature differences
by thermopiles using very sensitive mirror galvanometers. Since these times very much
progress sis realized in measurement of heat flow. but the principle of conduction calorimetry
does not changed. Very sensitive picking up of thermal differences proportional to heat flow is
the base of measurement the heat flow. The sensitive galvanometer is now replaced by data
logger. taking low electric voltage in short time intervals. With long time stability make this
method possible monitoring of hydration reactions for many days.

Conduction calorimeter
The conduction calorimeter in principle makes possible among others measurement of heat
flow generated by hydration reactions. These reactions are basis of setting concrete and other
binders of different kind in civil engineering. To measure released heat the calorimeter has three
basic parts: 1.the vessel. where hydration reaction proceeds. in heat contact with them is 2.the
sensor of heat flow. 3. The heat from heat flow sensor receipts isothermal component. which has
either enough heat capacity or is isothermal cooled. In our case the heat from copper vessel is
transported by conduction. convection and radiation from wings with thermopiles through the
air to heavy aluminous coat. The used calorimeter is on Fig.1.

Figure 1: Calorimeter KC01
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Balance of heat in calorimeter
The balance of heat flow from calorimetric vessel is following: one part of heat flow which is
used for his measurement is absorbed in part three. This measured part generates electric
voltage U(t). recorded in the data logger. Other part of heat is consumed to increase the
temperature of the first and second part of calorimeter. This accumulated heat can be expressed
as C*[dT(t)/dt]. where C [J/K] is the heat capacity of the reaction vessel with sample. The heat
flow sensor is usually of low heat capacity and his temperature is between between the
temperature of the calorimeter vessel and isothermal component and here it can be in
considerations neglected. The power produced in calorimetric cell. Ncor(t). can be after Calvet
and Prat [1] described by Tian equation
∗

∗

/

.

(1)

where f [mW/mV] is the calibration coefficient of the heat flow measuring system (based on
thermopiles) and T is the time constant of the instrument. (1) is a non‐homogenous differential
equation of 1st order. If we assume. that the Ncor = 0 in the time t1 and the U(t1) = U1. than the
equation (1) takes the form
∗

∗

/

0

(2)

The solution of homogenous equation (2) is simple.
U(t‐t1) = U1*exp (‐ (t‐t1)/T)

(3)

and will be used later.

Calibration
Calibration of the calorimeter will be done by Joule heat of direct current by the use of thermal
constant resistance 10 kilo ohm. by copper lead‐in of resistance less than 1 ohm and very stable
source of the current. The course of calibration is in graphs of Fig.2. We see that after
stabilization the signal U is constant. and in equation (1) the second term on right side is zero.
Thermal powers 5. 10. 15. 20 mW were used for calibration and on Fig.2 are graphs of the course
of signal U [mV]. The calibration characteristics is linear with the slope 16.878 mW/mV at 25 °C
(R2 = 0.99997).
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Figure 2: Characteristic calibration courses U [mV]

Determination of time constant
The courses of calibration curves show after the current was switched off and if the cooling
obeys exponential course after equation (3). the time constant T can be computed from the
graph of ln(U(t+t1)/U1) again time. This was done on Fig. 3. As the graph in not linear. but can
be interlay by polynomial of 2nd order. At origin we obtain guideline of the value ‐1/T. Here T =
0.079315 h was found.

Figure 3: Determination of time constant T of the calorimeter by plotting ln(U/U0) again time after
disconnecting the calibration heat power at 10 mW
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Transformation of calorimeter output to true heat power dependence
The true heat power dependence of measured hydration heat power was computed from data.
obtained by picking up them with the data logger every 15 second (15/3600 h). The dU/dt was
for lucidity expressed in [mV/h] and the graph has time axis in hours. The results are on Fig. 4.

Results and discussion
On the Fig. 4 are graphs of uncorrected hydration heat power N(t) [mW/g] and after (1)
corrected Ncor(t) for hydration course of the cement CEM I 42.5R (w/c = 0.47) at 25 °C. The
operation at the begin of measurement proceed subsequently: the steady calorimeter with
sample and syrette with water will be opened. by syrette slow inject the water. than cement
with water mixed by plastic mixer manufactured from plastic tube
(also tempered). the
mixer snipped and the calorimeter stoppered and closed.
On the graph. which describes 10 h of hydration are evident only differences between Ncor and
N during the first hour. The first maximum reaches for Ncor 40 mW/g again the value 15 mW/g
for N. On the second graph with finer time measure we see that the main maximum
accompanies two adjacent maxima. The first adjacent maximum can be adjudged to injecting of
water (wetting of the cement) and the second can be from mixing the cement with water. About
resolution of the heat at addition of water and at mixing in calorimeter with time constants near
3 min refers Evju [2].
The first main maximum is known as hydration of C3A phase and forming ettringite. see
Collepradi [5].
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Hydr. Heat power [mW/g]

Uncorrected and corrected hydration heat
power for CEM I 42.5R (w/c=0,47]
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Figure 4: Uncorrected and correted hydration power of cement CEM I 42.5R. (w/c=0.47) after Tian
equation. Two initial maxima of addition water and mixing are on enlarged graph

Conclusions
The inertia correction at hydration of Portland cement CEM I 42.5R showed details of heat
production at initial manipulation with the sample by measurement of hydration heat power in
calorimeter KC02 [3. 4] and can be used to control of correctness of the initial process.

Acknowledegement
This research has been supported by the Ministry of Education. Youth and Sports of the Czech
Republic. under project No MSM: 6840770031.

239

References
[1]
[2]
[3]

[4]

240

Calvet. E.. Prat. H. Recent progress in microcalorimetry. Pergamon Press. Oxford. 1963
Evju. C. Initial hydration of cementitious systeme using a simple isothermal calorimeter
and dynamic correction. J. Therm. Anal. Calorim.. Vol. 71. 2003. pp. 829‐840
Tydlitát V.. Zákoutský J.. Černý R.: Theoretical analysis of sensitivity of heat flow sensor
in isothermal calorimeter. THERMOPHYSICS 2011 Valtice. Cz. Rep. 2‐4.11.2011 p.207‐214.
ISBN 978‐80‐214‐4345‐7 Ed. Brno University of Technology. 2011.
Tydlitát V..Tesárek P.. Černý R.: Calorimeter for measurement namely of hydration heats
of cement and plasters . Utility design No. 18347. Office of Industrial Ownership. Prague
2008 (in Czech). 2009. ISBN 88‐901469‐4‐X.

Application of zeolite as alternative binder in concrete
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Faculty of Civil Engineering. Czech Technical University in Prague. Thákurova 7. CZ‐166 29 Prague.
Czech Republic
2Faculty of Chemistry. Brno University of Technology. Purkyňova 118. CZ‐612 00 Brno. Czech Republic
email: eva.vejmelkova@fsv.cvut.cz
1

Abstract: Natural zeolite is applied as an alternative binder in concrete. Experimental results
show that although from both environmental and economical points of view it would be desirable
to use its highest possible amounts in concrete production. the extent of Portland cement
replacement which can be chosen in preparation of concrete mixes has certain limitations. The
main limiting parameter is found the compressive strength.
Keywords: natural zeolites. high‐performance concrete. hydric properties. mechanical
1. Introduction
Natural materials were used as supplementary cementitious materials (SCM) since ancient
times. due to their pozzolanic properties. In the old Rome. fine volcanic (pozzolanic) ashes were
used in a mixture with lime. At present natural pozzolanas are used as SCM for Portland
cement concrete mainly in the countries where they are easily available. Natural zeolites are
probably the most often used natural SCM. However. zeolite concrete is a much less frequent
subject of investigation as compared for instance with silica fume. metakaolin. fly ash or ground
granulated blast furnace slag as SCM.
In the analyses of properties of concrete containing zeolites as SCM the various investigators
concentrated mainly on mechanical properties which are commonly considered the most
important for any type of concrete [1. 2]. Pozzolanic activity of zeolites was also a widely
studied subject [3‐5]. Other properties were measured only seldom. Water sorptivity of concrete
with zeolite additive was investigated by Chan and Ji [6]. Ikotun and Ekolu [7]. chloride
diffusion by Chan and Ji [6]. Ahmadi and Shekarchi [8]. oxygen permeability by Ikotun and
Ekolu [7]. Ahmadi and Shekarchi [8]. Thermal properties of autoclaved aerated concrete with
zeolite addition were measured by Karakurt et al. [9].
In this paper. mechanical and water transport properties of high performance concrete
containing natural zeolite as partial replacement of Portland cement are studied and compared
with reference high performance concrete.

2. Materials
The high performance concrete mixtures presented in Table 1 were prepared with Portland
cement CEM I 42.5 R as the main binder. A part of cement was replaced by natural zeolites. The
chemical composition of cement and natural zeolites is shown in Table 2.
The measurement of material parameters of hardened concrete mixes was done (unless
mentioned otherwise) after 28 days of standard curing. It took place in a conditioned laboratory
at the temperature of 22±1°C and 25‐30% relative humidity.
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Table 1: Composition of Studied Concretes
Composition [kgm‐3]
Component
CEM I 42.5 R
natural zeolites
aggregates 0‐4 mm
aggregates 8‐16 mm
plasticizer Mapei Dynamon SX
water

BZ‐ref
484
‐
812
910
5.3
172

BZ10
436
48
812
910
5.3
194

BZ20
387
97
812
910
5.3
221

BZ40
305
179
812
910
5.3
244

Table 2: Chemical Composition of Cement and Natural Zeolites
Component
SiO2
Al2O3
Fe2O3
CaO
MgO
K2O
Na2O
TiO2
P2O5
SO3

Amount [%]
Cement Zeolites
21.89
68.15
5.60
12.30
3.75
1.30
62.33
2.63
1.04
0.90
0.92
2.80
0.11
0.75
0.30
0.20
0.17
‐
2.88
‐

3.. Experimental Methods
3.1 Basic Physical Properties
Among the basic properties. the bulk density. matrix density and open porosity were measured
using the water vacuum saturation method [10]. Each sample was dried in a drier to remove
majority of the physically bound water. After that the samples were placed into the desiccator
with deaired water. During three hours air was evacuated with vacuum pump from the
desiccator. The specimens were then kept under water not less than 24 hours. The measurement
was done on the samples with the dimensions of 50 x 50 x 20 mm.
3.2 Mechanical Properties
The measurement of compressive strength was done using the hydraulic testing device VEB
WPM Leipzig 3000 kN. The apparatus consists of a stiff loading frame having the capacity of
3000 kN. A constant strain rate of 0.1 – 0.2 MPa s‐1 was imposed on the 150 x 150 x150 mm
specimens. The tests were performed according to ČSN EN 12390‐3 [11].
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3.3 Hydric Properties
3.3.1 Water Transport Properties
The water sorptivity was measured using a standard experimental setup. The specimen was
water and vaporproof insulated on four lateral sides and the face side was immersed 1‐2 mm in
the water. Constant water level in tank was achieved by a Mariotte bottle with two capillary
tubes. One of them. inside diameter 2 mm. was ducked under the water level. second one.
inside diameter 5 mm. was above water level. The automatic balance allowed for recording the
increase of mass. The water absorption coefficient A [kgm‐2s‐1/2] was then calculated using the
formula

i  A t .

(1)

where i [kgm‐2] is the cumulative water absorption. t is the time from the beginning of the
suction experiment. The water absorption coefficient was then used for the calculation of the
apparent moisture diffusivity in the form [12]

 app

 A
 
 wc

2


 .


(2)

where wc [kgm‐3] is the saturated moisture content.
In the experimental work 5 specimens of 50 x 50 x 20 mm were used.
3.3.2 Water Vapor Transport Properties
The wet cup method and dry cup method were employed in the measurements of water vapor
transport parameters [13]. In the dry cup method the sealed cup containing silica gel was placed
in a controlled climatic chamber with 50% relative humidity and weighed periodically. For wet
cup method sealed cup containing water was placed in an environment with 50% relative
humidity. The measurements were done at 25 C in a period of two weeks. The steady state
values of mass gain or mass loss determined by linear regression for the last five readings were
used for the determination of water vapor transport properties.
The water vapor diffusion coefficient D [m2s‐1] was calculated from the measured data
according to the equation

D

m  d  R  T
.
S    M  p p

(3)

where m is the amount of water vapor diffused through the sample [kg]. d the sample
thickness [m]. S the specimen surface [m2]. the period of time corresponding to the transport
of mass of water vapor m [s]. pp the difference between partial water vapor pressure in the
air under and above specific specimen surface [Pa]. R the universal gas constant. M the molar
mass of water. T the absolute temperature [K].
On the basis of the water vapor diffusion coefficient D the water vapor diffusion permeability δ
[s] and the water vapor diffusion resistance factor [‐] were determined.

 D

M
.,
RT



Da
D

(4)

where Da is the diffusion coefficient of water vapor in the air.
In the experimental work 3 cylindrical specimens with the diameter 105 mm and thickness 20
mm were used.
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4. Experimental Results
4.1 Basic Physical Properties
The basic physical properties of studied materials measured by the water vacuum saturation
method are shown in Table 3. The bulk density of the analyzed concretes decreased with the
increasing amount of natural zeolites. The open porosity increased in the corresponding way.
The values of matrix density were almost the same (within a 3% limit) for all studied concretes.
Table 3: Basic Physical Properties of Studied Materials

HPC
BZ‐ref
BZ10
BZ20
BZ30

[kg m‐3]
2244
2194
2132
2036

mat [kg m‐3]
2590
2601
2601
2623

[%]
0.134
0.157
0.180
0.224

4.2 Mechanical Properties
Figure 1 shows that the compressive strength of studied concretes decreased with the increasing
amount of natural zeolites used as the replacement of Portland cement. The 7‐days strengths
were similar for the reference concrete and BZ10. For higher amounts of natural zeolites in the
mix the compressive strength was significantly lower which was an expected outcome. taking
into account the pozzolanic properties of zeolites. The values of compressive strength after 28
days showed that up to the 20% replacement level the concretes still maintained their high
performance character but for BZ40 a 50% decrease was observed which was not satisfactory.
The differences in compressive strength after 360 days were very similar to 28 days.

Figure 1: Compressive Strength of Studied Materials

4.3 Hydric Properties
4.3.1 Water Transport Properties
The results of water sorptivity measurements are presented in Table 4. We can see that the
increase of open porosity with increasing mass of pozzolanic admixtures led to a significant
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enhancement of liquid water transport. The moisture diffusivity of BZ40 was about five times
higher than reference concrete. Similarly as with the compressive strength. 20% replacement
level could be considered a reasonable limit. as for the liquid water transport parameters..

Table 4: Water Transport Properties of Studied Materials

[kg m‐2 s‐1/2]
2244
2194
2132
2036

HPC
BZ‐ref
BZ10
BZ20
BZ30

[m2 s‐1]
2590
2601
2601
2623

4.3.2 Water Vapor Transport Properties
Table 5 shows that the water vapor diffusion coefficient of studied materials increased with
increasing amount of natural zeolites in the mix which was in accordance with the open
porosity data in Table 3. The measured data also revealed that the values of water vapor
diffusion coefficient corresponding to the lower values of relative humidity (5/50 %) were
always lower than those for higher relative humidity values (97/50 %). This is related to the
partial transport of capillary condensed water in the wet‐cup arrangement [14].
Table 5: Water Vapor Transport Properties of Studied Materials
HPC

5/50%

97/50%

[s]

D [m2s‐1]

[‐]

[s]

D [m2s‐1]

[‐]

BZ‐ref

1.58.10‐12

2.18.10‐7

106.69

1.92.10‐12

2.64.10‐7

89.75

BZ10

2.05.10‐12

2.82.10‐7

81.87

2.43.10‐12

3.34.10‐7

68.87

BZ20

2.85.10‐12

3.92.10‐7

58.78

3.57.10‐12

4.91.10‐7

49.45

BZ40

4.72.10‐12

6.49.10‐7

35.42

6.51.10‐12

8.95.10‐7

29.80

5. Conclusions
Experimental results presented in this paper confirmed that natural zeolites can be considered
an environmental friendly binder with a potential to replace a part of Portland cement in
concrete in building industry. However. it was shown that although from both environmental
and economical points of view it would be desirable to use its highest possible amounts in
concrete production. the extent of Portland cement replacement which could be chosen in
preparation of high performance concrete mixes had certain limitations. The main limiting
parameter was found the compressive strength. For higher replacement levels than 20% of mass
of cement the compressive strength decreased very fast and the produced concrete lost its high
performance character. The water transport parameters increased with increasing amount of
zeolites in the mix relatively fast but for the replacement level up to 20% they could still be
considered satisfactory. Water vapor transport parameters increased with the increasing
amount of natural zeolites as well but the enhanced water vapor transport did not present any
danger from the point of view of concrete durability. In a summary. we can state that concrete
with the replacement of Portland cement by natural zeolites in the amount of 20% by mass was
the most suitable solution among the mixes analyzed in this paper.
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Determination of the thermal diffusivity of paint and the
thickness of a paint layer by photothermal IR thermography
Bert Verstraeten, Jichuan Xiong and Christ Glorieux
Laboratorium voor Akoestiek en Thermische Fysica. Department of Physics and Astronomy.
Celestijnenlaan 200D. B3001 Heverlee. Belgium
Abstract: Since the thermal characterization of thin layers requires the thermal diffusion length to be of
the order of the layer thickness. measurement on a short enough time scale is necessary. In this paper. an
all‐optical technique is presented. in which both the photothermal excitation part and the optical detection
part are sufficiently fast. with a geometry adapted to the specific properties of the sample of interest. i.e. a
bulk paint sample. and a sub‐mm layer of paint on a steel substrate. The thermal diffusivity of the paint
was determined in the framework of the development of a non‐contact photothermal thermography
method for real‐time determining its thickness during spraying. The feasibility of the latter approach is
experimentally confirmed.
Keywords: Photothermal method. thin layer. thermal diffusivity. paint.

1. Introduction
The all‐optical approach of photothermal methods has made them very popular and powerful
tools for thermally characterizing thin layers. The bandwidth of the optical excitation and
detection used in photothermal methods is so high that they achieve a time resolution well
beyond what is needed to monitor heat transport occurring over very short distances and thus
to study parts of very small structures. Roughly speaking. the length over which heat can
diffuse in a time t. the socalled thermal length . is given by =(t)1/2. with  [m2.s‐1] the
material’s thermal diffusivity. which reflects how well heat can diffuse through it [1].
In this article. we verify the feasibility of a dedicated photothermal technique to determine the
thermal diffusivity of a bulk paint sample. The research is performed in the framework of the
development of a method to determine by non‐contact IR thermography or IR radiometry the
thickness of paint layers on steel. Since the limitations and experimental parameters to be used
to tackle this task are strongly dependent on the thermal diffusivity of the paint. knowledge of
its value is crucial to assess the feasibility of the method. Both the method to determine the
thermal diffusivity of paint and the method to determine the thickness of paint are
experimentally demonstrated.

2. Measurement principle
In order to determine the thermal diffusivity of the paint. we have illuminated the surface of a
(7 cm thick) ‘thermally thick’ (i.e. sufficiently thick so that the heat. produced at the top surface
of the paint. did not have sufficient time to reach the bottom of the paint) volume of paint. The
light was coming from a Coherent FAP System laser (30 Watt maximum power) set to about 5
Watt power and a wavelength of 810 nm. and focused to a strip of light (further referred to as
the ‘laser line’) of 4 mm width and 12 mm length.
In the chosen experimental approach. when switching on the laser light. the illuminated strip
was heating up. and the heat started to gradually diffuse out of the illuminated region. An IR
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camera (CEDIP JADE UC J330R. 8‐12 micron. 80mK@F/0.8@30C typical. 14 bits. 320x240 pixels)
with a sampling frequency of 50 Hz was monitoring the optically accessible part of the sample
surface on and around the laser line. The camera was detecting the IR radiation emitted by the
paint. which is proportional with its change of temperature.
By fitting the time dependence of the dynamically changing temperature field. in particular of
the width on half maximum. d(t). around the laser line (width d0). to a simple theoretical model.
the thermal diffusivity verf can be determined. In practice we did not fit the evolution of every
pixel. but. equivalently. the evolution of the temperature at different distances of the laser line
along lines parallel with the laser line. The fit also took into account the finite width of the laser
line itself. The spreading out of heat around the hot line was mapped directly. via d(t). which
relates directly to the thermal diffusivity. via d (t )  d 02   2 (t ) 

d 02   paint t

.

Figure 1: Photo of the measurement setup. A heating IR laser beam is imaged onto the surface of the dark
blue paint via an optical fiber. a spherical and a cylindrical lens. and a mirror. The IR camera on the top
left is monitoring the evolution of the temperature field in the vicinity of the hot line.
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Figure 2: Evolution of the effective thermal diffusivity. paint. effective(t). determined from the evolution
of d(t). the instantaneous width at half maximum of the spreading warm line. according to the expression.
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Figure 3: Evolution of the temperature at half maximum of the spreading warm region.
Figures 2 shows the evolution of the temperature at half maximum of the spreading warm area.
During the continuous heating. the heat is steadily spreading out. with a rate that is related to
the thermal diffusivity. The experimental data are contained in between the curves
corresponding to the ‐30% and +30% deviating values compared to the best fitting value.
The mean value of the effective instantaneous thermal diffusivity in Figure 2. calculated as
paint,effective (t )  d 2 (t )  d02 . is expected to correspond with the real thermal diffusivity. and was
determined at paint=(0.80.3).10‐7 m2.s‐1.
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Figure 4: Experimental evolution of the IR thermographic signal (normalized to its maximum value)
during and after a 200 ms illumination period. The signal. which was taken from the warmest pixel of the
IR camera. in the middle of the laser spot. is roughly proportional to the local temperature. For the used
laser power and spot size. the maximum temperature increase was about 10 Kelvin.
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As mentioned in the introduction. for a paint layer with a given thermal diffusivity. IR
thermography can also be used to determine the layer thickness. This is illustrated in Figure 4.
Paint layers of different thickness were illuminated by a 4 Watt laser spot of 8 mm diameter.
The evolution of the signal at the warmest pixel of the IR thermographic image during and after
200 milliseconds of illumination is monotonically depending on the thickness of the paint layer.
The thinner the layer. the quicker the heat produced by illuminating the paint surface is
reaching the steel background. Since steel has a higher thermal effusivity than paint. the
presence of steel is accelerating the decay of the temperature. The result demonstrates that.
provided a proper calibration. the temperature decay rate after the end of the illumination pulse
can be used to determine the paint thickness in a non‐contact. all‐optical way. For similar work
on IR thermographic determination and other photothermal determination techniques of
thermal properties of materials and layers. we refer to [2].[3].[4].[5].[6] and references therein.
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Monitoring of concrete setting and hardening by
thermophysical measurements
Viliam Vretenár, Ľudovít Kubičár, Vlastimil Boháč
Institute of Physics SAS, Dúbravská cesta 9, 845 11 Bratislava, Slovakia
Abstract: Transient regime of Hot‐ball method is used for measurement of thermophysical properties,
namely, thermal diffusivity, specific heat and thermal conductivity, of concrete during the setting and
hardening processes. Setting time determines the end of workability of fresh concrete, whereas the
hardening corresponds with compressive strength of finally hardened concrete. The method together with
laboratory experimental apparatus is presented and tested. Variation of thermophysical parameters is
measured as a function of time and analysis for given concrete sample is carried out. The results that
satisfy to undergoing theory are discussed.
Keywords: concrete, thermophysical properties, Hot‐ball method, setting, hardening

1. Introduction
Concrete is the most frequently used material in building industry considering its strength, a
possibility to form required shapes, volume stability, durability, resistance to high temperatures
and resistance to chemical substance attacks. A broad range of concretes exists that can be
divided to various classes considering different criteria like strength, density, thermal isolation,
waterproof ability, fireproof ability, etc. Different additives are used to improve the concrete
properties. Such broad scales of concretes are reached using various technologies where final
quality is determined by material components and concrete mixture composition. Important
technical characteristics of hardened concrete depend on the way of workability of fresh
mixture and on curing conditions of the fresh concrete. Utility properties of concrete are
significantly influenced by the quality and quantity of the formed hydration products, and
consequently by the developed pore structure. Both are conditioned by concrete material
composition, the way of its manufacturing, compacting and initial curing, taking into
consideration the present climatic conditions. In the case of transport concrete also conditions of
concreting and finishing on the construction site are very important [1–5]. Lifespan of concrete
is influenced by the following processes:
‐setting of the concrete mixture, i.e. transformation from the fresh concrete grout to solid state
based on initial hydration,
‐hardening and the concrete long‐term exposition in the environment at the place of use, e.g. at
industrial agglomerations one would take into account higher degree by CO2 and SO2 attack,
‐concrete degradation during long‐term exposition in different aggressive environments like
demineralized water, acid, sulphate, magnesium ammonia waters and soils, or gaseous and/or
liquid industrial air pollutants, or dynamical load factors.
Modern technology requires a full control of the above mentioned processes. This can be
achieved by monitoring of the suitable parameters that characterize the mentioned processes. A
broad scale of techniques exist that monitor setting of the concrete mixtures [1–9]. Techniques
are used in laboratory usually. Determinations of the concrete workability, formation of
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hydration heat, compressive strength and elasticity module, belong to the most frequently used
laboratory techniques that are applied to characterize qualitative parameters of the concrete.
Acousto‐ultrasonic techniques, methods for measuring of AC and DC electrical conductivity or
pH as well as some microwave techniques are the most frequently used methods for monitoring
concrete behaviour in the field [1–9]. The listed techniques are suitable for mixtures as well as
for solids. The scanned signal correlates to immobilization of the free ions or to content of water
in pores as well as to increase of the elastic constants in the process of setting and hardening.
A Hot‐ball sensor of thermal conductivity has been recently designed and constructed in our
laboratory [10]. Introduction tests of this sensor on polymerization and on moisture monitoring
in porous structures have been performed [11, 12]. In order to employ such sensor for
monitoring of concrete processes, the complete set of thermophysical parameters is necessary to
be measured. The working equation of the Hot‐ball method is thus chosen to evaluate whole
transient part of temperature response in contrast with steady‐state approach of thermal
conductivity measurement. The principle of such sensors lies in the measurement of
temperature fields, which are less influenced by free ions in comparison to electric or magnetic
fields and thus gained information is more objective.
The final target of our work is aimed at the measurement and prediction of utility properties of
concretes, mainly the compressive strength and Young’s modulus of elasticity by using the
probes enabling measurements of thermophysical quantities in fresh, still plastic concrete and
the recently hardened concrete in the horizon of few days from the date of concrete
manufacture. Rapid and efficient prediction of concrete utility properties in the constructions is
also the subject of the public order and also is testified by the building practice interest.

2. Hot‐ball sensor
The working principle of the thermophysical sensor might be described as follows (Figure 1,
left). Concrete mixture is in local thermodynamic equilibrium. A heat source is placed inside the
concrete mixture at the suitable place that starts to generate a constant heat flux, i.e. a small
disturbance is generated. A suitable place is such a position in the sample volume, where the
peripheral parts or any possible structural elements do not affect significantly the measurement
process. Response to this small disturbance is the local temperature change that is function of
time and place. Use of appropriate mathematical models that correspond to sensor
configuration, the thermophysical parameters can be evaluated. The model of hot ball of real
heat capacity with perfect thermal contact was considered and details were described in [10].

Figure 1: Schematic sketch of Hot‐ball method (left) and picture of real sensor (right)
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A hot‐ball sensor (Figure 1, right) has been constructed consisting of two elements, a heater and
a thermometer (patent pending). Both elements are fixed in the metallic ball using highly
thermal conductive epoxy resin. The diameter of the hot balls was 3 mm. The individual
thermophysical parameters as thermal diffusivity, specific heat and thermal conductivity are
calculated using an appropriate fitting algorithm (Levenberg–Marquardt) upon temperature
response.

3. Experimental apparatus
The measurements have been carried out by laboratory system for the thermophysical sensors
testing (Figure 2). Concrete samples were temperature stabilized in measuring chamber
RTB1.01 (Transient MS) and controlled by thermostat Lauda MK20 having accuracy of ±0.01°C
and temperature range from ‐40 to 170 °C. For heat flow generated in the hot ball the precise
source meter Keithley 2400 (up to 1 A and 200 V) was employed. Highly sensitive digital
multimeter Keitley 2010 measured the temperature response. PC with custom software
developed in our laboratory (TMS ver. 1.4) controlled all units.

Figure 2: Picture of laboratory system for the measurement of thermophysical properties of solids and
liquids in the temperature range from ‐40 up to 170 °C

4. Experiments and results
As initial study we decided to use commercial product Hobby Concrete (Baumit) for
preparation of concrete samples. For each experiment, 800 g of dry concrete mixture was mixed
with 100ml of tap water and stirred at least for 10 minutes. Then the densification process
followed. The hot ball sensor was immersed into middle position of such mixture and fixed.
The temperature was kept at 25°C during the all monitoring process. In Figure 3 the typical
temperature response is depicted together with numerical fitting analysis. Good agreement
between model and experiment itself is clearly visible.

253

0.4

o

Temperature [ C]

0.3

0.2

measured data
fitted model
0.1

0.0
0

5

10

15

20

Time [s]
Figure 3: Typical temperature response during the measurements
Our methodology is based on thermodynamic and heat transport principles. Debye theory
gives equation for thermal conductivity λ in a form

  ac p   aC ,

(1)

where a is thermal diffusivity, cp is specific heat, ρ is density and C is heat capacity. While heat
capacity gives us information on thermodynamic, i.e. on hydration, the thermal diffusivity
gives us information how fast the temperature field is spreading over material. Using relation

1
a  vl ,
3

(2)

where v is mean velocity of the ultrasound waves and l is mean free path of phonons, we may
calculate the mean velocity of ultrasound waves, which is related to elastic constants and thus
to stiffness of concrete under investigation [13]. The configuration component of the heat
capacity strongly changes in concrete setting period. In addition, transversal components of the
spread of ultrasound waves that are related to shear module increase in setting period. The
thermal conductivity is complex parameter that includes information on both, the change of
configuration component as well as material stiffness. Since the thermal diffusivity increases
and vice versa the specific heat decreases due to solidification of concrete, interpretation of the
thermal conductivity change might be misleading.
Typical dependence of individual thermophysical parameters on time of concrete ageing is
shown in Figure 4. As expected, the thermal diffusivity is increasing over time, whereas there is
a distinct decrease of the specific heat. The thermal conductivity as a product of both
parameters, is slightly increasing over the early stage of concrete setting, but finally it is
decreasing after 20 hours. After detailed inspection it was found that several processes could be
identified over the time. First phase includes dissolving of reactants, initial hydration and
nucleation of isolated C‐S‐H gel products (highlighted by blue region). The significant increase
of the number of degrees of freedom in the system by dissolving of cement particles (decreases
ratio of solid phases) results in an increase of heat capacity. The percolation phenomenon takes
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place when the creation of C‐S‐H gel products gets intensified and results in concrete setting
(red region). Since this phase is declared as most active, the biggest changes of measured values
are observed directly in this region. The last phase is connected with long term process of
concrete hardening, lasting for some concrete mixtures up to hundreds of days. Of course, the
process of degradation is then co‐acting as well.
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Figure 4: Thermophysical parameters as a function of concrete ageing

During the setting phase, there is a significant swing of measured values denoted by red arrow
in Figure 4. This disturbance (or anomaly) was measured in all performed experiments, and
thus the possible measurement error was excluded in this way. Probably, some physical or
chemical process as phase change or chemical reaction, are occurring there. As a hypothesis one
can imagine that the re‐crystallization of C‐S‐H products might take a place. Nevertheless, it is
interesting phenomena for further investigation and study.
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5. Conclusion
The new technique for monitoring of the concrete setting and hardening along with the
methodology of measurement has been presented. Hot‐ball sensor for measuring of all three
thermophysical parameters has been successfully designed and tested. The measured variations
of such parameters positively correlate with effect of setting and hardening of concrete mixture.
The development of new concrete mixtures needs a range of productive testing techniques that
clearly differentiate the technical parameters of concrete. The present testing technique
increases the segment of tests, which has so far been limited in terms of sample size and the
time required for measurement.
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Study of PCM material diffusivity
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Abstract: The paper deals with the application of multi‐regression analysis for the determination of
thermal parameters from transient responses to step wise heat power imput. The dependences of thermal
diffusivity a. thermal conductivity . heat source quality parameter s. and heat losses parameter R on
time were calculated from different parts of transient responses. The influence of the heat source fractal
dimension D (determined from the heat source quality parameter s) on thermal parameters is discussed.
The results correlate with the fractal model of heat transport. The dependences of thermal diffusivity on
the fractal dimension of PCM differ from PMMA due to the phase change around the temperature 25 °C.
Keywords: transient method. fractal model of heat transport. thermal diffusivity. thermal conductivity.
specific heat

1. Theoretical background
1.1 General Fractal Model of Heat Transfer
The model will be derived from the fractal theory of a physical field published by authors in [1].
[2]. The dependence of the temperature T on the radius r of space‐time for the thermal field [3]
can be written for this model as

ΔT (r )  

K r DE 2
c
k B D  ( D  E  2)

(1)

where  is the modified Planck constant. c is the speed of heat propagation. kB is Boltzmann’s
constant. and E. D. K are Euclidean and fractal dimension and fractal measure. respectively.
If the size of the space‐time vector is rewritten as r 2  rT2  c 2 (t  t0 ) 2  h 2  c 2t 2  4a0t . where rT is
the radius of topological space. t0 is the time response delay. h 2  c 2 t 02  rT2 is the square of the
corrected sample size. a0  c 2t0 2 is the maximal value of the thermal diffusivity (for D = E). Eq.
(1) can be rewritten as

ΔTr (t )  

 D  E  2  h2
K  c ( 4 a0 t ) ( D  E  2 ) / 2
c 2 t 

 .

exp 
k B D  ( D  E  2)
2

 4a0t 4a0 

(2)

where x  h 2 (4a0t )  c 2t (4a0 ) and 1  x  e  x .
When the thermal diffusivity is written as a  2 a 0 ( D  E  2 )  a 0 (1  s ) . and the heat loss
parameter as R  4 a 0 [ c (1  s )] . we can then write

ΔTr (t )  
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K c 1  D  E  2 
 

2k B D 
2


(DE ) / 2



h 2 4at 
 2  .
  4at R 

4at ( D  E  2) 2 exp  

(3)

And finally. if we define the heat source quality parameter as s  ( E  D ) 2  ( a  a 0 ) a and the
power of the heat source in relation to the thermal conductivity of the real sample
(characterized by fractal dimension D) as
K c
1
  



 .

k B E  2s  1  s 
s

P

(4)

we can write for the dependence of the change of temperature with on time after step‐wise
heating with power P. the equation.

ΔT (t ) 

  h 2 4at 
P ( 4at )1 s
 2  .
exp  
2
4
a
t
R 



(5)

The thermal conductivity of a real material can be written as   c p  a . where  is its mass
density and c p is the specific heat.
The results for the special cases (point. linear and planar heat source – Dirac pulse) and a
homogeneous infinite material are in an agreement with the theory derived from a system of
differential equations. e.g. [4].
1.2 Method for Evaluation of Transient Measurement
The described method can be used for the determination of the real fractal model parameters.
Eq. (5) using a regression method applied to
 P (4a )1 s
y (t )  ln ΔT (t )  ln
 2


h 2 4at
  (1  s ) ln t 

 m0  m1 x1  m2 x2  m3 x3 .
4a t R 2


(6)

where x1  ln t . x 2  1 t . and x 3  t . From the parameters m 0 . m1 . m 2 . and m3 the
thermophysical and other parameters of the measured system can be calculated: the heat source
quality parameter s  ( E  D ) 2  1  m1 (or fractal dimension D of heat source in 3D space.

E = 3). the heat loss parameter proportional to the measured sample diameter R  h

m2 m3 . the

thermal diffusivity a   h 2 4m2 . and the thermal conductivity   P 2     h 2 m 2   e  m .
From the last two parameters and the known mass density  . the specific heat c p   (  a) can
m1

0

be calculated.

2. Experimental
The step wise method was used for measurement PMMA and PCM (Micronal® in gypsum)
materials. After a four‐hour relaxation at the reference temperature. one‐hour pulses of defined
power was applied to measured sample. The arrangement of experiment was taken from [3].
The experiment was realized for different initial
conditions (steady state) within the temperature
interval T0  20, 40 C . The responses for heating by

Figure 1: Character of the heat pulse

power P = 0.01 W (PMMA. one hour heating) and
cooling after switching heating off (P = –0.01 W. one
hour relaxation) were analyzed by three methods.
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2.1 Multi‐parametric linear analysis
First were analysed the entire dependences for up and down heating [6]. The results of this
analysis for T0  20C and both PMMA and PCM are presented in Figure 2 and Table 1. It is
evident from the table that the fractal dimensions of heat source are higher than the dimension
of planar heat source (D = 2). Then the diffusivity (and following additional parameters) are
higher than the tabulated values. even if there are no differences between experimental and
model dependencies (see Figure 2)

Figure 2: Experimental and model dependences for PMMA and PCM for up and down measurement by
step wise method in linear and logarithmic scale
Table 1: Results of multi regression analysis of transient responses (P = 0.01 W. T0=20°C)

PMMA tabul
PMMA
PCM

up

t (s)

D

‐‐‐

2.000

P (W) T (°C) T (°C) a (mm2.s‐1) R (m) (W.m‐1.K‐1) cp (kJ.K‐1.kg‐1)
‐‐‐

‐‐‐

‐‐‐

0.112

0.015

0.193

1.450

0.916 2.659 0.010

19.96

0.511

6.990

0.390

0.924

7.094

down 1.140 2.634 0.010

‐0.31

0.525

1.785

0.319

0.693

8.368

2.815 3.165 0.017

20.19

0.416

0.544

0.807

7.491

19.850

down 2.108 3.258 0.017

0.02

0.498

0.110

0.681

4.466

16.300

up

2.2 Dragging multi‐parametric linear analysis
The second method was based on the recalculation of all parameters to fractal dimension D = 2
using the equation a  2 a 0 ( D  E  2 )  a 0 (1  s ) . see Chapter 1.1. In this case. the evaluation
was performed of one hundred data by dragging multi‐parametric linear regression through
the different positions in time response of change temperature. The dependences of all
parameters on time were recorded. The dependences of fractal dimensions for PMMA and PCM
for up and down measurement by the step wise method are given as an example in Figure 3.
From these Figures. it is evident that for short times (beginning of experiment) the values are
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close to the values in Table 1. But for the higher times the values dramatically differs because
the losses play a significant role. At the intersection with the line of fractal dimension D = 2 are
located the values of diffusivities (and all other thermal parameters the same) and their average
values are in the Table 2. We can see a better agreement between the tabulated and
experimental values than for the first method for PMMA (see Table 1)

Figure 3: Dependences of fractal dimension of heat source calculated from different parts of transient
responses for PMMA and PCM and up and down measured step wise method.
Table 2: Results of multi‐regression analysis of transient responses (P = 0.01 W. T0 = 20°C)

PMMA tabul
PMMA
PCM

up

t (s)

D

P (W)

T (°C)

‐‐‐

2.000

‐‐‐

‐‐‐

T (°C) a (mm2.s‐1) R (m) (W.m‐1.K‐1) cp (kJ.K‐1.kg‐1)
‐‐‐

0.112

0.015

0.193

1.450

0.916

2.009

0.010

19.96

0.516

0.051

0.034

0.108

1.791

down 1.040

2.002

0.010

‐0.307

0.501

0.053

0.036

0.123

1.973

1.672

2.005

0.017

20.193

0.416

0.116

0.052

0.310

3.853

down 1.584

2.002

0.017

0.107

0.498

0.136

0.062

0.324

3.429

up

2.3 Complex analysis of thermal diffusivity
The third method is based on the analysis of thermal parameters dependences on the fractal
dimension. The evaluation of all parameters was performed of one hundred data by dragging a
multi‐parametric linear regression through the different positions in the time response of
temperature change. The typical reciprocal dependences of thermal diffusivity on the fractal
dimension (E ‐ D). where E is Euclidean dimension of space. are given in Figure 4. In an
agreement with the term 1 a  ( D  E  2 ) 2 a 0  (1  s ) a 0 is the dependence linear and its slope is
proportional to the reciprocal value of thermal diffusivity for homogeneous heat distribution
(D = E). The horizontal dependence in Figure 4 is a slope of regression dependence ( 1 2a0 ). The
cross‐section of both dependences gives information about the deviation due to the ideal case.
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Figure 4: Dependences of reciprocal thermal diffusivity (1/a) on the fractal dimension (E‐D) for the
PMMA and PCM

The dependences of approximated thermal diffusivities to D = E for different temperatures and
repeated independent measurements (up and down) are presented in Figure 5 for PMMA (left
Figure) and PCM (right Figure). It is evident that approximated thermal diffusivities are not
dependent on the temperature for PMMA. The values of approximated thermal diffusivities
differs for phase change temperature (about 25 °C) and for solid (T < 25 °C) and liquid states of
PCM (T > 25 °C).

Figure 5: Up and down measurements of normalized thermal diffusivity (a0) for different temperatures
(PMMA – left. PCM – right) for twelve independent measurements
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Similar results for normalised fractal dimension (see Figure 5) are presented in Figure 6.
Corresponding fractal dimension D0 is about 2.3 for PMMA for E = 3. (E – D0) ~ 0.7 and similarly
the same for PCM (except for the phase change temperature which is higher. up to 2.4). (E –
D0) ~ 0.6. It follows that the quality of the heat source thermal contact is for both materials
similar. except for the temperature of phase change. where the added heat source is volume
material.

Figure 6: Up and down measurements of normalised fractal dimension (D0) for different temperatures
(PMMA – left. PCM – right)

The summarized results (the average values of data from Figures 5 and 6) are presented in the
Figure 7 for different temperatures. Also. from this Figure (left) it is evident that the
approximated value of fractal dimension are in the interval 2.3 – 2.4 and PCM maximal value of
approximated fractal dimension is for temperature 25 °C. where (E – D0) ~ 0.6. It is also obvious
(from Figure 7. right) that the approximated value of thermal diffusivity is about one order of
magnitude higher for PCM.

Figure 7: Average values of normalised fractal dimension (D0 ‐ left) and normalized thermal diffusivity
(a0 ‐ right) for different temperatures

The summarized results from the Figure 7 are presented at the Table 3. too. Other thermal
parameters (thermal conductivity. specific heat. heat losses parameter) were determined by
similar way.
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Table 3: Thermal dependences of normalized thermal diffusivity a0 and fractal dimension D0
T (°C)

E ‐ D0

20 °C
25 °C
30 °C
35 °C
40 °C

0.673
0.688
0.716
0.649
0.670

D0 for E = 3 a0 (mm2.s‐1)
2.327
2.312
2.284
2.351
2.330

0.0221
0.0220
0.0223
0.0226
0.0223

E ‐ D0

D0 for E = 3

a0 (mm2.s‐1)

0.684
0.611
0.708
0.695
0.695

2.316
2.389
2.292
2.305
2.305

0.148
0.161
0.132
0.136
0.135

3. Conclusion
Three different methods of thermal parameters determination were presented. The last one
seems most appropriate to evaluate both types of experimental dependences (heating and
cooling dependences). The determined parameters for PMMA give the best match with
tabulated values.

Acknowledgments
This work was supported by the project ʺCentre for Materials Research at FCH BUTʺ No.
CZ.1.05/2.1.00/01.0012 from ERDF by grant FR‐TI1/144 from the Ministry of Industry and Trade
of the Czech Republic

References
[1]

[2]

[3]

[4]

264

BUCHNICEK. M. – VALA. M. Thermal properties of bodies in fractal and
Cantorian physics. In Chaos. Solitons & Fractals. 2005. 25(5). p. 941 ‐ 954. ISSN 0960‐
0779
ZMESKAL. O. – VALA. M. – WEITER. M. – STEFKOVA. P. Fractal–Cantorian
geometry of space‐time. In Chaos. Solitons and Fractals. 2009. 42. p. 1878 – 1892.
ISSN 0960‐0779
ZMESKAL. O. – STEFKOVA. P. – DOHNALOVA. L. – BARINKA. R. Use of PCM
Boards for Solar Cell Cooling. Int. J. Thermophys. p. 1–15. DOI 10.1007/s10765‐012‐
1196‐y (2012).
CARSLAW. H. S. – JAEGER. J. C. Conduction of Heat in Solids. 2. Ed. Clarendon
Press. London. 2003 . pp. 510. ISBN 0‐19‐853368‐3

Identification of heat transfer coefficient inside a hollow
cylinder containing a gas‐dynamic control block of medium‐
range ballistic missile
Janusz Zmywaczyk1, Piotr Koniorczyk1, Marek Preiskorn1, Bogdan Machowski1
Faculty of Mechatronics and Aviation. Military University of Technology. Kaliskiego 2 00‐908
Warsaw. Poland
Abstract: The aim of this study was to estimate the heat transfer coefficients occurring on the inner and
outer surfaces of a hollow steel cylinder containing the gas‐dynamic control block of a medium‐range
missile during combustion of propulsion charge. During an experiment carried out on a special test stand
temperatures were recorded by means of K‐type thermocouples in a number of measuring points located
on the outer surface of hollow cylinder and inside it. In parallel. the combustion process was recorded
with the high‐speed infrared camera Phantom V210 at 500Hz full frame rate with resolution 800 x 600
pixels per frame. Based on the temperature histories measured at selected points and knowing from
additional studies the thermophysical properties of the cylinder material the heat transfer coefficients were
estimated using an inverse method.
Keywords: inverse problem. thermophysical parameters. heat transfer coefficient
1

1. Introduction
Heat transfer by convection mode in which the energy is transferred by diffusion and the bulk
motion of fluid is quantitatively described by Newtonʹs law of cooling
Q = hA(Ts‐Tf) (1)
where h[W/m2/K] is the heat transfer coefficient. A[m2] is the surface area. Ts . Tf [K. 0C] stand for
temperatures of the bounded surface and fluid. respectively and Q [W] is the convective heat
flux. Despite its simplicity Eq.1 is very complicated due to the heat transfer coefficient h
dependency on the fluid thermal and mechanical properties within domain of boundary layers
(hydromechanic and thermal) [1] . Determination of the heat transfer coefficient h is possible for
simple problems in a analytical way or by using engineering formulas for the Nusselt number
but for more complex problems the efficient methods are experimental studies of heat and mass
transfer problems or numerical modelling of boundary‐value problems. Another approach to
determining the heat transfer coefficient may be inverse methods based on minimization of a
mean square functional J(h) involving the measured and computed numerically temperatures at
selected locations.
The subject of the present study is identification of the heat transfer coefficients (h1) inside a
hollow steel cylinder containing the gas‐dynamic control block of a medium‐range missile
during combustion of propulsion charge and outside it (h2) (see Fig.1). Knowledge of the heat
transfer coefficients is essential to calculate the heat fluxes in radial and axial directions of the
analysed component of missile which are quite difficult to measure. In addition to this the
working temperature of the control unit is limited hence this work was undertaken to assess the
intensity of heat exchange in the considered element of missile.
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Figure 1: View of gas‐dynamic control block (left) and a part of test stand (right)

2. Experiment and results of thermophysical properties measurement of R35 steel
The element of research is a central part of medium‐range ballistic missile ground to ground
caliber 122mm containing a block of gas‐dynamic control shown in Fig.1. This control block
enables missile guidance on target due to control its gravity center motion by means of normal
forces. The control unit consists of on‐board generator that generates gas under sufficient
pressure and a valve actuator which is equipped with an electromagnetic valve separating
gunpowder gases into two channels where they flow out alternately in radial direction outside
the hollow cylinder [4].
The hollow cylinder of length H = 360mm and with inner diameter d1 = 118mm and outer d2 =
122mm is made of R35 steel (AISI 1015). Temperature measurement was made in 7 points using
sheathed thermocouples of K‐type each with outer diameter of 0.5mm. Four thermocouples
were attached to the outer surface of gas generator evenly along its length (TC2 – TC5). one to
the outer surface of the hollow cylinder (TC7) and one to the base of the block (TC6). The hot
junction of thermocouple (TC1) was placed at the gas outlet from the nozzle of gas‐dynamic
control. The speed and the exhaust gas temperature were recorded using high‐speed infrared
camera Phantom V210 at 500Hz full frame rate with resolution 800 x 600 pixels per frame. The
temperature histories TC1. TC3. TC5. TC7 recorded by K‐type thermocouples are shown in Fig.
2. One can notice in Fig. 2 that the temperature of the outer surface of gas‐generator TC3
reaches its maximum (about 650 0C) at t =28s while on the outer surface of the hollow cylinder
the temperature TC7 is equal to 250 0C at t = 150s. The temperature at points TC3. TC5. TC7
affects the temperature of exhaust gas TC1 which reaches it maximum twice TC1=919 0C at t =
36s and TC1 = 982 0C at t = 103s.
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Figure 2: Temperature histories recorded by sheathed thermocouples at some locations
2.1. Measurement of thermophysical properties of R35 steel
Temperature characteristics of the specific heat cp(T) and the thermal diffusivity a(T) of the R35
steel. which is equivalent to AISI 1015. were performed using commercial measurement stands
manufactured by Netzsch: LFA‐427 for measurement of the thermal diffusivity and DSC 404 F1
Pegasus for the specific heat. The test specimens were cut from a piece of hollow cylinder at the
end of measurements. The specimen for the thermal diffusivity measurements was made in a
form of cylinder with diameter ddyf = 12.60mm and thickness l = 2.44mm. Both faces of the
specimen were sprayed from an aerosol can (~1m layer thickness) of GRAPHIT 33
manufactured by CRC Industries Europe NV to make better laser pulse absorption. A typical
measurement signal corresponding to the sample temperature T = 69.3 0C is visible in Fig. 3.

Figure 3: Typical for LFA‐427 measurement result of thermal diffusivity of R35 steel at T = 69.3 0C
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For determining the thermal diffusivity values of R35 steel (AISI 1015) within temperature
range 33 0C  508 0C the Cape‐Lehmann with pulse correction theoretical model was used.
Experimental investigations of the specific heat of R35 steel were carried out within
temperature range 60 0C  860 0C using DSC 404 F1 Pegasus. The test specimen had a mass
m=167.99mg and was made in a form of cylinder with diameter dCp =5.0mm. The sample was
inserted into the platinum‐rhodium pan. The values of the specific heat were calculated using
the method of 3‐curves. i.e. the base line. the reference sapphire and the tested specimen. The
heating rate and the cooling rate amounted to 10 K/min. As an inert gas helium was used.
Results of the thermal diffusivity a(T). the specific heat cp(T). the density (T) and the thermal
conductivity k(T) measurements of R35 steel (AISI 1015) are given in Table 1 and shown in Figs
4. 5. The thermal conductivity k(T) values were calculated as [1]
k(T) = (T)a(T)cp(T) (2)
and were compared with the data for AISI 1015 steel derived from the Temperature Dependent
Elastic & Thermal Properties Database (MPDB) v.7.47. The values of density (T) for
calculations of own results of k(T) were taken as equal to the reference ones from MPDB v.7.47.

Table 1: Results of own investigations of thermophysical properties of R35 steel
T [0C] a [mm2/s] a [mm2/s] cp [J/kg/K]  [kg/m3] k [W/m/K] kref [W/m/K]
56.0 12.952
0.0554
437
7850.834 44.386
52.218
69.3 12.893
0.0378
439
7847.053 44.429
52.167
80.2 12.714
0.0144
442
7844.315 44.016
52.095
90.3

12.574

0.015

446

7840.988 43.720

52.012

101.2 12.569

0.0162

448

7838.182 43.909

51.893

161.9 11.583

0.0143

464

7819.538 41.519

50.839

203.6 11.014

0.0104

474

7806.713 40.135

49.791

256.3 10.258

0.0102

485

7788.976 38.102

48.176

309.0 9.677

0.00933

495

7771.273 36.600

46.341

359.3 9.029

0.00918

505

7753.077 34.774

44.495

410.4 8.257

0.00934

528

7735.179 32.509

42.589

457.8 7.646

0.00882

545

7717.701 30.916

40.865

508.4 7.016

0.00925

569

7699.328 29.486

39.265

Figure 4: Results of own investigations of R35 (AISI 1015) steel (thermal diffusivity–left. specific heat–right)
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Figure 5: Reference density values (left) and thermal conductivity own investigations vs. MPDB (right)

3.. Identification of heat transfer coefficients
To identify the heat transfer coefficients h1 and h2 an inverse approach was used. The following
simplifying assumptions were accepted to solve the direct boundary‐value problem:
2D axially‐symmetric geometry of the domain(see Fig. 2);
Meddium is homogenous and isotropic;
Thermal radiation is neglected;
Thermophysical properties of the R35 steel are temperature dependent;
Heat transfer coefficients h1 and h2 are of constant values;
Temperature inside the hollow cylinder is time dependent and it is equal to the temperature of
the outer surface of gas‐generator;
Temperature outside the hollow cylinder is constant and is equal to the ambient temperature;
Initially at time t = 0 there is a homogenous temperature distribution T0 = 29.50C in the
considered domain
The boundary conditions of the 3rd ‐kind were assumed at r = d1/2. r = d2/2 and z=H. The bottom
surface of the hollow cylinder (z = 0) was treated as an adiabatic one.
Solution of the inverse problem of 2D axially‐symmetric transient heat conduction problem can
be brought up to minimization of the mean square functional J
Nt

J (h1, h 2)  J (u T )   [T ( P, t n ;u T )  Y ( P, t n )] 2  min

(3)

n 1

where T(P . tn ; uT ) is the model temperature being a solution of the direct problem at the same
location P and moments tn as the measured temperatures Y(P. tn) for the currently estimated
components of the vector u
To solve the nonlinear direct problem the Finite Volume Method in which the ADI (alternating
direction implicite) with Peaceman‐Rachford algorithm were applied. More details are given in
[3]. Minimum of the mean square functional J(uT) was searched iteratively using the Levenberg
Marquardt optimization method. New components of the vector u for iteration (s+1) were
calculated as [2]



u ( s 1)  u ( s )  [ X T ( u ( s ) )  X ( u ( s ) )  μ s  I ] 1 X T ( u ( s ) )  Y  T ( u ( s ) )



(4)

where X(u) stands for the sensitivity coeffcients.
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The sensitivity coefficients were calculated numerically applying the central finite difference
scheme
X in, j 

T [ P , t n ; u j (1   )]  T [ P , t n ; u j (1   )]
2u j 

u k  idem , k  j

(5)

To initialize the the Levenberg Marquardt procedure (Eq. 4) of minimization the functional J(uT)
the following starting values were accepted: (h1)0=50W/m2/K. (h2)0=10W/m2/K. 0 = 10‐3 . =10‐4.
The results of computation of the reduced sensitivity coefficients (hj = hj(T/hj )) and the
temperature corresponding to location TC7 (see Fig. 2) after s = 6 iterations are depicted in Fig.
6.

Figure 6: Reduced sensitivity coefficients (left) and the computed vs. measured temperature TC7 (right)
for estimated heat transfer coefficients h1 and h2.
One can see in Fig. 6 that the reduced sensitivity coefficients hj reach their extreme values
within the measuring time interval 0s < t < 490s. For the coeffient h1 its maximal value equals
124.40C at t=83s and for the coeffient h2 we have (‐73.60C) at t = 241s. In addition to this it can be
seen in Fig. 6 (on the right) that the finding estimates of the heat transfer coefficients obtained
from the solution of inverse problem allow to achieve a relatively good temperature fitting on
the outer surface of the hollow cylinder at the measuring point signed in Fig. 2 as TC7.
Knowing from the solution of inverse problem the heat transfer coefficients h1 and h2 now it is
poosible to calculate the heat fluxes in radial ‐ Q(r. t) and axial ‐ Q(z.t) directions. The calculated
heat fluxes are presented in Fig. 7

Figure 7: Heat fluxes in radial and axial directions
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4. Discussion of the results and conclusions
The results of estimation the heat transfer coefficients by inverse method equal h1=(83.04  1.46)
W/m2/K and h2 = (44.02  1.03) W/m2/K should be regarded as average values. It should be bore
in mind that while the gas‐generator is working there is not only a heat transfer but there is also
a mass transfer through the hollow cylinder. The burning gunpowder in the gas‐generator
emits gases which flow inside and outside the hollow cylinder changing the thickness of the
boundary layers and hence the values of heat transfer coefficients. The gas velocity flowing in
radial direction outside the hollow cylinder through the control nozzle (see Fig. 1) was
determined to be 90 m/s as a result of analysis the frames recorded using high‐speed infrared
camera Phantom V210 at 500Hz full frame rate. In this case there is a forced convection on both
sides of the hollow cylinder and the estimated value of h2 = (44.02  1.03) > 10 W/m2/K seems to
be acceptable. Despite numerous simplifying assumptions the measured and calculated
temperatures at point TC7 (see Fig. 6. on the right) are relatively in good agreement. Results
obtained in this work is a prelude to further study of heat and mass transfer in missile elements.
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