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Preface

It is pleasure for research group at the Department of Physics of Faculty
of Civil Engineering at Slovak University of Technology in Bratislava to
host the eleventh meeting of the Thermophysical Society — Working Group
of the Slovak Physical Society. The meeting was held on October 11 and 12,
2007 in the Kocovce chateau, Western Slovakia.

The seminar Thermophysics is meeting of scientists working in the field
of investigation of heat transfer and measurement of thermophysical and
other transport properties of materials. Over 20 participants of the seminar
delivered 17 lectures in which their authors presented current research
progress. The aim of the seminar was to attract not only prominent scientists
but also young physicists.

The proceedings are also available at the homepage of the
Thermophysics http://www.tpl.ukf.sk/thermophysics or upon a request at
the e-mail address jozefa.lukovicova@stuba.sk.

Organize committee would like to express thanks to all participants for
their interesting contribution.

Jozefa Lukovicova
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Accuracy estimation - overdetermined problem

Least squares optimization mln{zn 1[ — fn(a, b)] }

where fn(a,b) = f(tn,a,b)

tn ... deterministic parameter
b, {T.}N_, ... independent random variables
a ... dependent random variables

N

Ofn
> (Tn — fn) Jn _ 0, i=1,2,...N,
n=1 8

1



There are estimated the moments:

< a; > as a solution of equation (1)
< b; > from other measurements

< (bj— < bj >)(bp— < by >) >~ 5jku(bj)2
< Ty >~ fu(<a><b>)
< (Tw— < Ty >)(Ton— < Ty >) >~ Spmu(T)’
< (Th— < Tn >)(bp— < bg) >~ 0

Now we estimate the uncertainty

u(a)? ~< (ai— < a; >)° >=< (Aa;)? >~< (da;)® >

AN TN N N
N
N’ N N N



Differentiating the equation (1) we obtain

Z Akzdaz dbj, p— ]_’ 2, . Na (7)
8a,k,
71=1
where o _ )
R N X 0101
k nz::l _(f )3%8&% + aak 80,7;_ nz: 8Cbk aaz ( )

_ 0%fn | Ofudfn) 100 fn
Biy = =2 | (- T”)aakabj T ob; | — Z ©)

Solution of equation (7) has the form

day = Z A7 (

Ny,




and the uncertainty of aj is with respect to equation (2) - (6) and (10)

2 _ o o —1 41 2 & N N2
w(ay)’ =33 AN AL AT + 303 ByBau(by)?] (1)
i=1 /=1 j=1 j=1

N
u(ar)? = C;fTu(T)Q + Zj:bl szju(bj)Q

Cir = /A, (12)

Na
Crj = > Ay By (13)
=1

The elements of matrix A and B are defined with equations (8) and (9). It is seen that

where the sensitivities are

and

A~N ) B~N



therefore Cyp ~ ﬁ and C; is N-independent. For power-like dependence it is useful to

define indices 51 :
osle) _Lig, (14)
Odlog(b;)  ak

ij =

Then for relative uncertainties we can write the equation

Ur(ak)2 2 U( ) Zykg U, (15)



Application to simple model

1D model: The temperature response on the stepwise heat flow from planar heat

source:

22

VT

T(t,z) = Ty — B (v) (16)

where Ty = qx /)

. heat flow density at source

. axial space coordinate of thermometer
. thermal conductivity

\/—
t2herma| diffusivity

x
A
v =
k .
t ... time

We apply the formula (13) on the relation (16). The obtained indices are constant ones:

Vi,x = 2 Vikqg — 0

I
p—t
I
—

V)x,a: V)x,q
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Application to more complicated model

2D model: The temperature response on the stepwise heat flow from planar heat
source - cylindric sample with radial Newtonian heat transfer from sample surface:

— E B e—2uv *’U—’U,—€2uv *’U u
i P B e D | M ] B

where ®* is the complementary error function,

__ ¢Vkt
u = &%
R ... sample radius
— Ra
p=x |
« ... heat transfer coefficient
& is the root of the equation

BJo(€) — &J1(§) =0

Jo, J1 ... Bessel functions of the first kind )
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Conductivity indices
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Indices of heat transfer coefficient
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INVERSE ALGORITHMS FOR TIME DEPENDENT BOUNDARY
RECONSTRUCTION OF MULTIDIMENSIONAL HEAT
CONDUCTION MODEL

M. Pohanka, J. Horsky

Summary: Comprehensive quantitative information on the heaednsfer
phenomena is not available for quenching of hotingpsurfaces. Attention is
focused on the search for boundary conditions desay the heat transfer in
engineering applications of spray cooling of metalrfaces. Direct
measurements of boundary conditions in many indusapplications or in
experiments that simulates these processes aressiipj@. Thus temperature
histories are recorded inside the investigated badyg the boundary conditions
are computed using inverse heat conduction algorgtusing experimental data.
Sequential Beck’s inverse algorithm and identifimatmethods are discussed.
Combining measurement with an inverse analysisnofésults in an ill-posed
problem. Such problems are extremely sensitive ¢éasorement errors. The
distance of the measurement point from the invasty surface strongly
influences the shortest impulse that can be recocigd by an inverse method.
Based on magnitude of stabilization factor the degtions of reconstructed
boundary conditions are presented..

1. Introduction

For computational methods knowledge of boundanditmms is necessary. Those conditions
can be computed for simple cases, however, they bei®btained from measurements in
most cases. Boundary conditions can be measurectlgion the surface or if not possible we
can do the measurement inside the investigated &odythen we have to use an inverse task
to compute boundary conditions from measured valllesour case we concentrate on
boundary conditions during water cooling of hotestproducts or of hot working rolls
(Horsky 2005). In these cases it is not possibleméasure cooling intensity directly on the
surface and we have to measure temperature hisde the body and to compute boundary
conditions using an ill-posed inverse task. Theuesxy of the computed results is strongly
dependent on two factors: distance of the thermgleofiom the investigated surface and on
the additional noise in the measured data.

* Ing. Michal Pohanka, Ph.D.; Doc. Ing. Jaroslav skyt CSc.: Heat Transfer and Fluid Flow Laboratory;
Brno University of Technology; Faculty of Mechari&ngineering; Technicka 2896/2; 616 69 Brno; Czech
Republic; Phone +420 54114 3283; Fax +420 5411422R-mail: pohanka@fme.vutbr.cz
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2. Measurement

Experimental conditions are prepared in such wéanychvresembles as close as possible to the
real mill conditions (Raudensky 2003). There are basic parameters, which should be kept.
The first is the initial temperature of tested sémgnd the second is the speed of sample
motion. To measure boundary conditions a speciamental stand was developed for these
tests.

Figure 1 — High-pressure water nozzles with flatevatream removing oxide layers from
a hot surface steel.

Experimental stand

The experimental stand was built to study the ogpbf linearly moving objects. A six meter
long girder carrying a movable trolley and a droyimechanism (see Figure 2) forms the basic
part of the experimental device. An electronic devineasuring the instant position of the
trolley is embedded in the trolley. The driving rhanism consists of an electric motor
controlled by a programmable unit, a gearbox, teiers and a hauling rope. The girder is
divided into three sections. The marginal sectiares used for the trolley's acceleration or
deceleration. The velocity of the trolley is cométen the mid-section and it is here where the
spray nozzles quench the measured sample.

Figure 2 — Principal scheme of the linear test de(i:-cooling medium supply, 2-pressure
gauge, 3-nozzle, 4-moving deflector, 5-manifoltegied sample, 7-moving trolley,
8-datalogger, 9-roller, 10-electric motor, 11-haug steel wire rope, 12-girder).

15



The procedure of the experiment is as follows:
e An electric heater heats the test plate to arainéimperature of the experiment.
e The plunger water pump is switched on and the predss adjusted.

e Adriving mechanism moves the test plate undesgiraying nozzles. After recovering
the temperature field in the plate, the movementhef plate under the spraying
nozzles is repeated.

e The temperature is measured using special temperagmsor inside the investigated
steel plate and the temperature is recorded irteoldgger memory.

e The positions of the test plate and the thermo@sufh the direction of movement)
are recorded together with the temperature valliles.record of instant positions is
used for computation of instant velocities and pass while moving under the spray.

3. Sensor description

To measure temperature inside the body, speciaosemwith built-in K-thermocouples are
used as shown in Figure 3. The main body of themes made of stainless austenitic steel. A
hole of 1.1 mm in diameter for a thermocouple islem&rom the side of the sensor. The axis
of the hole is 1 mm under the investigated surfau@ is perpendicular to the expected heat
flux, so that the most important part of the insdrthermocouple lies in one isotherm. Inside
the sensor, a shielded ungrounded K thermocougaced. The gap between the sensor and
the thermocouple is filled with copper or ceramiatemial that can be exposed to a higher
temperature than copper.

Sensors of this type are used mainly for descaipmeriments but very similar sensors are
used for measuring temperature during the rollimac@ss. During measurements that serve
for computing heat transfer coefficient (HTC), thensors are placed in the steel object on
which the HTC is investigated (see Figure 1).

LJ Insulation
< Thermocouple wires
|
e _|
e > Gap

A Main body

Figure 3 — Application of sensor, and its structuraletail.
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None sensors are exactly the same. The positiottseghinction point inside the shielded
thermocouple differ. Also the hole inside the sensa bit bigger than the thermocouple so
that its position can differ. As the thickness bk tmaterial in the gap differs, the heat
resistance does too. These are the main reasonsheloalibration experiment are done for
each sensor (Pohanka 2002). An optimization meibodsed for finding the appropriate

thermal conductivity of the material that fills tgap in the upper and lower parts and depth of
installed thermocouple.

4. Computational Model

A 2D axis symmetric model was used as shown inr€igu The model includes the shielded
thermocouple with all its parts. The thermocouplestmbe taken into account because the

homogeneity of material is disturbed by the ingktteermocouple, and thus the temperature
profile is also disturbed.

Thermocouple
Upper part

Shield

Gap

Lower

Insulation part

TIEptTeee
Cooling water

Figure 4 — Computational 2D model.

An example of the temperature field around thernttomouple is shown in Figure 5. A quite

flat circular part represents the cross-sectiothefthermocouple. The surface temperature (at
Y=0 mm) is also disturbed by the installed thermqgae.

A T[°C]
‘/',-f'f' » | i T "-PH%HTQOO
ey "~ 898
/  -feoe

: / ) 4894
~Lgo2

Figure 5 — Temperature profile of the optimizedrdDdel.
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This 2D model and the general unsteady heat colduetjuation

o ,,0T, 0 ,,0T oT

—(k—)+—(k—)=p-c,—

ox ko5, k5=, @
are used for computing the temperature profile tentperature history Incropera (1996). The

Control Volume method is used for solving Eq. (&)described in Patankar (1980). This 2D
model is fully insulated on the surface exceptitivestigated surface with water cooling.

5. Evaluation using inverse task

The pass under the nozzle causes temperature mitbye imaterial sample. This information
together with material properties and calibratibaracteristics of temperature sensor is used
as an input for the inverse heat conduction tasie flesults of computation are surface
temperature, heat flux and heat transfer coeffigieimC). Two approaches will be discussed
here: sequential Beck’s approach (1985) and Ideatibn method Raudensky (2002).

Sequential Beck’s approach
The main feature of Beck’s approach is sequensaimation of the time varying boundary
conditions. Beck demonstrated that function speaiion and regularization methods could
be implemented in a sequential manner and that glase in some cases nearly the same
results as the whole domain estimation. Moreoverseéquential approach is computationally
more efficient. Beck's approach has been widelyduse solve inverse heat conduction
problems to determine unknown boundary or matergperty information.

The method uses sequential estimation of the tiarging boundary conditions and uses
future time steps data to stabilize the ill-posesbfem. The HTC is found after determining
the heat flux at the surface. To determine the anknsurface heat flux at the current tinfe
the measured temperature responEfe@, are compared with the comput@d‘ from the

forward solver (e.g. FDM, FVM, FEM, etc.) (Patank&80), using; future time steps

m+n; n.
SSE= >, > (T '-T[7. )
f=m+1j=iji=1

Using the linear minimization theory, the valuetlod surface heat flux that minimizes Eq. (2)
is

f,z L ._Zﬁl(Ti*’ f _TJT |o|m=o)§if
qm: =m+ J:l,rln—Jrn' ~ (3)
f\2
f:Zm:JrliZ;(Ci )

whereTjf |qm:0 are the temperatures at the temperature sensatidos computed from the
forward solver using all the previously computeatféuxes, but without the current og€.
The §if is the sensitivity of thé" temperature sensor at tirtfeto the heat flux pulse at tin&.

These sensitivity coefficients are mathematicalg partial derivatives of the computed
temperature field to the heat flux pulse, but iis ttase they physically represent the rise in
temperature at the temperature sensor locationafonit heat flux at the surface. The
sensitivity coefficient of our interest is definasl

18



Cl=—0 (4)
aq

Once the heat flux is found for the tind& the corresponding surface temperaffifenay be

computed using the forward solver. When the surfesz fluxq™ and surface temperatufg
are known, the heat transfer coefficient is comgditem

AM

h"= !
T m m m-1 :
T —(Ty+T, )/2

This approach is limited to linear problems. Howeve can be extended to nonlinear
cases. The modification of this procedure involaesouter iteration loop which continues
until the computed temperature field is unchangirige nonlinearity requires iteration only to
determine the present value of the heat flux, wiiéecomputations to determine the surface
temperature and heat transfer coefficient need belperformed once for each tindfe The
sensitivity coefficients are also nonlinear, dugh® dependence of the thermal properties on
the temperature field, and they must be computeddoh iteration.

®)

Once the heat transfer coefficient at the "presénté is computed, the time indemw is
incremented by one, and the procedure is repeatatid next time step. Formeasured time
steps onlyn —f can be computed owing to the use of future dataragularizing approach.

Sequential Beck’s approach in multi-dimensions

The sequential approach can also be used for nrméitsional IHCP. The temperatures in
one-, two-, or three-dimensional objects with terapee independent thermal properties can
be obtained using

T:T|q:0+gq (6)
where
[ T(m) T " 9
r=| T+l | po=| o g=| " | qi)=| @ |.
| T(m+ f—1) T; g(m+f—1) g
g(1 : .
guli) g, (i)
2 1 ’ .
=|F@ T NI I @
() Tr-n g Sl a0
The sequential approach then temporary assumeg thatdependent on time. Then using
1, 0
Z=cI where I' = where n=n_, (8)

0 1
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the function to minimize is
SSE=(T""—T"|,,—Z"¢") (T""—T"|,_,—Z"q") (9)
The matrix derivative of Eq. (9) with respecttgives the estimated heat fluxes
§"=[(z") z" [ (2")(T""~T"| ) - (10)
After it is obtained, m is increased by one andpifteedure is repeated for the next time step.

E—
pALLLLAA/

Figure 6 — Multidimensional models and multiple tibaxes.

Identification method
Probably the main disadvantage of the Beck algworighthat it assumes constant heat flux (in
space domain) on the surface close to the instdtkecnocouple. As we saw in Figure 5, the
surface temperature is disturbed by the instalhlednocouple. Knowing that HTC is constant
for wide temperature ranges we find out using By.that the surface heat flux is not
constant. It is even more obvious for surface teatpees approaching temperature of the
coolant medium. The disturbances in our cases oxgre30%.

Initial
Conditions

Computational
Model

Measured Computed
Temperature Temperature
History History

) Criterion
Function

Optimization method

Figure 7 — Data flow during the identification press.

The identification method minimizes the error fuastin Eq. (2). First, an experiment is
performed to obtain initial conditions and the mead temperature history inside the sensor.
Using the initial conditions and the computatiomaidel, the temperature history is computed
using HTC for a few time steps. This number of tisbeps is called number of forward time

20



steps. Bigger distance of the installed thermosdpmm the investigated surface requires
bigger stabilization and thus larger number of famdvtime steps. The time dependent HTC
on boundary can be described using a linear fumaiging these several forward time steps.
The computed and measured temperature historiegsack in the criterion function Eq. (2).
The minimum of this function is found using Brentisethod (see Figure 8) or Downhill
Simplex optimization method for multidimensional oplems (see Figure 9). These
optimization methods minimizes the Eq. (2) by chagghe boundary conditions e.g. tke
parameter that is direction of HTC (see Figure The minimum of the criterion function
represents the best HTC. For each step HTC aestvdemperature history is computed.

_______ parabola through @ @ @
............... parabola through @ @ @

Figure 8 — Brent's method

Original simplex Xs < Maximum value 0

Step nhumber

XI'T'I
i, .
/ Half simplex A
’ JAERY
/ 3 K
.I- ------- X K ;
! i % ;:'
/‘: . Minimum value \—df/

/.’ - Centroid
i
X, ! Reflection vertex

Figure 9 — Downhill simplex method
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6. Results

Real measured data were taken to compare sequBeii&ls approach with identification
method. Tree different computations were made (Sgare 10). The first and the second
computations used sequential Beck’s approach wahdb15 forward steps, respectively. The
third one used multidimensional optimization meth&dr the time when the HTC peak
occurred the following equations were used aspatating functions

—(x—p)’
HIC (x)=(5—y)e * +y
o=l01 forx<pu
op Jorx=p (12)

where the parameterd and y represent the maximum and minimum value of the HTC
respectively. The parameter describes the shape in tRedirection. The shape foxk<pu,
where i represents the nozzle position, is different frotr 1 . Hence the parameter is
divided into the two parametets and ok for the left and right sides, respectively.

HTC inv. 5
= = = =HTCinv. 15
HTC opt.

HTC W/m_.K]

time [s]

Figure 10 — Comparison of HTC history around HTC
maximum.

Classical approach with 5 forward steps matchedrbasured temperature history almost
perfectly. The RMS error was only 0.093 K and thaximum error was 0.25 K. But the
computed HTC is very noisy because the HTC triefotlow all noise in the measured

temperature history.

The computation with 15 forward steps shows thatrtbise can be quite well suppressed.
But the computed temperature history does notviotlee measured very well, the RMS error
increased to 0.273 K and the maximum error was R.48igh numbers of forward steps limit
the maximum steep and also maximum value of thepated HTC. The shape of the HTC is
also deformed and the maximum is moved to the oghime axis.

Identification method with interpolated curve reradvnoise in the computed HTC and
matched very well the measured temperature histdry. RMS error was 0.203 K, which is
very close to the noise in measured data. The maxigrror was only 0.38 K, which is much

lower than in case of classical approach with ¥#&#&od steps.
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7. Conclusion

Mathematical procedures and precise inverse coriipoga are used for evaluation of

experimental results. Final output format of dat l@oundary conditions which can be used
in numerical models of these processes. This tdogpanakes it possible for engineers and
scientists to construct more realistic mathematiwadiels of physical processes.

The combination of two described methods allowsrdasing precision of inverse
calculation. The methods allow evaluating long temafure records. The new investigative
approach does not have the negative impact onistaifiinverse task.
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THE PROGRESS IN DEVELOPMENT OF NEW MODELS FOR
PULSE TRANSIENT METHOD

V. Bohad', P. Diegka? and L. Kubicar'

" Institute of Physics SAS, Dubravska cesta 9, 845 11 Bratislava, Slovakia,
viastimil.bohac@savba.sk

2 Department of Physics, STU, llkovi¢ova 3, Bratislava, Slovakia,
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Abstract:

The ideal models that are describing measurement methods for the
thermophysical properties of solids are usually simple. Their advantage is that
they involve just one or two free parameters that could be estimated by simple
mathematical procedures. Unfortunately in real experiment the situation is
limited by specimen geometry and thus the principally simple model derived for
usually infinitive media could not be valid. This gives rise to the additional
effects that influence the accuracy of the measurements. The most important of
them are the heat loss effect form the sample surface caused by final geometry
of the specimen as well as the stabilized temperature of the specimen holder
that fixes the temperature at the specimen surfaces. The result is that the heat
flux that forms planar isotherm penetrates into the specimen is deformed in time
and thus the ideal model is valid just in limited time window. Then the evaluation
procedure is based on manual selection of the time window for evaluation. This
is complicated and depends on the subjective selection of the user. Newly
derived multi-parametric models are accounting mentioned parameters. This is
on the cost of mathematical complexity of evaluation procedures but it is not
dependent on user as the evaluation procedure uses not limited time window for
parameters estimation.

This paper review the methodology used in several steps. It is shown how to
develop procedures for testing and how to find criteria for particular cases. The
improvements of the existing and new physical models that are taking into
account the real experimental conditions are discussed.

Keywords:
pulse transient method, thermophysical properties, heat loss effect, real
physical models
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INTRODUCTION

A modern technology requires rapid development of materials and their testing methods.
Thermal properties of materials are one of basic criteria how to recognize between good and bad in
a new offer on a market. Thus the new testing procedures are required in this area also. The class of
transient techniques has been developed that should satisfy all the testing requirements of new
technology [1, 2, 3, 4, 5].

The use of any technique is conditioned by good knowledge of physical model and the effects
influencing the resulted data. Consequently the working methodology of measurements, the
evaluation procedures and testing of physical models are prerequisite condition for perfect
experiment. The basic question is the reliability of the method that depends on experimental
conditions and adequate physical models that should account all experimental circumstances.

In the case of basic idel model for a pulse transient technique a specimen of infinitively large
specimen was accounted. It was assumed a planar form of isotherms that penetrates into the
specimen from the heat source that generates a heat in aform of dirac pulse. No additional effects
were taken into account. The problem comes with real specimen size when disturibing effects are
causing the decrease of measurement reliability. Thus research for a new physical approach to solve
deficiency in the size (large amount) of testing material was started.

At the pulse transient method the problem was concentrated on a real problem with finite
geometry of the specimen that invokes additional effects that harm the efficiency of standard way of
the measurement evaluation. One of dominant effects found by data analysis is the heat loss effect
from free specimen surface. This effect could be avoided by various ways using different physical
models working with infinite and finite geometry and heat losses effect. The new physical aproach
could solve a problem with the deficiency in a large amount of testing material.

Three different models used for data evaluation and four evaluation methods are discussed in
this paper. As a model material a PMMA specimens of different thickness were used. When the
ideal model and standard one point evaluation procedure was used the data were strongly influenced
by heat loss effect at different thickness of the specimen. There are discussed two approaches how
to avoid this problem in real experiment. The first approach uses limited time of recorded data (time
window) and ideal model with infinite geometry for parameters evaluation. Here it was prooved
that the temperatures recorded at short times are not influenced by heat loss effect. The next
approach at new models introduce next parameters - a heat transfer coefficient that represents heat
loss effect from the free sample surface and real geometry, e.g. the real radius and length of the
specimen. Results obtained within developed methodology agree with recommended data within
5% for all discussed models.

Methodology found show the way of parameters estimation when possible effects does not
influence the reliability of the results.

THEORY

In previous works we observed various disturbance effects that were eliminated by searching
the ideal geometry of the specimen. The modified model used in older works considered real pulse
width instead of Dirac’s pulse. Experimental arrangement is draw in Figure 1.

Ideal model with infinite specimen geometry is used to keep low number of unknown
parameters but sometimes do not satisfy the real experiment. A detailed study has to be performed
to find experimental circumstances when disturbing effects influence ideal model. Then, the
modified model has to be used that take into account additional disturbing effects characterized by
corresponding, and usually unknown parameters [6, 7, 8, 9]. In the following we introduce a
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difference in models based on ideal case when assuming infinite specimen geometry and the real
pulse duration and a new model with real sample radius and heat loss effect from the free sample
surface. The principle of the method is to record the temperature transient response to the heat pulse
generated by plane heat source and to calculate the thermophysical parameters from the
characteristic features of measured curve (Fig. 1). Transient temperature response measured at the
distance h from the heat source is calculated according temperature function T(h,t) providing that
ideal model (Eq. 1.) is valid [1]. In an ideal model we assume that a planar temperature wave is not
deformed as it penetrates into the deep of the specimen bulk (white-dotted area in the Fig. 1). The
problem is that the temperature isotherms are not planar over the cross section of the specimen and
are deformed at the edges by the heat losses from the sample surface for large distances.

3.5
heat sou\rcel(ﬂ)| thermocouple S’j‘ 3_0:
— 25
2.0(
1.5]
1.0
0.5]
ool

current

to

@

temperature

specimen

0 50 100 150 200 250 300

Figure 1. The principle of the pulse transient method (left). The example of the temperature
response for PMMA is on the right.

Ideal model

In previous experiments a correction of model considering the real pulse width ty was applied
to ideal model. Pulse of lower power, but of longer duration replaces the Dirac’s pulse as the big
instant power can damage specimen. Then, the modified ideal model is characterized by equation

[1]

2-q [ h - h
T(ht) = =——%|t -id {—)—Jt—to 0| ———— || (D)
covk 2+/kt 2.kt —t,

where
— xz

o=~ x - erfc(x) (2)

T

Here ¢, means heat flux from the source, C is specific heat, Kk is thermal diffusivity and t is time.
Equation 1 should be used for data evaluation by fitting procedure.

One point evaluation model

At the standard experiment due to fast calculations we use simple relations for the evaluation
of the thermal diffusivity, specific heat and thermal conductivity. These relations were derived for
the maximum of temperature response (one-point evaluation procedure). The thermal diffusivity is
calculated according equation

26



k=h?/2t, - f,) (3)
and specific heat
¢ = qot, /(W27 phT,)- f, (4)

where f, and f; are correction factors and p is the density of material. Ty, is maximum of transient
temperature response at time ty (Fig. 1.)

_ -1)-In tm/to
=(tn /t, 1)1[—tm /to_lj (5)

f, = 2-exp(f2)y7, -t, /t, {1V lexp(- 1, /2)~ 1=t /8, exp(f, (t, /1), 2t /t, —1)]-
—\/T/z[erfc(\/—) erfc(\/f (t, /t,)/2(t, /t, - )]} (6)

Thermal conductivity is given by

2=hagt, /2, 2T, )¢ ™

Real model

In the next steps several models were derived that takes into account the real radius of the
specimen and it‘s real lenght as well as the next parameter that represents the heat flow from the
specimen surface into the surrounding. The case of real specimen with heat loss effect is drawn in
figure 3. and the infrared picture from experiment in figure 4.

g=a(Ts-Ta) from the free
specimen surface

heat source

] T\ region of

isotherms

thermocouple

o \

Figure 2. Drawing that represents development of the heat flow outside the specimen. Planar
isotherms inside the specimen near the surface are deformed. q is the heat flow outside the
specimen, Ts and Ta — surface and ambient temperatures, o - Heat transfer coefficient.
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Figure 3. Infrared picture of specimen representing the spreaded heat pulse taken in time when
maximum of the temperature response was ritched. The heat flow from the sample surface is
denoted by red arrows.

The previous problem with heat loss effect shown in drawing and in picture of a heat loss
effect was solved in a two steps. The new models were derived at defined initial and boundary
conditions for basic heat transport equation. The heat losses were taken into account at real radius
of the specimen and heat source R for the first model and also infinite length L for the second new
model.

Real model for finit radius and infinite length (model 3). This model considering heat losses
from the specimen surface, the specimen radius, and infinite length (figure 4). In this case the heat
loss from the specimen surface is considered by heat transfer coefficient a. The temperature
function of the heat equation according to [10] has a form

)k 1.
{

heat source l lql J
H

Figure 4. Model of specimen having finite radius R, infinite length and heat losses form the sample
surface. The model parameters are of the same meaning like in a case of ideal model.
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R . .
where [ :%; {fi } are the roots of the equation ﬂJO(ﬁf) — §J1(§ ) =0, Q — is the heat output power
per unit area of the heat source and ®"(x) = 1-®(x) is complementary error
2 ¢ e
function,. ®(x) = —— e " dt.
7=
The equation (8) characterizes the step-wise measuring regime. For the duration of the heat pulse
t, , the temperature for t > t, is expressed by the equation

T (txr)=Ttxr)-Tt-t,,xr) 9)

where T (t,x,r) and T(t—t,,x,r) are given by the equation (8). The equation (9) characterizes the
pulse transient regime.
A
C=—n
k-p
Real model for finit radius, finite length and stabilized temperature of the specimen holder at

the specimen end (model 9). This model considering the heat loss from specimen surface (finit

specimen radius), finite length of the specimen and T, — the heat sink temperature is on ther Figure
5.

1y [T |

LFl |, M
B R
heat source L‘ﬂ

Figure 5. Model using the specimen of finite radius R, finite length L and L; and heat losses form
the sample surface represented by.

The temperature function of the heat equation in this case has the form

r
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Meaning of another parameters are denoted in figure 6 as well as in previous model. Again,
for the duration of the heat pulse t,, the temperature for t >t is expressed by the equation 9.

MEASUREMENTS

All experimental measurements were performed in RTB1.02 chamber (IP SAS) at the
temperature 25°C with the temperature stability 0.01+0.02 K. As a model material a PMMA
specimens of different thickness were used. For higher data reliability the statistics at least 5
subsequent measurements were done for each sample thickness.

For the data evaluation there were used various methods (procedures) that uses one point
procedure evaluation (ideal model) as well as fitting procedures. Subsequently there were calculated
a theoretical responses using corresponding models and were compared with experimentally
measured one. The models used assumed experimental conditions with model that uses real pulse
width and infinite geometry of the specimen (uses one point evaluation procedure and time window
fit procedure), real pulse width, heat loss, finite radius and infinite length of the specimen (fit
procedure), real pulse width, heat loss, finite radius and finite length of the specimen (fit
procedure).

N T T T T T T T T T T
0.25- real pulse width
infinite model gometry
1 parameters obtained by >
0.204 fitting procedure within
data in time window
4 «—>
O 0.15 heat loss, Ty
" | finite radius,
_§ infinite Specimen
© 0.10 - and finite length thickness 14 mm
8 diameter 30 mm
= T one point One point procedure
g 0.05 - infinite model geometry Fit (Time window data)
' parameters obtained by © Experimental data
J ; e Model (finite r infiniteL)
one-point procedure used for Model (finite r finiteL)
0.00 calculation of theoretical
YT response
: : : : : : : : : : — 3.0
Finit geometry models 4 1.5 w0
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Figure 6. Comparison of experimentaly measured data of temperature response (circles) with the

theoretically calculated temperature responses using 4 different evaluation procedures based on 3
models. The difference graph is at the bottom of drawing to illustrate small difference in fit quality
between the new models.

The comparison betweeen the real data and theoretically calculated temperature responses
based on three models we illustrate in Figure 6 on the data measured on specimen with diameter of
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50 mm and the specimen thickness of 20 mm. For the calculation of theoretical responses the
parameters obtained by 4 evaluation procedures were used for the calculation of theoretical
responses. All the theoretical temperature responses in figure 6 were calculated using
thermophysical parameters evaluated by four different procedures — one point evaluation (Eq. 2 and
3.), fit of the data for small times up to 200 s. using Eq. 1 and the fit of all data using combinations
of Eq. 9 with equation 8 for first model and equation 10 for second model with real geometry.
Procedure one. In the previous works it was used ideal model (Eq. 1), and one point evaluation
procedure for parameters estimation (Equations 3, 4 and 7). Parameters calculated by this procedure
were influenced by heat loss effect and data were shifted towards higher values as it is cler from
Figure 7 — the plot of thermophysical data vs. specimen thickness. Due to problem with the heat
loss effect just data measured at the specinen thickness that ranges from 6 to 8 mm are supposed for
reliable. This thickness range was declared as optimized geometry. Within this model, when using
standard one point evaluation procedure (Equations 3, 4 and 7) it was found that the heat losses
from the sample surface aparently increases the measured values of all thermophysical parameters
(Figure 7). The data shift dependens on specimen geometry, (e.g. the thickness and radius) and
depends on time during which the experiment was influenced by this factor. Next it was found that
the influence of heat source effects for low thicknesses causes lowering of values of thermophysical
parameters. This is caused by heat capacifty of the heat source as well as by contact resistance.
Procedure two. The next evaluation procedure uses data in limited time region for data evaluation
by fitting procedure based on Equation 1 [9]. In practice this limited time region was named as a
“time window for data evaluation” and was already taken from a region of temperatures recorded at
lower times, e.g. the times when temperatures did not reach the maximum of the temperature
response. With an increasing time the increase of temperature difference between the theoretically
calculated temperature response and really measured one is clear (Figure 6). These differences
satisfy to effect of the heat loss from the sample surface when the temperature inside the specinmen
is lowered (Figure 2 and 6). Figure 6 shows an illustration of this effect measured on PMMA
specimen. All the experimental details for this procedure were described in [9]. Figure 6 shows that
the shape of experimental response is different as the theoreticaly calculated one for this model due
to known effect.

Compared results obtained with the previous procedure are in Figure 7. Situation is improved
and all data were pushed down towards the values on the line with recommended data.
Procedure three. Experimental data of temperature response was fitted by equation 9 assuming
equation 8 for given geometry of this model. The fit on Figure 6 match the experimental data. The
resulted parameters are in figure 7 and are again dissipated around recommended values of
thermophysical parameters.
Procedure four. Experimental data of temperature response was fitted by equation 9 assuming
equation 10 for this last geometry arrangement. The fit Figure 6 match the experimental data in
whole time range also. The resulted parametwers are in figure 7 and are closer to recommended
values of thermophysical parameters than previous model mainly for higher specimen thicknesses.

The difference in shape of a theoretically calculated temperature response using parameters
calculated by one point procedure from equations 1 and 2 is evident. The better situation is in the
case of fitting procedure of data from initial time window (in the range from 1 up to 200 s depicted
by line with arrows) by the equation 1. Here we can see clear effect of the decrease of the
temperature response in comparison with ideal case when no heat loss is assumed. In the case of
two models assuming real sample radius, finit length and heat loosses from the sample surface the
values of the temperature response theoretically calculated fits the experimentaly measured one.
There is just small difference between the fit of the new models. A difference graph in figure 7 at
the bottom is given for illustration.
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CONCLUSIONS

The PMMA was used for the measurement of thermophysical properties as model material for
the testing of new and existing thermophysical models for pulse transient technique. It was shown
methodology how to optimize the experiment geometry and shown methodology how to test and
improve the model reliability.

It was discussed heat loss effect and it’s influence on the reliability of measured parameters. It
was given a methodology reviewed in several steps using different ways of parameters estimation,
e.g. the model assuming real pulse width using one point procedure that is available only for the
specimens having optimal geometry, the same model using fitting procedure of onset of temperature
response (subjective for the choice of the fitting time interval), and models assuming heat loss from
the sample surface as well as finite geometry of the specimen.

The optimal geometry as well as proper time window criteria was found when no influences
of mentioned effects take place during experiment. Here the one point evaluation model was used
for the case of data measured at optimal geometry and the fitting procedure evaluation for the data
taken from the onset of a temperature response (time window) for larger specimen thicknesses.

It was shown that the fitting procedure based on model assuming infinite sample geometry
should be used just in a time window of the initial onset of the temperature response. This

32



procedure requires to sets manually the time window for evaluation by fitting procedure and thus it
seems to be not very objective as it depends on user. The advantage of one point evaluation
procedure that uses ideal model is, that is simple and independend on user, but it is available only
under the condition when optimized specimen geometry is used [9].

The presented new models are assuming real sample radius and heat loss effect from the
sample surface. The fit of the real experiment is excellent and operates automatically.

In a given methodology the error of the measurements were suppressed. Resulted estimated
parameters are within 5 percents of the recommended values.
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Abstract:

Thermal conductivity of a cement-based composite material in dependence on
moisture content ranging from the dry state to the water fully saturated state is
studied both experimentally and theoretically in the paper. The measurement is
performed in laboratory conditions under constant temperature by impulse technique.
The experimental data are analysed using the Maxwell-Garnett’s mixing rule and the
validity of the results is verified by Wiener's bounds. On the basis of performed
calculations, the suitability of applied homogenization technique for evaluation of
thermal conductivity vs. moisture content function is discussed and its limitations are
given.

Keywords:
Thermal conductivity, homogenization techniques, cement-based composites

INTRODUCTION

Cement-based composite materials contain always a significant amount of pores. As the
thermal conductivity of the air, filling the porous space of the materials, is approximately 0.026
W/mK [1] and the thermal conductivity of cement stone is (depending on the amount and the type
of aggregates) in the range of 1-3 W/mK [2], the total pore volume, distribution of pores, their
shapes and cross connections can affect the thermal conductivity of cement-based materials in a
very significant way. In usual service conditions of buildings, the cement-based composites always
contain certain amount of water that can originate from several sources. The thermal conductivity of
water is 0.60 W/mK [1], which is more than 20 times higher than of the air. Therefore, if water is
present in the pore space, its effect competes with the effect of air, and the thermal conductivity of a
porous composite material can be considered as a result of this competition together with the effect
of the cement matrix.

Thermal conductivity as the main parameter describing the heat transport is often subject of
measurements for various types of building materials because it plays decisive role in the process of
building structures design regarding to thermal resistance and fire protection. In the literature, many
examples of thermal conductivity measurements of cement-based materials can be found. However,
mostly just one single value is determined (see, e.g., the reviews in [2] — [4]). The dependence of
thermal conductivity on moisture content was studied for instance in [5] where empirical relations
were obtained but such experiments can be considered as relatively rare.

Homogenization theories working with the concept of an effective medium have proven very
useful in a variety of applications in mechanics and in the theory of electricity and magnetism
where they already belong to well established treatments (see, e.g., [6]). Their utilization in heat
transfer was much less frequent until now. Within the last couple of years, some references
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appeared on using the effective media theories for estimation of thermal conductivity of refractory
materials, foams, polymer-based composites but for cement-based composites their use is still
exceptional.

In this paper, experimental determination of moisture dependent thermal conductivity is done
for a composite material on cement basis. The experimental data are analysed on the principle of
homogenization using the Maxwell-Garnett‘s mixing rule.

EXPERIMENTAL METHOD AND STUDIED MATERIAL

The thermal conductivity was determined using the commercial device ISOMET 2104
(Applied Precision, Ltd.). ISOMET 2104 is a multifunctional instrument for measuring thermal
conductivity, thermal diffusivity, and volumetric heat capacity. It 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
were done in dependence on moisture content form the dry state to fully water saturated state. The
moisture content in the samples was measured by gravimetric method.

The measurements were done for carbon fiber reinforced cement composite (CFRC) produced
in the laboratories of VUSH Brno (CZ). The composition of CFRC material (calculated among the
dry substances only) is presented in Table 1. Portland cement used was CEM 1 52.5 produced in
cement factory Mokra (CZ), carbon fiber was PAN-type. The water/cement ratio corresponding to
the amount of water added into the mixture was 0.9.

Table 1 Composition of the carbon fiber reinforced cement composite in mass-% of dry substances

Cement | Microdorsilite | Plasticizer Carbon Wollastonite Methyl- Defoamer| Microsilica
fiber cellulose
39.71 16.50 0.98 0.98 39.60 0.11 0.16 1.96

The samples were produced using a successive homogenization procedure. First, wollastonite,
microdorsilite and microsilica were homogenized in a mixing device, then cement and
methylcellulose were added and the dry mixture was homogenized again. The dry well
homogenized mixture was thoroughly mixed with water, defoamer and plasticizer. Then, the carbon
fibers were added and the mixture shortly mixed again. Finally, the prepared mixture was vacuum-
treated in special moulds with perforated bottom. The material was autoclaved at 180 °C and then
dried at 105 °C. After the time period of 28 days after mixing, the samples were prepared for
testing.

The measured samples were cut from the plates of 10 mm thickness. For any particular
moisture content, five specimens of 60 x 60 x 10 mm were used in the measurements of thermal
conductivity. The measurements were performed in the laboratory conditions at 24+1 °C and 30-35
% relative humidity.

HOMOGENIZATION THEORY

In terms of a homogenization theory, a porous material can be considered basically as a
mixture of three phases, namely solid, liquid and gaseous phase. In the cement based material
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studied in this work, the solid phase is represented by cement, microdorsilite, carbon fibers and
wollastonite, the liquid phase by water and the gaseous phase by air. Therefore, the homogenization
was performed in three steps. The first task was the determination of thermal conductivity of the
cement matrix. This was done on the basis of the known thermal conductivities and amounts of its
constituents. In this work, the thermal conductivity of cement matrix was calculated using the
Rayleigh [7] mixing rule

Ay A -1 A, -1 Ay =1 A,-1
/1M+ f[/% ZJ f’"[zm+2j+ﬂ'f'[,14.+2J+f“’[4 +2j' o

w

where 4, is the thermal conductivity of cement matrix, /. thermal conductivity of cement (2
W/mK), 4,, thermal conductivity of microdorsilite (0.33 W/mK), 4., thermal conductivity of carbon
fibers (9.8 W/mK) and 4,, thermal conductivity of wollastonite (2 W/mK), f. volumetric fraction of
cement, f,, volumetric fraction of microdorsilite, ., volumetric fraction of carbon fibers and f,
volumetric fraction of wollastonite. The values of thermal conductivities of particular components
of cement-based composite were taken from CRC Handbook of Chemistry and Physics [1].
Remaining components forming the solid matrix were not taken into account since their amount in
the material is of secondary importance regarding the total thermal conductivity of the studied
material.

The second step was the determination of thermal conductivity of the dry material where only
the solid and gaseous phases are to be considered. This was realized using the volumetric fraction of
the air obtained in porosity measurements and the known thermal conductivities of the matrix and
the air. The total open porosity of the studied material was measured by mercury porosimetry and
calculated from the total intrusion volume and known bulk density. The results of these
measurements are given in Table 2.

Table 2 Basic parameters of the porous space of the studied cement-based composite material

Bulk density | Total intrusion | Total pore area | Median pore diameter | Total open porosity
[kg/m®] | volume [cm®/g] [m%g] [um] [

1468 0.216 42.97 0.0236 0.32

For the evaluation of thermal conductivity of the whole material, which is the third and last
step of the homogenization procedure, the mixing is performed for cement matrix, air and water.
The mixing was done using Maxwell-Garnett’s formula [8] based on the assumption that the basic
thermal conductivity of the composite material is that of the solid matrix. The Maxwell-Garnett’s
formula extended to the three-phase system (originally it was derived for a two phase system only)
is expressed in equation

A=A — A, -2
eff ‘M ‘M 2
Ay + 22, f“( +24,, J ffw( 424, j @)

where A, is the effective thermal conductivity of the whole porous material, 1), the thermal
conductivity of cement matrix, 4, thermal conductivity of air, A4, thermal conductivity of free water,
Jfa volumetric fraction of air and f;, volumetric fraction of free water.
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For the verification of obtained results, Wiener’s bounds [9] for parallel and serial model were
used. These bounds in fact represent upper and lower limits of the effective thermal conductivity vs.
water content function. The Wiener’s bounds are given in the following relations

1
o = ! (3)
ﬂiM + L + &
/IM /Ia ﬂ’fw
Ay = JA+ oAy + fos. 4)

RESULTS AND DISCCUSION

The measured results of the dependence of thermal conductivity on moisture content are given
in Fig. 1, together with the thermal conductivity vs. moisture content functions calculated using the
Maxwell-Garnett’s formula and Wiener’s parallel and serial bounds.
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Figure 1 Thermal conductivity of cement based composite material

The experimental results give information on a very substantial moisture effect on thermal
conductivity of the studied material which is in basic agreement with its relatively high total open
porosity. From the point of view of Wiener’s bounds, we can see that the calculated results as well
as the experimentally measured data lie between the serial and the parallel model, which basically
justifies the reasonable accuracy of both experiment and calculations. Looking at the data from the
point of view of accuracy of the analyzed Maxwell-Garnett’s formula we can see very high
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differences (up to 50 %) between measured and calculated data especially for lower moisture
contents. For higher moisture contents the measured and calculated values are in slightly better
agreement but also here the differences are typically about 10 %. The differences in the range of
lower moisture contents are probably caused by the inaccuracies in the thermal conductivity values
of the particular components forming the matrix of the material taken from CRC Handbook of
Chemistry and Physics [1]. The better agreement in the range of higher moistures can be attributed
to the higher effect of water thermal conductivity (measured with sufficient accuracy in many
references) on the thermal conductivity of the composite.

CONCLUSIONS

The measured data presented in this paper can find utilization in practical applications of the
studied cement based composite material containing carbon fibers. However, the application of
Maxwell-Garnett’s mixing formula for the calculation of thermal conductivity in dependence on
moisture content was not found to provide useful estimates of measured data. Some other, more
detailed analysis will be necessary, with a particular attention to the thermal conductivity values of
the components of the cement matrix.
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Abstract:

Contribution deals with the application of set of selected physical parameter in
the study of a critical composite systems behaviour. The paper concentrates on
thermophysical parameters.

Predlozena praca bude sa zaoberat’ vybranymi zlozenymi materialovymi
systtmami na baze polyolefinov (homopolymér PE, resp. PP), ktoré boli
modifikované v obdobi ropnej krizy CaCQOj;, resp. kaolinom so zameranim na
vybrané¢ termofyzikalne parametre, predovSetkym A — suCinitel’ tepelnej
vodivosti, ku skimaniu ktorého bola pouzita stacionarna porovnavacia metdda
[1], ktora umoznila pre tieto systémy dosiahnut’ najlepsie vysledky. Prace [2-7]
preukazuju isté pokusy zvladnutia tejto problematiky vo svete, na baze prevazne
elektronovej perkolacie [7] pomocou ktorej bolo mozné modifikacnymi
primesami pretvorit’ dielektrikum na elektricky vodi¢. Praca [5] tab. 7 pekne
vymedzila prechod od jednoduchych materidlov k zloZenym materidlovym
systémom.

Experimentalne preukdzanie narusenia pravidla latkovej bilancie umoznilo p.
Prof. S. Bartovi jednoznatne poukézat na fonénovy prispevok cez jasné
a jednoducho zavedené Kkritické indexy, o ktorych pre nase pomery monografia
[16] neposkytla Ziadne informacie, okrem poukazu na kooperativne pdsobenie.
Velmi cenné prispevky boli ziskane v spolupraci s Bratislavskymi
elektrotechnickymi  zdvodmi, n. p., pri skumani epoxidovej Zivice
modifikovanej krystalickym SiO, [11-13]. Tento systém bol preskimany
pomocou impulznej metddy s plosnym zdrojom [1]. Aj na tieto vysledky sme
ziskali AO a boli primerane zverejnene.

Patentové spisy [18-19] podchycuji skimanie gumarenskej zmesi vyrobku n.
p., Gumarne, Piichov, pomocou impulznej metddy s plosnym zdrojom [1], pri jej
modifikovani hydroxidom hlinitym, spolu s preukdzanim jeho vlastnosti
posobit’, ako retardér horenia.

Posledny patentovy spis [20] sa tyka zmesi Cu-C, Ag-C a Au-C cez hodnotenie
elektrickej rezistivity dvoch homogénne zmieSanych praskovych zmesi
zhutnenych metoédou izostatického lisovania na zabezpecenie vyslednej
porovitosti bliziacej sa nule. Tento postup umoznil nahradu cenovo
narocnejSiecho Ag a Au. Priaca [21] poukazuje na jej ocenenie v ramci
Spickovych aktivit medzinarodnej spoluprace.
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Derivation of the Boundary Condition for a Heat Source
F. Culik , J. Lukovi¢ova'

Abstract

A special method of derivation the boundary condition is shown in this paper on the base of
the inhomogeneous heat conduction equation. The term on the right side of the equation
considers the influence of a heat source in creation the corresponding temperature field in
solids. The 1-D case for a planar heat source is studied in details.

1. Determination and a physical meaning of the heat source term

1.1 An Introduction

Inhomogeneous differential heat conduction equation can be derived on the base of internal
energy balance equation

ou(r,t)
ot

+V-q(r,t)=0,(r,t) ©)

where the density of internal energy is u(r,t), the heat flux is ¢ (r,t) (the density of the

heat flow) and o, (r,t) - is a source term. It is assumed that the mass transport does not exist.

In a case, when no work is done by the system (or on the system) it is a heat source term
according to the first law of thermodynamics.

The equation (1) defines the heat fluxq (r,t) [1] together with the egs. (2), (3), (4)

ou oT
u_ ot 2
a P a @

( p,C — density and specific heat)

o, =2 = 3)
dv. dv

where Q = P is the heat power of a heat source (V — volume).

! Frantigek Culik, Jozefa Lukovi¢ova, Dpt. of Physics, Civil Engineering Faculty, Slovak
University of Technology, Bratislava, SR.
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q=-Agrad T 4)

The eq. (4) is known as the first Fourier’s law (A —thermal conductivity, T — temperature).

2. A planar heat source

Further on, we restrict our study to a planar heat source located at X = 0. This is the border of
two media in thermal contact: (1) x<0 and (2) x>0 with different thermal
properties p,,C,, 4,; p,,C,,A, (density, specific heat, thermal conductivity). We assume that

the heat flux
q=(a(xt),0,0) (5)
and isothermal surfaces are planes orthogonal to x-axis.

Then, the problem is reduced to one-dimensional problem 1-D. In this case the eq. (1) takes
the form

oT (x,t) oq(x,t oP (x,t

LIy aa(xt) 1 aP(xY) ©)
ot OX S ox

S is the area of a heat source. Integration of this equation (fig. 1) in limits
—£¢<x<¢g, €20, y,zeS$S (7)
Fig. 1
gives

2 aT (x,t) aq(x.t) £ 0P (X,t)
S dx=| ————=d 8
J;(pcatJraxX-[@xX ®)
From this eq. we obtain after a limiting process
g, (+09t) —q (_Oat) = (t) (9)
because
' () e L]
msy 0,C J. — PG ot
!gilr&{pzcza{Tz(x,t)dx—plcla‘([Tl(x,t)dx}:o (10)
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lim Mx_m[%(&t)-ql(-g,t)]:q2(+o,t)-ql(-o,t) (an

£i£%€a|3(g(—;0/sdx:£i£r&j.qs (t)5(x) dx=q,(t) (12)
where
o, (t)=P(t)/s (13)

This is in accord with our assumption that a heat source is placed in the plane at X =0
This implies

P(x,t)/S:%t)é?(x):qs (t)6(x) (14)

H(X) is the Heaviside’s step-wise function

0 x<0

and following relations were used for the Dirac function & ( X)

5(x) =22 [5(x)dx=1 (16)

Accounting the Fourier’s law the boundary condition (9) can be rewritten as follows

aT (-0,t)  OT,(+0,t)

R () (17

Integral form of the boundary condition (17) is

Aj&dt - j . (+0.1) t’ le(t’)dt’ (18)

0 0

The heat produced by unit area of the planar heat source in the time interval t
t

Q:J’ )dt' = J.P )dt’ (19)

0

is splitting into two parts: The heat transferred through unit area into medium (1)
(to the left) with thermal conductivity 4, is equal
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Q= —qu (-0.t")dt' = &j—aTl ((;Xo’tl)

0

dt’ (20)

and that one transferred through unit area into medium (2) (to the right) with thermal
conductivity A, equals

t ' r_ t aTz (_O’t') ’
Q, =£q2 (-0,t")dt ——ﬂngdt 1)
Now, eq. (18) can be written as
Q1 + Qz = Q (22)

3. Discussion

The boundary condition (9) says: A planar heat source creates discontinuity of the normal
component of the heat flux in the plane of its location. The difference of these components by
crossing this plane equals the heat power of a heat source unit area. The heat flow is directed
from the planar heat source away (to the media where temperature is lower that one of the
source.) This is a heating process of the media.

In a case of cooling when a planar heat source is replaced e.g. by a cold thin plate the
direction of the heat flow will be opposite (to the cold plate from media assuming their
temperature is higher that one of the cold plate).

Finally, if there is no heat source the normal component remains continuous. Then, it holds at

the both sides of the planex=0: @, (+0,t) =q, (-0,t)

In theoretical determination of the temperature field there is a need to solve differential heat
conduction equation under the initial and boundary conditions. Knowledge of temperature
development at a given place in a material is necessary for experimental investigation of its
thermal parameters. We mention here the Pulse transient method. Mathematical formulae
describing a temperature field in a specimen contain thermal parameters. Fig. 2 shows the
scheme of experimental setup (in approximation when 3-D case is reduced to 1-D) [2].

Fig. 2

The heat pulse creates a planar heat source atx = 0. It is the border plane of two specimen
partsl < 2. A thermocouple serves for temperature measurement atX =h between2 < 3.
Initial temperature is constant (the same in each of tree parts being in mutual thermal contact).
A small heat pulse is applied to the specimen. Unknown thermal parameters of the middle
part namely, thermal diffusivity, thermal conductivity and specific heat are then calculated
upon temperature response according to a simplified model.
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Fig.1. Two layers with different thermal properties each of the thickness &. A planar heat
source acts in the plane at x = 0. This is the plane of a mutual thermal contact of both media.

Heat Thermocouple
source

PiCs A v P2,C5 4 v PiCs A
| |

1 0 2 h 3 X

Fig. 2 A specimen setup is consisting of two outer parts (1, 3) hawing known identical
thermal properties and one middle part (2) of unknown thermal properties.
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Abstract:

All radiant heat fluxes between the exterior surfaces of building constructions
and the night sky were neglected in the past. However, the application of
modern materials and the increasing thermal insulation ability of advanced
structures elevate the significance of such heat fluxes. The more precise
evaluation of the reciprocal radiant heat transfer between the night atmosphere
and the building surface requires knowledge of the spectral emissivity as a
function of wavelength. The paper discusses both the quantitative determination
of radiant heat fluxes and the measurement of the spectral emissivity of
surfaces.

Keywords:
radiative heat transfer, emissivity, thermal emissive power, building physics

INTRODUCTION

Permanent increasing of thermal insulating requirements for external building structures has
brought along the series of structural and material changes in their composition. Insulation of
objects with help of external contact thermal insulating systems (ETICS) has become ordinary
solution. Thus, not everyone realizes that surface layers of insulating system became its strongly
loaded part. Great temperature and moisture load of external layers take place due to combination of
both climatic effects and building physics’ properties of structural layers of ETICS which directly
influences the service life of the whole system.

Interaction of climatic effects with modern composition of insulating systems also cause
predisposition of insulated facades to appearance of unsightly green incrustation on a facade’s
surface. Algae growth on a building surface with ETICS is enabled mostly by virtue of night under-
cooling of surface layers under the temperature of the ambient air and consequent water vapour
condensation on a facade’s surface. The source of such periodic phenomena is radiation of thermal
energy by the facade’s surface. The detailed description of a given topic is comprised in the issues
[6] and [7].

It is necessary to know boundary radiant heat fluxes between surface of a building structure
and a night sky for more accurate calculation of thermal-moisture processes proceeding in surface
layers of ETICS. Unfortunately, this issue has been considerably omitted within building industry
so that this paper was created to fill the gap — it deals with measurements of radiative properties of
surfaces leading to determination of radiant heat fluxes between surface of a building structure and
a night atmosphere.
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DASH OF THEORY — DEFINITION AF BASIC QUANTITIES OF RADIATION

As the physics of radiation does not belong to common disciplines of building engineering,
the basic used quantities necessary for good orientation in the rest of the paper will be explained
and defined in the following chapter. This chapter deals with radiation of real and so-called ideal
black bodies and the quantities such as emissivity and spectral emissivity defining thermal radiation
of surfaces of real materials. Let us assume that following equations and definitions are valid for
bodies and their surfaces which do not transmit the given radiation and entire such radiation
impacting on their surface is either reflected or absorbed.

Surfaces of all bodies with non-zero thermodynamic temperature including building surfaces
radiate electromagnetic radiation. It has been described by famous Stephan-Boltzman Law; surface
emissive power H [W.m-2] can be then expressed

H=g-0c-T" (1)

where ¢ is Stephan-Boltzman constant ( ¢ = 5,67.1 0 wm?K?), T is temperature of
radiating surface in Kelvins and ¢ /-] is its emissivity. Emissivity expresses ratio between emissive
power H of the given real surface and radiation H, of a surface of perfect black body (with
emissivity equal to one). It possesses value from O to 1 and it is in this form dependent of
temperature of radiating surface. Emissivity of surface of a black body equals one.

Surface with such defined “half-space” emissivity, let us say 0.9, does not necessarily have in
a perpendicular view intensity of radiation accurate 0.9 of intensity of radiation of black body with
the same temperature. It may radiate slightly strongly in this direction. And, vice versa, if we
observe it sideways, its radiance may be weaker [1]. In other words, intensity of radiation' I [W.sr"
" m™] of radiating surface alters with the angle o [rad] measured from normal to the given surface.
And what is important: it may alter differently for surfaces made of various materials.

_d_H_ga'HO

I =
do T

2)

Where w [sr] is a spatial angle, o [rad] is an angle measured from a normal to the surface.
Index a expresses emissivity only in a given direction. Then ¢, /-] is called directional emissivity.
Intensity of radiation of the given surface / is dependent only on the angle a measured from normal.
Directional emissivity is usually decreasing function of an angle a. Intensity of radiation of an ideal
diffusive so-called “Lambert” surface may be expressed as following:

E,=¢,-cosa (3)

&y 18 directional emissivity in a normal direction to surface. For determination of dependency
of directional emissivity of a specific material in a direction, it is possible to measure it
approximately by means of infrared spectrometers with special adapter. In our case, however, we
will assume that the above mentioned assumption is valid. Thus, we will not further deal with this
dependency of emissivity in direction.

Bodies radiate electromagnetic radiation mostly in range of wavelength (4 to 50) micrometers
— belonging to infrared range of spectrum”’ — under ordinary temperature conditions. Spectral
radiation of perfect black surface with emissivity equal to one Hjy [W.m™.m”] depending on

! Note. This paper unconventionally relates intensity of radiation onto surface element! (thus quantities /W.sr".m™] )
Therefore it is a somewhat local intensity of radiation which can be represented in case of homogeneous surface as
intensity of radiation of 1 m” of area surface.

% Such a body radiation with ordinary temperature is used to be denoted as long-wave radiation and Sun radiation as
short-wave radiation in technical literature.
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wavelength has been described by Planck’s relation for spectral distribution of radiation of a black
surface:

dl 87hc’
H;, = - = > (4)
di s ( he j
Aexpl — -1
kAT
where: 1 is wavelength of electromagnetic radiation /m/,

h Planck’s constant 6,62618.107* J.s,
c light velocity in vacuum 299 792 458 m.s™,
k Boltzman constant 7,38066.107% J. K.
Index 0 at Hy and H)y expresses that it means radiation of perfect black surface with
emissivity equal to one.

50

50°C

Black body emissive power H,, [W.m'g.p_m'1]

Wave-lenght A [pm]

Figure 1: Curves of spectral radiation H,, of black surface depending on wavelength A captured for
various temperatures. Red line connects maxima of these curves.

To make things even more complicated, let us state that ratio between spectral radiation of
real and black body with the same temperature in dependency on wavelength is not constant. We
may consider this for accurate calculations of radiation among various surfaces using spectral
emissivity &; [-/ which is the ratio between spectral radiation of the given specific surface and
surface of a black body. Then, it holds true that spectral radiation of real body H; [W.m™.m™] is

dH
H :E:‘%'Hao (5)

A
In case, we would like to be more precise in the description of a surface of real body, we may

use so-called directional spectral emissivity H; [W.m™.m™ ] for determination of spectral intensity of
radiation I, [W.m™.sr’'.m™]
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dl &,,H;
Iﬂ. = =
dw dA Vs

(6)

For our purposes, we will use simplified assumption from equation (3) that spectral intensity
of radiation corresponds to cosine law of radiation. Thus, we will assert that we only need to know
for our purposes only spectral emissivity ¢;.

Spectral emissivity ¢; has in addition convenient property — it is not on principle dependent on
temperature within small temperature range where microstructure of substance does not change.
That is why, it is possible to use spectral emissivity measured e.g. at 20 °C for calculation of surface
radiation of plasters in range of real temperatures approx. —10 °C up to +50 °C because we do not
expect substantial changes in material microstructure of a plaster in this temperature range which
would normally have significant effect to value of spectral emissivity.

Further important property of spectral emissivity is the fact that its value (and unit) is
according to Kirchhoff’s Laws equal to spectral absorption a;. Spectral absorption a, expresses
relation between surface of absorbed compound of spectral radiation and overall spectral radiation
impacting onto surface. This equivalence is often used for experimental determination of values of
emissivity and spectral emissivity.

€, =4, (7

If we wanted to determine emissivity ¢ for certain temperature® from realized dependency of
spectral emissivity €,(4) on wavelength as accurate as possible, we can use the fact that emissivity ¢
may be expressed also as a ratio of intensity of radiation of a given surface H to intensity of
radiation of black body surface Hy:

© 2
. ) p— dA
4 hc
J.Hl dA A exp(— j
e H _ _ kAT @)
H © 0 2
" [H,dn | Srhe dA
0 0

SPECTRAL EMISSIVITY AND HEAT FLUXES

Energy leaks from bodies by radiation which may manifest as temperature drop of a body in
practise. However, bodies usually do not radiate into an empty space but they radiate against
surrounding surfaces mutually. They also can partially absorb electromagnetic radiation coming
from other surfaces. When the body is completely surrounded with objects with similar emissivity
and the same or only slightly different temperature (e.g. as bodies in some room), resulting heat flux
among them in negligibly small. When bodies with significantly different temperatures radiate
towards each other (e.g. external surfaces against night sky), the influence of difference of their
mutual radiant heat fluxes causes implication of heat flux between the bodies.

For easier approach, let us study simply defined case of radiation of horizontal surface against
night sky. This model case shows that such loss spectral heat flux from a building surface g,;, [W.m"

? Note: General dependency &, on temperature has been in the following equation neglected. Therefore, temperature for
which e7 is being determined, must fulfil conditions stated two paragraphs higher with respect to measured dependency

e:00).
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2 m'] is equal to spectral heat flux ¢, radiated by a surface with deduction of absorbed compound
of spectral heat flux by a surface coming onto a surface from night sky (atmosphere).

qrﬂ. = quem - quabs = ngO - 8iqrﬂatm (9)

where: ¢, resulting loss spectral radiant heat flux leaving the surface
of horizontal surface radiating against night sky /W.m™.m™],
grem  Spectral radiant heat flux emitted from a surface [W. m>2m’! 7/,
qrabs  spectral radiant heat flux from night sky absorbed
by a surface [W.m>.m’],
Qram  Spectral radiant heat flux impacting on a given surface from night sky
[Wom™m'].
If we want to express radiant heat flux ¢, /[W.m™] from spectral radiant heat flux g, [W.m™.m
17, it is possible to simply integrate equation (8) along the wavelength

0

g, = [£,(1)-(H, (1) =0 (1) dA (10)

0

As it is obvious from the above mentioned, it is convenient to carry out experimentally
dependency of surface spectral emissivity €, on wavelength for accurate determination of mutual
radiant fluxes between night atmosphere and a building surface.

EXPERIMENTAL ASSESSMENT OF SPECTRAL EMISSIVITY

Infrared spectrometer can be used for experimental assessment of spectral emissivity e;.
Instead of former spectrometers based on a principle of disperse spectrophotometry, more accurate
and faster FT-IR spectrometers based on a principle of Michaelson’s wave interferometer and use of
Fourier’s transformation (which gives the explanation for letters FT in its name) are more often
used at present. One such a modern device (Nicolet 380 from a producer Thermo Electron
Corporation) is in the possession of Institute of Technology of Building Materials and Elements at
Faculty of Civil Engineering, Brno University of Technology. The mentioned device works within
the range of wavelengths 1.28 — 28.5 um — which is relatively suitable range for assessment of
spectral emissivity for purposes of above outlined calculations of radiation of building surfaces
against night sky.

Necessary equipment for the measurement besides infrared spectrometer is also convenient
measuring adapter. Adapters using reflex techniques for measurement resulting from the equation
(7) — Kirchhoff’s Law — may be used for measuring spectral emissivity. Adapters are adapted for
measuring reflectivity of examined surface for a given radiation whereas we come out from our
known relation that supplement to one to spectral reflectivity »; is equal to spectral absorption a;
which is equal to spectral emissivity ¢, from equation (7).

g, =a,=1-r, (11)

For the measurement of spectral reflection 7, two types of adapters can be used— either the
adapter with integration sphere, types of which are suitable for accurate assessment of overall “half-
space” spectral emissivity, or much cheaper adapter for diffusive reflection can be used; its
integration mirror does not embrace all directions of the entire half-space around a testing sample
but is seems sufficient due to its smooth surfaces. Description of function of individual adapters and
discussion about their suitability for various measurements would apparently produce a separate
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issue. That is why we only briefly mention that we used adapter for diffusive reflection called PIKE
EasiDiff' ™ lent free of charge by company NICOLET CZ.

RESULTS OF THE MEASUREMENT AND AN EXAMPLE OF THEIR PROCESSING

The following graph no. 2 shows an example of measured result of spectral reflectivity »; of a
testing sample (silicate plaster modified by addition of additive slightly decreasing its emissivity).
Displayed curves also document variance of measured values of one sample.

Reflectivity r; [Y]

Wave-lenght A [lum]
Figure 2: Spectral reflectivity r\ measured 10 times at 10 various spots of one testing sample

The following graph no. 3 shows spectral emissivity ¢, of the same testing sample obtained
from graph no. 2 by means of the equation (11).

Spectral emissivity ,[]
o
©
P

086 +——"——r—"—"b+H—r——r—-—"4+—"—"—""+t-—"7""F+——""+——
10 15 20 25 30
Wave-length A [pm]

o
4]

Figure 3: Spectral emissivity €\ obtained as an average from measurement in graph no. 2 and
evaluated from the equation (11).
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Figure 4: Calculated spectral radiation of black surface Hyq, in comparison with spectral radiation of
surface H) of measured sample and spectral radiant heat flux q,, of sample surface oriented
horizontally against clear night sky. All three curves of values of spectral surface radiation are
calculated for temperature of radiating surface 15 °C.

Graph no. 4 shows a black curve of spectral radiation Hj of perfect black body calculated
from the equation (4). We can compare it with a red curve of spectral radiation H, of a measured
sample obtained from the equation (5). The green curve represents resulting spectral radiant heat
flux g,, defined by means of the equation (9) for specific state of cloudless summer atmosphere. All
three curves of values of spectral surface radiation displayed in the graph are calculated for
temperature of a radiating surface 15 °C.

After integration of dependencies of spectral radiation (graph no. 4) over entire range of
wavelengths 0 up to +oo we obtain intensity of radiation of black surface at 15 °C Hy = 391 W.m?,
intensity of radiation of measured sample surface H = 364 W.m™ and radiant heat flux of horizontally
oriented sample against clear sky g, = 105 W.m™.

Overall emissivity for a certain temperature can be determined in accordance with the
equation (8) from measured dependency of spectral emissivity on wavelength ¢;(4). If we wanted to
calculate dependency of overall emissivity ¢ on temperature by means of the equation (8) for
temperature interval fulfilling the conditions listed by the equation (8), we can do so — the result is
displayed by curve in the graph no. 5. We will see that for small temperature ranges valid for most
of building engineering calculations, it has no sense to complicate the calculation with assumption
of emissivity being dependent on temperature ¢(7); the assumption for it being a constant value
calculated for some average temperature will be also sufficient.
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Figure 5: Overall emissivity € of measured sample (the blue curve) depending on temperature.
Calculated due to the equation (8), integrated numerically over the range of wavelengths for which
spectral emissivity has been measured.

CONCLUSION

The paper indicates some possibilities of determining spectral emissivity of various surfaces.
It can be important for more accurate determination of boundary radiant heat fluxes for some
thermal-technical calculations, particularly for determination of radiant heat fluxes between
surfaces of building structures and night sky.

This paper has been elaborated with support of grant GA CR 103/05/H044 and research
project No. 1M6840770001 within activities of the CIDEAS research centre. Measurements on the
infrared spectrometer was realized by virtue of cooperation and free-of-charge lending of
measuring adapter by company NICOLET CZ.
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Abstract:

Experimental research dealing with the effect of drying temperature on the
properties of hardened flue gas desulphurization (FGD) gypsum is presented in
the paper. The measurements of basic thermal and hygric parameters of FGD
gypsum modified by the addition of hydrophobization substances and
plasticizers are carried out, using the specimens subjected to two different
thermal drying regimes, with the maximum temperatures of 40 °C and 80 °C,
before the measurements. Bulk density, open porosity, thermal conductivity,
volumetric heat capacity, water absorption coefficient and apparent moisture
diffusivity are determined and compared to the properties of hardened gypsum
without any admixtures.

Keywords:
hardened gypsum, thermal stability

INTRODUCTION

Thermal stability of hardened gypsum belongs to the tasks which are not yet resolved with
clear outputs. This is one of the reasons why gypsum is not used in exterior applications. The
problem of water removal from gypsum is relatively complex mainly because samples of hardened
gypsum contain both physically and chemically bound water.

Calcined gypsum — hemihydrate CaSOs - 2 HO — can be produced by various technologies.
Nowadays, still relatively new but already very promising seems to be its production using the
dehydration of waste flue gas desulfurization (FGD) gypsum — dihydrate CaSO4 - 2H,O — at the
temperatures of 110 to 150 °C. Then, B-form of hemihydrate (calcined gypsum) is formed
according to the equation, which describes the process of calcination:

CaSO,- 2H,0 — CaSOy4 - % H,0 + 1 ¥ H,0. (1)

The solid structure of calcined gypsum is created by reverse hydration from hemihydrate to
dihydrate according to equation

CaSO4 -V HQO + 1 v HzO - CaSO4 . ZHQO (2)

Factors which affect the removal of chemically and physically bound water are temperature,
relative humidity and pressure (air pressure or vacuum). If the critical temperature when starts the

56



dehydration of calcium sulfate dihydrate to hemihydrate is exceeded gypsum is somewhere between
the two stages: dihydrate and hemihydrate.

The opinions of various researchers on the critical temperature are very different. Schulze et
al. [1] and Ri¢anek [2] state that this temperature is 40 °C or 42 °C, respectively. Satava [3] dried
gypsum samples at the temperature of 40 °C. These values of critical temperature are similar to the
drying temperature of gypsum samples recommended by the Czech standards [4] and [5]. However,
in another studies Kupilik [6] and Wirsching [7] determined the critical temperature to be higher
than 70 °C. Turk and Bounini [8] compared world standards for gypsum and gypsum plasters. They
found that the recommended drying temperatures for gypsum were between 35 °C and 50 °C. The
same authors, however, presented their own DTA results which showed that gypsum samples after
drying over 80 °C always exhibited two peaks but separation of these peaks was complicated.

In this paper, the effect of two thermal drying regimes of hardened FGD gypsum specimens,
with the maximum temperatures of 40 °C and 80 °C and at atmospheric pressure, on the measured
hygric and thermal properties is investigated.

EXPERIMENTAL METHODS

Basic physical properties, namely bulk density, matrix density and open porosity, were
measured by water vacuum saturation method [9]. Each sample was dried in a drier to remove
majority of the physically bound water. After that the samples were placed into desiccator with
distilled 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.

The water absorption coefficient and apparent moisture diffusivity representing the moisture
transport parameters were determined from a one dimensional water sorption experiment [10]. The
specimen was water and vapor-proof insulated on four lateral sides and the face side was immersed
2 mm in the water. A constant water level in the tank was achieved using a bottle placed upside
down. The known water flux into the specimen during the suction process was then employed to the
determination of the water absorption coefficient. The apparent moisture diffusivity was calculated
using the water absorption coefficient and saturated water content [10].

Thermal conductivity and volumetric heat capacity were determined using the commercial
device ISOMET 2104 (Applied Precision, Ltd.). ISOMET 2104 is a multifunctional instrument
equipped with various types of optional probes. Needle probes are for porous, fibrous or soft
materials, 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.

MATERIALS AND SAMPLES

B-form of calcined gypsum with purity higher than 98 % of flue gas desulfurization (FGD)
gypsum was used in the investigations. It was produced in the electric power station Pocerady, CZ.
The reference material without any admixtures was denoted as SO.

Two plasticizers and three hydrophobization admixtures were used for modifications of the
basic calcined gypsum. For the first modification (denoted as S1) we used the plasticizer
PERAMIN SMF 20 with a concentration of 0.5% of the mass of the solid phase. The second
modification S2 was done using the plasticizer MELMENT F 4000 with a concentration of 0.2% of
mass of the solid phase. The amount of plasticizers was chosen in such a way that the consistence of
the gypsum paste was approximately the same as that of the reference material. The third
modification contained the hydrophobization admixture IMESTA IBS 47, an alloy
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hydrophobization powder for gypsum compounds produced by Imesta Inc., Duba u Ceské Lipy,
CZ. Concentration of this admixture for material which was demoted as S3 was 0.5% by mass. The
modified gypsum material denoted as S4 contained the admixture ZONYL 9027 (a fluorochemical
solution that provides a durable, subsurface, transparent, protective barrier against oil and water on
porous surfaces) produced by Du Pont, USA. This admixture was used as 5% water solution. The
last modification denoted as S5 contained 5% water solution of the hydrophobization admixture
ZONYL 301 produced by Du Pont again.

Two different temperatures were used for drying of gypsum samples, namely 40 and 80 °C.
Therefore, the particular samples are denoted as either 40 or 80 to distinguish between the chosen
drying regimes. Table 1 shows the detailed composition of gypsum mixtures including the
water/gypsum ratio.

Table 1 Composition of measured materials

Material Typ e‘of the Name of the admixture | Concentration Water/gy psum

admixture ratio

SO - - - 0.627

S1 plasticizer Peramin SMF 20 0.5 % by mass 0.500

S2 plasticizer Melment F 4000 0.2 % by mass 0.500

S3 hydrofqblzatlon Imesta IBS 47 0.5 % by mass 0.627
admixture

S4 hydrofqblzatlon Zonyl 9027 5% solution 0.627
admixture

gs | hydrofobization Zonyl 301 5% solution 0.627
admixture

The samples were mixed according to the Czech standard CSN 72 2301 [11]. For the
measurements of particular physical, thermal and hygric parameters, we used the following
specimens: basic properties and apparent moisture diffusivity — 6 specimens 50 x 50 x 23-25 mm,
thermal conductivity and volumetric heat capacity — 6 specimens 70 x 70 x 70 mm.

EXPERIMENTAL RESULTS AND DISCUSSION

The basic properties of both reference and modified gypsum for the drying temperatures of 40
and 80 °C are shown in Table 2. The values of bulk density and porosity were similar for the
materials S0, S3, S4 and S5, the differences being up to 10% no matter the drying temperature. This
can be explained by the same water/gypsum ratio used in the preparation of reference and
hydrophobized materials. The application of plasticizers (S1 and S2) led to decrease in porosity by
about 10% and increase in bulk density up to 10% compared to the reference specimens. This is an
expected consequence of the application of plasticizers and the decrease of the water/gypsum ratio.
The comparison of results achieved for samples dried at the temperatures of 80 °C and 40 °C shows
that higher bulk density and lower porosity had the materials which were dried at 40 °C. This
means that some originally chemically bound water was removed after drying to 80 °C.
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Table 2 Basic physical properties of measured materials

P
S0-80 1019 2530 60
S1-80 1124 2495 55
S2-80 1089 2577 58
S3-80 998 2530 61
S4-80 962 2530 62
S5-80 930 2530 63
S0-40 1170 1900 38
S1-40 1270 1950 35
S2-40 1250 1935 35
S3-40 1100 1900 42
S4-40 1060 1900 44
S5-40 1120 1900 41

Table 3 shows thermal and hygric properties of studied materials. The samples used for
measurements were dried at first and then stored at laboratory conditions: relative humidity 50%
and temperature about 20 °C. The materials dried at 80 °C had all almost the same values of thermal
conductivity and volumetric heat capacity. For the drying temperature of 40 °C the differences were
higher. The lowest thermal conductivity exhibited the material S4, the highest had the materials S1
and S2 produced using plasticizers. This corresponds with the open porosity measurements in Table
2. The values of thermal conductivity of samples dried at 80 °C were about two times lower then for
materials dried at 40 °C. This is also in good agreement with the measured basic properties (see
Table 2). The volumetric heat capacity was not affected by the drying temperature in a significant
way. The differences were only up to 5%.

From the point of view of water transport properties the application of hydrophobization
admixtures was successful for S4 (ZONYL 9027) and S5 (ZONYL 301). The water absorption
coefficient decreased about 5 times and apparent moisture diffusivity more by one order of
magnitude compared to the reference specimens. In the material S3 (IMESTA IBS 47) the
hydrophobization had a lower effect which was quite comparable with the use of plasticizers (S1
and S2). The drying temperature affected only water transport properties of the materials S1, S2 and
S3 in a significant way. Water absorption coefficient of the specimens dried at 40 °C was about two
times lower than for those dried at 80 °C. This is in basic accordance with the open porosity data in
Table 2. The hydrophobization used for the materials S4 and S5 was the same successful for both
drying temperatures. On one hand, this confirms the proper function of both hydrophobization
admixtures, no matter the drying temperature. On the other, this effect may also be partially due to
the secondary hydration after the specimens dried at 80 °C came in contact with water because the
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water absorption coefficient of the reference material was found to be basically unaffected by
drying temperature as well.
Table 3 Thermal and hygric properties of measured materials

Thermal Volumetric heat | Water absorption | Apparent moisture
Material | conductivity capacity coefficient diffusivity

[Wm K] [Im>K" [kgm™s "] [ms]
S0-80 0.22 1.49 E+6 0.31 2.6 E-7
S1-80 0.22 1.50 E+6 0.25 2.1 E-7
S2-80 0.23 1.50 E+6 0.31 2.5E-7
S3-80 0.22 1.48 E+6 0.25 1.5 E-7
S4-80 0.21 1.46 E+6 0.06 7.3 E-9
S5-80 0.21 1.46 E+6 0.11 2.6 E-8
S0-40 0.43 1.58 E+6 0.30 6.1 E-7
S1-40 0.53 1.63 E+6 0.14 1.6 E-7
S2-40 0.54 1.64 E+6 0.13 1.4 E-7
S3-40 0.40 1.56 E+6 0.14 1.2 E-7
S4-40 0.36 1.55 E+6 0.06 1.9 E-8
S5-40 0.43 1.53 E+6 0.06 2.0E-8

CONCLUSIONS

The measurements of basic physical, hygric and thermal properties in this paper have shown
that the drying temperature was an important factor affecting the properties of gypsum in a
significant way. Drying at 80 °C was apparently not a suitable treatment because already the basic
properties of both reference and modified gypsum materials were changed very remarkably in a
comparison to drying at 40 °C. Apparently, some originally chemically bound water was removed
after heating to 80 °C which meant that the material was not thermally stable at this temperature any
longer. Therefore, it can be concluded that the critical temperature for the dehydration of calcium
sulfate dihydrate to hemihydrate lies somewhere between 40 and 80 °C. The relatively close results
obtained for water transport properties of specimens dried at 40 and 80 °C for some studied
materials which was in a clear contradiction to the measured data of bulk density and open porosity
were probably achieved due to the secondary hydration taking place after the contact of the
specimens with water.
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Abstract

The paper discusses the principle and the construction of the hot ball sensor for
measurement of the thermal conductivity. The sensor in a form of a small ball generates
heat and simultaneously measures the temperature response. Real properties of the hot
ball, contact thermal resistance between the hot ball and the surrounding material and
the influence of the connecting wires are analyzed. Reliability of the hot ball sensor has
been studied considering reassembling and the use of 6 individual hot ball sensors.
Reproducibility below 1% was found in the whole range of thermal conductivities using
fixed setup. Reassembling using the same material made uncertainty within 2% percent
and variation in thermal conductivity data within 7% when different hot ball sensors
were used.

Key words: transient methods, hot ball method, disturbing effects, contact thermal
resistance, heat capacity of the hot ball

1 Introduction

Recently a new class of dynamic methods — transient methods for measuring
thermophysical properties has started to spread in research laboratories as well as in
technology. The principal difference between classical and transient methods consists in
variability of specimen size, measuring time and number of measured parameters.
Transient methods need significantly shorter time for a measurement and possess high
variability in specimen size. Some transient methods can determine the specific heat,
thermal diffusivity and thermal conductivity within a single measurement [1- 4]. A set
of new innovative instruments started to spread on the marked that are based on
transient methods. Recently portable instruments and monitoring systems have been
introduced onto market. Construction of such devices has evoked a search for suitable
sensors that would provide information on the thermophysical properties of tested
objects. By now a principle of the hot wire in the needle probe [5] and in the hot bridge
[6] has been the most often used in portable instruments. Recently, a principle of a hot
ball sensor in two components configuration, i.e. a heat source and a thermometer fixed
apart from each other has been published [7].

The present paper deals with the hot ball sensor in a single component
configuration i.e. when a heat source and a thermometer are unified in a single unit. The
working equation is derived. Disturbing factors, the real properties of the ball, the
thermal contact between the ball and the surrounding medium and the connecting wires
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to the hot ball sensor are analyzed. Construction of the hot ball, the corresponding
instrument and the measurement methodology is discussed. The calibration based on the
materials that have been tested within the intercomparison measurements is performed.

2 Hot Ball Sensor

Model of the hot ball sensor is shown in Fig. 1. A heat source in a form of a small ball
starts to deliver constant heat for t > 0 and simultaneously it measures the temperature
response (Fig. 2. The temperature response is of a transient form stabilizing to a
constant value 7, after some time.

Fig. 1. Model of the hot ball method.

This moment is used to determine the thermal conductivity of the surrounding medium.
It should be stressed that the steady state regime of the hot ball has nothing to do with
the one used in the Guarded Hot Plate technique. The latter is based on the existence of
the heat and the cold plates (heater and sink) while the former utilizes physics of the
heat spread from the spherical heat source. The heat penetrates to sphere with radius R
during the temperature stabilization to 7,,. Thus the determined thermal conductivity
corresponds to material within this sphere. Then an averaged value is to be determined
for inhomogenous materials.

A

temperature
~

time

Fig. 2.: The temperature response corresponding to ball heat output ¢ = const. for t > 0.
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3 Theory of Hot Ball Sensor

The working equation of the hot ball sensor is based on an ideal model. The ideal model
assumes a constant heat flux F per surface unit from the empty sphere of radius 7, into
the infinitive medium starting to be delivered for times t > 0. Then the temperature
distribution within the medium is characterized by the function [8]

2
r-F - — - A

T(r,t):b— erfc(r rbj—exp il +a—t erfc r=Tb —i—it (1)
ri 24/at b rg 2yat Ty

where erfc(x) is error function defined by erfc(X)zl—E)j(exp(— gz)dg and A and a are
70

thermal conductivity and thermal diffusivity of the surrounding medium, respectively.
The equation (1) is a solution of partial differential equation for heat conduction for » >
rp considering boundary and initial conditions

T(r) =0, t=0,

AaTér,t) =—F,F=const, r=r, t>0.
"

Function (1) gives a working equation (2) of the measuring method in long time
approximation ¢ — oo assuming that temperature is measured at the surface of the empty
sphere r =r
q
T 42T (t — ) @
where the heat flux of the empty sphere F is recalculated to the overall heat ball
production ¢ according F=gq/4m}?, and T,, is stabilized value of the temperature

response. The empty sphere represents an ideal hot ball of radius 7, characterized by a
negligible heat capacity and high thermal conductivity 4, —oco. Similar methodology has
been applied for deriving the working equation of the hot wire method [1].

The measuring method based on function (1) belongs, in fact, among the class of
transient ones. Nevertheless, the heat source of the spherical symmetry possesses a
special feature i.e. it yields the steady state in long times and this moment is utilized to
measure the thermal conductivity.

4 Analysis of disturbing effects

A hot ball must be constructed of parts generating constant heat on one hand and
measuring the temperature response on the other hand. Then real properties of the ball
and its thermal contact to the surrounding medium — the tested material influence the
measuring process. In addition the electrical wires connecting the ball might influence
the measuring process. Theoretical analysis of such hot ball structure requires a
sophisticated mathematical approach that might not always provide the expected
information. Therefore, we accept simplified models of the ball represented by a
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homogenous material ascribed to the heater as well as to the thermometer. Two models
will be analyzed, namely a heat capacity model and a steady state model. Both models
concern the properties of a real heat source. Influence of the connecting wires will be
analysed experimentally, only as this effect requires too complicated theoretical model.

Heat capacity model. Assuming that the ball is a perfect conductor, the measured
temperature can be ascribed to the surface temperature of the ball as the Eq. (2)
requires. Such ball has its own heat capacity causing a deviation from the ideal model.
In addition some contact thermal resistance 1/H (H - contact thermal conductance)
between the ball and the medium might exist. A model including the heat capacity of
the ball Mc* (M and c* are mass and specific heat of the ball, respectively) and the
contact thermal resistance 1/H is characterized by the function valid for large values of
time[9]

. q 1+I’bh_ M _rb2[2+rbh(2—f)]
Tb(t)_4ﬂ/1rb[ oh [\/EJ ohinl el Fo, (3)

where f = 47zr|o3 Yo, g is heat supplied over the surface at » = r,, M is mass and ¢’

* 2

the specific heat of the ball, respectively and ¢, p are specific heat and density of the
medium, respectively and 7 = H/A, H is contact thermal conductance. The Eq. (3) is a
solution of partial differential equation for heat conduction considering the boundary
and 1initial conditions

0T meg (1,1)

A +H(Tb_Tmed):0a r=rp, t>0,

oT
H(T, —Tm)+c*Ma—tb:F, r=rp, t>0.

The heat capacity of the ball Mc* and the contact thermal resistance //H disturbs
the transient and thus it influences the measuring process. Assuming that the parameters
of the ball are the following: heat output ¢ = 6 mW, radius r, = 1 mm, and of the tested
material: density p = 1000 kg m™, thermal conductivity 2 = 0.5 Wm™ K and the
thermal diffusivity « = 0.5 mm™sec” one obtains transients using function (3) shown in
Fig. 3 and 4 for a set of the ball heat capacities Mc* and contact thermal conductances.
The used input data represent the most often used experimental conditions. The
calculations have been performed considering medium made of polymer.

A negligible influence of the heat capacity of the ball Mc* has been found in the
broad range of the parameter Mc* = 10° + 1 J m™ K' (Fig. 3). The calculations have
been performed considering rather non-ideal contact thermal conductance, i.e. H = 1000
W m™ K. Rather strong influence of the contact resistance on transient has been found
(see Fig. 4). Calculations have shown that the contact thermal conductivity H should
reach H> 6 000 W m™> K" to keep conditions of the ideal model.
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Fig. 3. Transients calculated using (3). Fig. 4. Transients calculated using (3).
Parameter heat capacity of the ball Mc*. Parameter contact thermal conductance H.

A criterion of the steady state regime has been searched due to the calculation of
transient (3) considering real ball parameters (contact thermal conductance H = 10 000
W m™? K and heat capacity Mc* = 4-10° J m” K') and parameters of the medium
(density p = 1000 kg m™, thermal conductivity 2 = 0.5 W m™ K and the thermal
= 0.5 mm” s). The working equation (2) has been used for thermal
conductivity evaluation using point by point (value 7, in eqation (2)) of the scanned
temperature response. A 5% deviation (0.5 — Acom)/0.5 from the thermal conductivity
input 4, = 0.5 W m™ K™ has been found after 65 s (see Fig. 5).
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Fig. 5.: Estimation of the measuring time

This test has shown that the steady state regime can be accepted after 65 s for materials
of thermal conductivity 2 =0.5 W m" K. A deviation can be reduced in case of longer
measuring time.

Steady state model. The previous analysis was based on the assumption that the ball is a
perfect heat conductor. This corresponds to the experimental setup of high difference in
thermal conductivity between the ball body and the surrounding medium — tested
material. However, the ball properties are given by producer. Therefore, we look for

66



criterion of a thermal conductivity range of the tested materials to obtain reliable results.
As the transient properties were discussed in the previous case the steady state regime is
to be analyzed, only. In case the ball and the surrounding medium represent different
materials a solution of the partial differential equation is to be sought. The function has

the form [10]
{rbz —r? +5Irb)tb +2rb2[/;l,)ﬂ

Sizﬂb I’S

(4)

for r <ry

Tp(r)=q

and
T =—3— forr>r (5)
4

where T3(r) and T(r) characterize temperature distribution within the ball and the
medium, respectively, 1/H is the thermal contact resistance, 7, and 4, is the ball radius
and its thermal conductivity, respectively and ¢ is the overall heat production of the ball
during time unit.

The functions (4) and (5) have been found by solution of partial differential
equation for heat conduction considering the boundary and initial conditions

Ty(r) =T(r)=0, t=0,

A

aTb (r,t) aTmed (r,v)
b =A 5

r=rp, t>0
or or

OTmed (1,1)
or

A +h(Tb_Tmed):Oa r=ry, t>0.

Analysis of the influence of contact thermal resistance has been performed considering
different materials of the ball (thermal conductivity range A, from 0.2 up to 1 W m™ K™)
and two different values of the contact thermal conductance H =10000 and 1000 W m™
K (Fig. 6 left). The surrounding medium represents material of thermal conductivity A
=0.5 Wm" K. A ball radius is to be 1 mm and a heat output of the ball ¢ = 0.006 W.
The shape of the temperature distribution inside the ball is the same, just it is shifted
towards the higher values in the case of non-ideal contact. No influence on the
temperature distribution in medium can be recognized. This follows from the Eq. (5). In
practice a ball of specific thermophysical properties is used for a range of materials
having different thermal conductivity. Then weight of the thermal contact conductance
on measuring process depends on thermal conductivity of the testing material. Fig. 6
righ gives an overview on the role of the thermal contact between the ball and the
medium. The plots have been calculated for the thermal contact conductance H = 1000
W m™ K. Clearly the temperature drop at the thermal contact is the same for all of the
medium thermal conductivities assuming the identical ball heat output ¢ = 0.006 W.
Nevertheless, its weight is negligible for a medium of low thermal conductivity.
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Variation of the thermal conductivity of the medium influences its temperature
distribution strongly, providing the same ball heat output ¢ = 0.006 W is used while no
changes can be found within the ball and at the thermal contact. Above statement is of
high importance considering the measuring regime. Looking at the temperature
distribution within the ball and the medium one can find that for low thermal
conductivity medium the temperature gradient within the ball can be neglected, i.e. the
conditions of the ideal model are nearly reached.

The measured average temperature instead of the ball surface temperature and
the temperature drop at contact cause data shift when Eq. (2) is used. However, this shift
remains the same for different surrounding mediums. Thus a correction based on
calibration using standard materials could be introduced. Reliable measurements can be
obtained for the materials of low thermal conductivity.
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Fig. 6. Temperature distribution within the ball and the surrounding medium.
Parameters: thermal conductivity of the ball 4, and surrounding medium £, and the
contact thermal conductance between the ball and the medium H.

5 Experiment

The strategy of the theory verification is based on the calibration of the hot ball sensors
by the Eq. (2) rewritten in a form

q/Ty =4 A=Al (6)

where 4 is a constant A=4afy,. The ratio ¢/T,, is a linear function of thermal

conductivity that will be tested using different materials. In principle, the hot ball sensor
is an absolute method for measuring the thermal conductivity providing that the
assumptions given by the theory are completed. In addition the function (6) will be
plotted using ball radius 7, = 1.05 mm. A difference between the experimental data and
the theoretical function should indicate the weight of the thermal contact and the
temperature gradient within the ball.

Table 1 gives basic characteristics of the tested materials along with the
experimental parameters used during measurements. The tested specimen consisted of
two blocks and the sensor was placed in the contact of the two specimen surfaces. To
improve the thermal contact a groove was made into one specimen block in which the
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ball was placed. A contact paste (Middland Silicones Ltd) was used for the thermal
contact improvements of the ball and the specimen. While testing a porous structure the
contact surfaces were covered by epoxy varnish to prevent the paste diffusion into
material. A hot ball sensor has been immersed into paste or fluid in case of not solid
materials. The solidified materials have been tested in a setup configuration arranged
prior to solidification by immersion of a ball into the tested medium.

\ Hotbal sensor RS 222
/ AID =

source t

]

pP+data logger
@5 ; power | | DIA
-

Fig. 7. Photos of two balls prepared in different design (left) and the scheme of
instrument for measuring thermal conductivity by the hot ball method (right).

Table 1. Materials and experimental parameters for calibration hot ball sensor.

Material |Thermal conductivity| Structure q Block size
[Wm'K"] [mW] [mm]
Cement - water-powder| 5.0 -
Paste mixture
Stiffened - opened pores| 5.0 -
Paste
Hardened - opened pores| 5.0 -
Paste
Water 0.52 (25°C) fluid 4.5 -
Ice 2.2 (-5°C) compact 4.5 -
Basetect - paste 2.5 -
Sandstone 1.9 opened |5 1 50x50x20
pores
PMMA 0.19 compact 2.5 | 650, length 25
Acrated 0.155 opened pores| 5| 150x150x50
Concrete anisotropic
%?lliccl;r: 0.097 opened pores| 1.5 150x150x50
Phenolic 0.06 opened pores| 2.0 150x150x50
Foam
Styrodur 0.0435 cosed pores | 3.5 150x100x30
Air 0.027 gas 1.5
Wood 0.025 ribbons | 6.0 | 300x300x40
Composite
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Fig. 8.: Signal of the hot ball sensor measured by monitoring system RTM 1.01.

RTM 1.01 instrument has been used for measurements. Scheme of the
instrument is shown in Fig. 7. Typical measurement signal is shown in Fig. 8 along with
the characteristic points used for the calculation of the thermal conductivity. The
measuring procedure consists of the specimen temperature measurement representing
base line, switching on the heating and simultaneously scanning the ball temperature.
When the ball temperature has stabilized, the heating is interrupted and a period of
temperature equilibration follows. When the temperature in the specimen is equilibrated
the next measurement may be realized. The repetition rate of the measurements depends
on thermal conductivity and it takes from 10 up to 60 minutes.

6 Results

A test of the measurement reliability has been performed provided that the ball heat
output varies in a broad range. The ball radius 7, = 1.05 mm has been used. The results
are shown in Fig. 9 left. Data on thermal conductivity are stable in the range 2.5 — 30
mW within 6 = +/- 0.0007 W-m™-K™'. The measured data are shifted to higher values
(see Table I). The shift is constant within a broad range of ball heat output. The test has
shown that the measured data are not influenced by the ball heat output.

A test of steady-state regime has been made using the PMMA and measuring
parameters g = 0.0025 W, ball radius 7, = 1.05 mm and measuring period (heating time)
3000 s. The scanned temperature along with the calculated thermal conductivity is
shown in Fig. 9 right. Equation (2) was used for data evaluation point by point of the
scanned temperature response. A small temperature increase was found after the heating
was switched off. Therefore the base line was approximated by a line that connects third
and 210th point. Then the temperature 7, included in the calculation, is established as a
difference between this base line and a response point. Data on thermal conductivity
started to be stabilized above 500 s.

Sensors are not of a regular ball shape therefore one may assume that data may be
scattered comparing individual sensors. In addition, the groove made in the used
materials is also not of the regular shape. Therefore, in order to obtain an overview on
data statistics the following strategy of the experimentation has been chosen. Eight
different sensors were tested. At least 5 measurements at fixed setup and 2 re-
assembling have been realized for every sensor/material configuration. A reassembling
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consists of cleaning the groove, a deposition of the contact paste at the groove point
where the ball is fixed, fixing the ball into the groove and assembling both parts of the
tested materials together into one unit.This procedure was applied for phenolic foam,
calcium silicate, PMMA and sandstone, only. Data obtained on a set of materials
specified in Table 1 are shown in Fig. 10.
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Fig. 9. Thermal conductivity of the aerated concrete as a function of the ball heat output
(left), temperature response and thermal conductivity of the PMMA as a function of the
time (right).
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Fig. 10. Calibration function of the hot ball sensors. The full line follows ideal
model (Eq. (6)) using ball radius ¢ = 1.05 mm.

Analysis of data statistics has shown that the measurement reproducibility of the
assembled specimen setup is rather high. Data scatter well below 1%. Reassembling
induces data scattering within 3-5%. The highest contribution to the data scattering has
been obtained in combination of the re-assembling and use of different sensors. The
corresponding error bars are shown in Fig. 10. Two sets of sensors marked as HB300
(see Fig. 7 left — upper photo) and HB 400 (see Fig. 7 left — lower photo) have been
included in calibration. Three kinds of materials have been tested, namely gas, fluids,
paste and solids. Fluid (water) and paste (cement powder + water mixture, basetect)
indicate significantly smaller deviations from the theoretical values. Similar feature can
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be found for solidified materials (cement paste, ice). The thermal contact between the
ball and the surrounding material has been established already in fluid state and it
survived after solidification. Therefore a small deviation from the theoretical values can
be found even for this kind of materials. A clear data shift can be found for all other
solid materials. Data are shifted to higher values for low thermal conductivity materials
and to lower values for high thermal conductivity materials.

7 Discussion

A theoretical curve is plotted in the Fig. 10. using Eq. (6) where the ball radius is
assumed to be r, = 1.05 mm. A data shift to higher values (a difference between the
experimental and theoretical value) can be found for low thermal conductivity range and
to lower ones for high thermal conductivity range. To analyze the possible sources of
data shift the working Eq. (2) is rewritten in a form

Jo +Ow 9o
A = =1 7
PP 4ty (T +0Tp +5T¢) (1+6Tb+éTCj @
m Tm

where A follows ideal model (Eq. (2)) considering ball heat output ¢,, ¢ = ¢ + ¢, 18
overall ball heat output, 67 - temperature drop across the radius of the ball, 67, —
temperature drop at the thermal contact and ¢, the heat loss through the connecting
wires. A temperature 7, and a ball heat output g, has to be used in Eq. (2) to obtain the
correct data (see Fig. 11).

Two limiting cases can be found at the measurement considering Eq. (7). When
high thermal conductivity materials are measured the lower value 4,,, in comparison to
the real one A is calculated due to the significant contribution of both drops of
temperature, a drop within the ball and a drop at the contact (see Fig. 11). The heat loss
gw 1s negligible as heat transport from the ball to the surrounding medium is highly
effective. In addition, a changeable thermal contact may be achieved due to
reassembling. This is a case of sandstone where data on thermal conductivity are shifted
down (see Fig. 10) and, in addition high data scattering is found due to reassembling
and use of different sensors. Generally, the higher thermal conductivity of the medium
the stronger influence of the thermal contact on measuring process can be found.

An opposite situation can be found when low thermal materials are measured. Then
both of the temperature drops, a drop within the ball and a drop at the contact are
negligible but the heat loss through the wires ¢, starts to play a role in the measuring
process. This disturbing factor shifts the calculated thermal conductivity to the higher
values.

The ball and thermal contact properties as well as heat loss through the connecting
wires have been estimated using the Egs. (2), (4), (5) and (6) and scans of the
temperature response from experiments on some materials given in Table 1. While
measuring process of the high thermal conductivity materials is influenced by the hot
ball and the contact properties the heat loss through the contact wires affects the
experiment for low thermal conductivity materials.
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during the experiment.

Considering experimental data measured by the hot ball sensor (radius r, = 1.05
mm) on sandstone and using ball heat output ¢ = 0.006 W and measuring time 11 s one
obtains experimental temperature response 7,, = 0.676 °C. Using Eg. (2) one obtains
q/Timeas = 8.875 1 K and apparent thermal conductivity 4,,, = 0.6424 W m! K. Using
real thermal conductivity of sandstone 4 = 1.9 W m’ K (Table 1) one obtains
theoretical value ¢,/T,, = 26.26 J K'' (see Fig. 10). We assume that heat loss through the
connecting wires is negligible ¢g,, — 0 due to high thermal conductivity of sandstone.
Using (7) one obtains 67, + 6T, = 1.96T,, that yields 67, + 6T, = 0.449°C while
theoretical temperature response corresponding to point 7, shown in Fig. 11 has value
T,, = 0.229°C, only. Thus the ball and the thermal contact properties strongly influence
the resulting value of the thermal conductivity. Using Egs. (4) and (5) one can estimate
the contact thermal conductivity H. Assuming that the hot ball works in a regime of
nearly perfect conductor the contact thermal conductivity is around H =160 W m™ K.
The estimated value is too low. However, data scattering of the thermal conductivity
indicates that the thermal contact plays a serious role. In addition thermal conductivity
of the ball is around A, ~ 1 W m™ K that is comparable to the sandstone thus one needs
to include thermal properties of the ball into analysis, too. Then the resulted thermal
contact conductivity would be higher.

The assumption has been accepted for experiments with low thermal conductivity
materials that the ball and the thermal contact properties do not influence the measuring
process, i.e. 014/T,, + 0Tw/T,, — 0 and the heat loss through the connecting wires affects
the measuring process. Then we obtain estimations for heat loss through the connecting
wires ¢./qo (Eq. 7) given in Table 2. Estimations have been performed in the following
way: Using the ball heat output ¢ one measures the temperature response 7jeqs. Using
Eq. (2) one obtains g/T,.e.s and apparent thermal conductivity A,y,,. Using real thermal
conductivity 4 (Table 1) one obtains the theoretical value ¢,/T,, (see Fig. 10). Using (7)
one obtains ¢,, and the theoretical ball heat output corresponding to the point 7,, (75, is a
true value as 67y/T,, + 0Tw/T,, — 0) shown in Fig. 11 has value g,, only. Thus the
connecting wires to represent a disturbing factor shifting data on thermal conductivity to
higher values. Looking at Table 2 in detail one can find that ¢,/qy grows with lowering
the thermal conductivity of the measured materials, i.e. heat loss through the connecting
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wires increases with lowering the thermal conductivity of the surrounding material.
Data corresponding to wood composite is an exception from the above mentioned rule
due to its structure.

Table 2.: Estimations of heat loss through the connecting wires.

Material q Tmeas q/Tmes /laplp q0/Tm dw qo QW/C]O
[mW] | [°C] | JK'] | [Wm K" | JK'] | [mW] | [mW]

PMMA 2.5 0.731 3.42 0.248 2622 | 0576 | 1.9 |0.303
Calcium 1.5 0.651 | 2.35 0.178 1.28 | 0.666 | 0.833 | 0.800
silicate

Phenolic 2 1.453 1.44 0.110 0.792 | 0.860 | 1.14 | 0.750
foam

Styrodur 3.5 3.04 1.166 0.088 0.573 | 1.75 1.74 | 1.00
Wood 6 4.305 1.44 0.109 0.329 | 458 | 142 | 3.22
composite

Measurement accuracy by a hot ball method requires a more detailed experimental
as well as a theoretical analysis. While experimentation with different diameters of the
connecting wires may help to optimise the hot ball method for testing low thermal
conductivity materials a new approach has to be worked out for measurement of high
thermal conductivity materials where contact thermal resistance plays a predominant
role.

8 Conclusion

A new version of the transient method — the hot ball method for measuring thermal
conductivity has been presented. The method is based on delivering constant heat by a
heat source in the form of a ball into the non-limited surrounding medium for times ¢ >
0. A working equation of the hot ball based on a model of the empty sphere in a non-
limited surrounding medium has been found. Theoretical analysis of the measuring
process based on a model of a ball made of the perfect conductor working in transient
regime and a model of a ball made of the real material working in the steady state
regime have been presented. The analysis gives a criterion for the thermal conductivity
of the ball material 4y and surrounding medium 4. Good measurements can be obtained
for 4p > 1. A hot ball sensor has been constructed consisting of two elements a heater
and a thermometer. Both elements are fixed in a ball by epoxy resin. Diameter of the
ball ranges within 2+2.3 mm. A verification of the theory has been performed using a
set of materials having the thermal conductivity in the range from 0.027 up to 2.2 W m’'
K''. Additional study needs to be performed in order to clear measurement uncertainty
in detail.
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Abstract:

Homogenization principles are frequently used for estimation of various parameters
of composite materials. Their application is most common in the stress-strain analysis
and electromagnetic theory. In this paper, the utilization of mixing rules based on
homogenization principles for determination of moisture dependent thermal
conductivity is discussed. In terms of homogenization, a porous material is
considered as a mixture of three or four phases, namely the solid, liquid and gaseous
phase in three-phase systems, and the extra bound-water phase is added in four-
phase systems.

Keywords:
Thermal conductivity, moisture content, homogenization

INTRODUCTION

The envelope of any building continuously responds to the changes in indoor and outdoor
temperature, air pressure and humidity conditions. This results in an exchange of energy and mass
(air as well as moisture) between the indoor and outdoor environments through the envelope.
Building physicists refer to these phenomena as “heat, air and moisture transport” through building
materials and structures [1]. Designers and builders are always interested, especially for economical
reasons and durability and service live problems, in knowing the long-term performance of building
envelope, as subjected to the transport processes. That is why the thermal properties of building
materials appear to be of particular importance for their practical applications whereas the majority
of them contain significant amount of pores that can be in specific cases filled by water. Every
catalogue list of any material producer of building materials contains thermal conductivity,
sometimes also specific heat capacity but they give only single characteristic values mostly that
represent mainly properties of dry materials. In the dry building material heat transfer is a
combination of conduction, radiation from the surfaces of the pores and convection within the
pores. Thus, in a practical use of thermal conductivity all three modes of heat transfer are to be
counted with. However, absolutely dry materials occur in the conditions of building sites very
rarely. Also the materials already inbuilt in the structures and exposed to the climatic loading
exhibit the dependence of their properties on moisture changes. If the material is wet, heat
transferred by moisture in the capillaries and the enthalpy changes that accompany phase transitions
also add to the density of heat flow rate. From this appears the necessity to determine thermal
conductivity of porous materials as a function of moisture content. Since the experimental
measurement of thermal properties in dependence on moisture is very time consuming, new
approaches are explored and tested in materials research. In this paper, the applicability of
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homogenization techniques for determination of moisture dependent thermal conductivity of porous
building materials is studied.

HOMOGENIZATION THEORY AND MIXING FORMULAS

In terms of homogenization theory, the porous material is considered as a mixture of three or
four phases, namely the solid, liquid and gaseous phase (in four phase systems, the effect of bound
water can be included) that forms the solid matrix and porous space of the material. The solid
phase is formed by the materials of the solid matrix. The liquid phase is represented by water and
gaseous phase by air. In the case of dry material, only the solid and gaseous phases are considered.
The volumetric fraction of air in porous body is given by the measured total open porosity. In case
of penetration of water, a part of the porous space is filled by water. For the evaluation of thermal
conductivity of the whole material (i.e., the effective thermal conductivity), the thermal
conductivities of the particular constituents forming the porous body have to be known.

The effective thermal conductivity of a multi-phase composite cannot exceed the bounds
given by the thermal conductivities and volumetric fractions of its constituents. The upper bound is
reached in a system consisting of plane-parallel layers disposed along the heat flux vector. The
lower bound is reached in a similar system but with the layers perpendicular to the heat flux. These
bounds are usually called Wiener’s bounds, according to the Wiener’s original work [2] and can be
expressed by the following relations

1

j“e = ! (1)
A
A A kA

A = W+ Jolo + fols + fida 2

where Eq. (1) represents the lower limit and Eq. (2) the upper limit of effective thermal conductivity
(f; is the volumetric fraction of the particular phase, 4, its thermal conductivity).

The mixing of phases resulting in effective thermal conductivity functions falling between the
Wiener’s bounds can be done using many different techniques. We will give couple of
characteristic examples of mixing formulas in what follows which were successfully applied by
various scientists especially for dielectric mixing in the past and we will introduce them modified
for thermal conductivity expressions. Only self-consistent formulas will be accounted for which
allow to model the material behaviour in sufficiently wide moisture range.

The Lichtenecker’s equation [3]

4
At = T A )

is a straightforward generalization of Wiener’s formulas. The parameter & in Eq. (1) varies within
the [-1, 1] range. Thus, the extreme values of & correspond to the Wiener’s boundary values. The
parameter £ may be considered as describing a transition from the anisotropy at £ = -1.0 to another
anisotropy at £ = 1.0.

Another mixing treatment was introduced by Rayleigh [4] and a little bit later, with a
somewhat different theoretical justification, by Maxwell Garnett [5]. It consists in perception of a
continuous phase 1 (in the particular case of a wet porous medium it is the solid matrix) containing
randomly distributed spherical scattering particles of discontinuous phases 2, 3 and 4 (in the above
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mentioned case it is air, free water and bound water, respectively). The formula by Rayleigh can be
expressed (in a simple extension from the original 2 to 4 phases) as

Ay A,-1
A +2_Z-1f (/1 +2J )

The formula by Maxwell Garnett (extended to the four-phase system again) can be written as

oy|2z) ©

/1+ﬂl

The derivation of Maxwell-Garnett’s formula is based on the assumption that the basic
thermal conductivity of the composite is that of the solid matrix. Bruggeman [6] made a further step
towards generalization of this treatment and assumed that the basic thermal conductivity is the
thermal conductivity of the mixture. The resulting formula reads

A=A -4
Ay + 22 —Z, Zf[/l +24,, ] ©)

eff

Later, a variety of mixing formulas appeared which reflected the various shapes and
topologies of liquid and gaseous phase inclusions within the porous medium. In one of the most
popular models of this type Polder and van Santen [7] extended the Bruggeman formula to elliptical
inclusions and formulated its three useful simplifications (given in somewhat different algebraic
form). The first of them, the original one, is valid for spherical inclusions, the second for needle-
shape inclusions and the third for their disc shape. The resulting mixing formulas can be written as

_ 4 PR 3;%/1'
=+ (=) TR )
4 52, +i
P = A+ iy =) ®)
21 /1
A N Y /Y ) P ©)

]

Because of the large difference between the thermal conductivity of free and bound water in
porous medium, Dobson et al. [8] extended the Lichtenecker’s [3] power-law formula and arrived at
the relation

9 — /lejfa - ebw (ﬂ’bwa - ﬁ“fwa) - (1_ V/)Z'Sa - Wﬂ’aa (10)
A5 =2, ’

where 6y, is the amount of water bonded on pore walls [m*m?®], A, the thermal conductivity of
bound water (according to [9], the bound water can be assumed to have the same thermal
conductivity as ice, so near -20°C it is equal to 2.4 W/mK), 44, the thermal conductivity of free
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water (0.6 W/mK), A, the thermal conductivity of air (0.026 W/mK), w the total open porosity, and
a is an empirical parameter.

De Loor [10] used the Polder-van Santen model [7] for disc inclusions and formulated its
extension in the form

A A A
2,0, (2 By q (Bt
0 _ 3(2% - ﬂ’eff) + Zebw (ﬁ‘bw - //i’fw) + Zl/j(ﬂ‘a - /1;) + i bW(/lfw ibw) Effl//(/la ) (11)
) /L /1? //Lq //Lq ’
Fo G5, T 2= An) A=+ 20 =)

where J; is thermal conductivity of solid matrix.

The introduced mixing models were tested in many practical cases, especially in dielectric
mixing applications (see e.g. [11], [12]), and their perspectives for determination of moisture
dependent thermal conductivity seem to be very promising.

CONCLUDING REMARKS

The main objective of the paper was to show the potential for using dielectric mixing models
based on homogenization theory for calculation of thermal conductivity of partially water saturated
porous building materials. On the basis of previous applications of Bruggeman’s type mixing
models and Lichtenecker’s formula for estimation of thermal conductivity of mineral wool boards
[13] and cement based composite materials [14] it can be concluded that application of
homogenization techniques can provide useful estimates of measured data even for these highly
inhomogeneous materials. However, a unified formula could not be found in the whole range of
moisture content until now and detailed experimental and theoretical analysis is still needed.
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Abstract

Photothermal techniques are widely used to monitor photoexcited carrier kinetics and
transport in materials in a noncontacting and nondestructive manner. The main thermal and
electronic transport parameters are derived from the photothermal amplitude and phase
(frequency domain) or time evolution (time domain) dependencies. In this work, the laser
infrared photothermal radiometry is used to study the thermal properties of natural rubber
magnetite composite.

Key words: laser, infrared photothermal radiometry, composite materials

1 Introduction

Commonly used plastics have a low thermal conductivity. However new applications require
new materials with an enhanced or high thermal conductivity. By the addition of suitable
fillers to plastics, the thermal behavior of polymers can be changed up to significant higher
thermal conductivity (diffusivity). The higher thermal conductivity can be achieved by the use
of suitable filler. Published values of thermal conductivities of the same filler materials in
different polymer matrices vary drastically and a comparison of different materials is
impossible.

Photothermal studies are based on the well known fact that the absorption of an intensity
modulated or pulsed irradiation by semiconductors results in temperature and plasma density
profiles whose temporal behavior is affected by the thermal and electrical transport
characteristics of the material, thus allowing the main thermal and electronic transport
parameters to be derived from the photothermal amplitude and phase frequency domain
dependencies.

2 Experiment
2.1. Experimental method

The experimental method and the mathematical model were described in [1].

The measurement is not bound to the excitation geometry (radius of the source or line width).
The laser beam is line focused and then passed through the square-wave filter. The only
condition is that the excitation frequency has to be low enough so that the thermal waves from
the opposite sides of an unheated zone due to the grating have effective wavelengths of the
order of A/4 so as to interfere with one another (fig.1).
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25

0.5

Fig. 1: The interference picture of the sample
Used mathematical model gives the resulting temperature oscillations in space. The

modulation depth of the temperature amplitude and phase can be easily determined from the
absolute difference of the extremes of the modulation (fig.2 and fig. 3).
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Fig 2: Amplitude modulation of temperature perpendicularly
to the grating bands, A =4 mm.
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Fig 3: Phase modulation of temperature perpendicularly
to the grating bands A = 4 mm.
2.2. Materials

We used composite material consists of natural rubber matrice and the strontium ferrite filler
(SI‘F612019).
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The filler content of the measured samples is in the table 1.

Sample Filler volume Weight
(No.) fraction (%) fraction (%)
5 11.9 29.7
3 12.9 31.7
1 13.8 33.5
8 16.9 38.9
9 17.7 40.3
7 18.6 41.7
4 20.9 45.3
6 23.8 49.6

3 Results

To illustrate the influence of the filler fraction on thermal properties one can compare too

Table 1: Identification of samples

extreme filler volume contents: 11.9% (sample 5) and 20.9% (sample 4).
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Fig. 4: Modulation phase of temperature for the sample 4 as a function of frequency for
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Fig. 5: Modulation amplitude of temperature for the sample 4 as a function of frequency for
different gratings.
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Fig. 6: Modulation phaseof temperature for the sample 5 as a function of frequency for
different gratings.
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Fig. 7: Modulation amplitude of temperature for the sample 5 as a function of frequency for
different gratings.

There are fitting two values, the amplitude of the field’s normalized amplitude and phase
modulation. There is conducted a parametric study in order to analyze the influence of each
property to the temperature field. The specific heat C =800J/kg.K and the density was
calculated for each sample. The final thermal conductivities are: (2.74 £0.34)W /mK for the
sample 4 and (1.19+£0.29)W /mK' for the sample .5

The thermal properties were found by fitting the thermal wave field for all excitation
frequencies.
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Conclusions and discussion

The theory is neglecting the possible presence of internal optical reflections, optical diffusion
and assumes constant thermal properties. These conditions are not perfectly fulfilled and not
even well known. As can be seen in figures 1 and 6 the phase was also clearly much more
affected with the offset at the center of excitation.

Acknowledgements
The author wish to acknowledge valuable discussions with, Prof. Glorieux and Dr.

Kalogiannakis.
The work has been supported by research project APVT 51-30704.

References
[1] G. Kalogiannakis, D. Van Hemelrijck: Thermal characterization of anisotropic media

in photothermal point, line, and grating configuration. JOURNAL OF APPLIED PHYSICS
100, 063521 (2006)

85
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Abstract:

The surface transport coefficients modelling in complex models of the heat, air and moisture
transport in a building supposes the local modelling of internal surface heat transfer in a
hygrothermal zone. For this purpose the algorithm has been created for iterative
computational determination of local convective surface heat transfer coefficients by CFD
simulation tool. The convective surface heat transport coefficients determined by the
algorithm were tested by experimental measurements for chosen surfaces configurations with
use of the photoelectric measurements of the air refractive index gradient in a boundary layer.

Keywords:
boundary layer, convective heat transfer coefficient, photoelectric method

1. INTRODUCTION

In order to evaluate the heat transfer coefficient a method of photoelectric probing of the
refractive index gradients has been developed. The boundary layer was mapped in detail, the
temperature gradients and temperatures were determined and approximated with an analytical solution
for the laminar convection regime and then compared with a results simulated by a CFD tool.

*A

~

T\
T.

sl

u—+— F —
X =0 = —

Fig. 1 Heat transfer and fluid flow near heated vertical plate
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2. THEORY

The wall surface convective heat flux can be defined by the empirical Newton law [4]:

q=h.(6,-0,) 1)
where h is the surface heat transfer coefficient.
The density of steady-state heat flow is determined by the Fourier law of heat conduction [4]:

q Z—Z.W (2)

where: dT/dy is the temperature gradient along the y-axis, A is the thermal conductivity of air.

Using the equations (1) and (2) the value of convective heat transfer coefficient can be evaluated [4]:

,.40

dyl,,

h=— ~ 3
Hsi_eoo ()

The experimental determination of the temperature gradient is based on the relationship between
the air density dependent on the air temperature and refractive index. This relation is described by the
Lorenz-Lorentz law [1]:

n? —

n +

o

AN const. 4)
p M

N

where: n is the air refractive index [-], p is the air density [kg/m3], N is the air molar refraction
[m3/mol], M is the air molar mass [g/mol]
The refractive index for a current light wavelength is a function of the air density [1]:

n=n(p) (5)

In the range of 300 — 400 K and under the atmospheric pressure the air can be regarded as an ideal gas.
The dependence between air density and temperature is given by the state equation [1]

ﬂ: R ie. p:_p.M

T RT ©

where: p is the air pressure [Pa], T is the absolute temperature [K], V is the air molar volume [m*/mol],
R is the universal gas constant [J/mol.K].

Under the assumption of isobaric condition, the air density change is proportional inversely to the
temperature change, then the refractive index variation is proportional to the air temperature change
[1]:

Ny -1 0

T @)
n-1 p T,
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In a literature the basic constant can be found for the relationship between air temperature change and
refractive index change for the wavelength of 650 nm at the temperature of 300 K [1]:

3—$ ~0.961.10°° (8)

Then, the mutual relationship between the refractive index gradients and temperature gradients is as
follows:

ar 1 dn

= - = 9
dy 0.961-10° dy ®)

Considering the constant distribution of refractive index along the path of optical detection by laser
beam and appropriate geometrical relations, a final equation for beam deviation in the detector place is
[2, 3]

on _2-n,-Ay

10
Y B (10)

where: L is the laser beam path length [m], ng is the refractive index = 1.0 for air, Ay is the laser beam
deviation.

With use of the equations (10) and (9) the wall temperature gradient near a wall surface and then the
near wall temperature profile has been evaluated. Finally, applying the equations (10), (9) and (3) the
convective heat transfer coefficients can be computed.

3. EXPERIMENT

For the purpose of experiment the vertical flat plates consisting of two symmetrically heated parts
has been fabricated. Two materials with different thermal conductivity were used. In the first case the
plate consisted of two gypsum boards (G) with the embedded heating foil the dimensions of which
were 0.52 x 0.50 x 0.02 m. In the second case the gypsum boards were replaced by the polished
aluminium plates (A) with dimensions of 0.5 x 0.5 x 0.09 m. The foil heating input was 197 W/m? at
220 V.

In a case of the gypsum plate with relatively low thermal conductivity (0.15 W/m.K) some
heterogeneity of the surface temperature field was expected. The perimeter of the plate was therefore
thermally insulated with the 0.003m thick expanded polystyrene belt and aluminium foil. The gypsum
plate was used at the experiments with higher surface-ambient temperature differences.

The aluminium plate has a significantly higher thermal conductivity (204 W/m.K) providing a higher
homogeneity of surface temperature field. This plate was applied at experiments with low surface-
ambient temperature differences.

The configuration of measurement equipment is shown in figure 2. The laser source in the figure
is in the position y = 0 mm, thus the laser beam is visible on the plate surface (at bottom).
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c
Fig. 2 Image of measurement set up: a — surface G (gypsum boards), b — surface A (aluminium plates), ¢ - laser
beam illuminating heated wall

The measurement set consists of the laser diode 10 mW/650 nm (Fig. 3 a) with the wavelength of
light 650 nm and the double photodiode detector (Fig. 3 b). The air and surface temperatures were
measured by thermocouples and in a case of gypsum plate also with the infrared camera NEC
TH7102MX. The thermocouples sensitivity was 0.1°C.

Under the calm air conditions with the absence of temperature gradient and dominant air speed,
the laser beam impacts both halves of the photodiode detector equally. If the air temperature gradient
occurs, the air density decreases, the laser beam deviates from a straight line and the photodiode
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captures the difference between the two laser detecting halves (Fig. 4 b). This difference is observed by
the voltmeter and is proportional to the deviation of beam from a straight line.

a b
Fig. 3 Measurement apparatus
a — laser diode, b — double photodiode detector with screw micrometer

Heated wall
Laser diode Double | i
photodiode U1-U2=0 U1-U2#0
detector Ay =0 Ay >0
a b

Fig.4 Principle of laser beam deviation measurement
a — laser beam deviation along the heated vertical plate, b — laser beam impact onto the double
photodiode, left image - with no temperature gradient, right image - with temperature gradient

During the measurements the laser diode and photodiode detectors had a fixed
position and the heated plate was moved in defined steps using a screw micrometer. The
values of the gradients signal were read after the air consolidation.

The adjustment of the state dn/dy = 0 was made by the moving of the heated plate
outside the boundary layer and by using the screw micrometer at the double photodiode
detector. The calibration of the relation between mV and um then can be reached.

The measurements were made within the distances from y = 0.002 up to 0.026 m. The
measurements at smaller distances were not possible as the smallest distance is limited due
to a finite laser beam diameter (about 0.0015 m) and also by the fact that the heated plate
surfaces were not ideally flat.

The evaluation process assumes the constant temperature gradient along the heated
plate. In fact, there was not possible to keep the constant distribution of surface temperature
along the whole gypsum plate area (Fig. 5 a). A correction of the path length along the
heated plate was necessary (Fig. 5 b)
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The correction was made by integrating the temperature profile along laser beam path what
represents area of temperature profile function. Dividing the integrated temperature profile
by average temperature, the corrected laser beam path length can be evaluated.

_ft(x)

t

average

L=

(11)

where a and b are coordinates of the beginning and the end of the plate. Applying equation
(11) the corrected laser beam path length 0.49 m was obtained.

4. RESULTS

The measured results were compared with known analytical solutionsof the natural
convection along the vertical plate [2], [3]. The measured temperature gradients courses
were approximated by Gauss regression the shape (15):

40 _ .. ) (12)
dy

where the parameters a, b, ¢, d determined by the regression.
Subsequently the function of temperatures near the plate could be obtained by the
integration of function d&/dy:

de 13 y ¢
O(y)=|—dy=a-y+=x2-d-erf| =——[-b+C 13
(y)jdyy v+ (ddj (13)
where C is the integration constant, which has for y = 0 has the value &;:

1
C=esi+1-;r2-d-erf(—3j.b (14)
2 d

91



Teplotné gradienty Ostrachovo rieSenie Bejanovo rieSenie

1500
1400

1300
1200
1100

1000

0,9
0,8
0,7

0,6

12.2K
~dT/dy
8

0,4

AT

0,3
0,2

0,1

0 0005 001 0015 002 0025 003
x[m)

14

09

08

07

06

4K

[S)

aTrdy

AT
g

04
03

02

01

*3 3
hd R O ol o o

0

0 0005 00l 0015 002 0025 003 005 1 15 2 25 3 35 4 45 5 55 6 0 05 115 2 253 354 455 55 6
y[m n n

Fig. 6 Results of measurements compared with analytical solutions

The comparison of measured and calculated temperature profiles is in figure 6. From
the comparison of measured and calculated results a good agreement is evident. The
straight comparison of the obtained values with known empirical retaionships is not
possible, as the obtained values are local character, determined by not only the temperature
difference but also the spatial coordinates.

5. CONCLUSIONS

The photoelectric method enables to mesure the temperature gradients in a boundary
layer, using the temperature dependence of light refractive index in air. In comparison with
other methods the errors at the measured temperature profile derivations are limited.
Potential innacuracies are caused by the forced convection of ambient air. The method is
applicable for measurements at low temperature differences.
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Abstract:

Methods suitable for determination of high temperature values of specific heat
capacity and thermal conductivity of alkali activated aluminosilicate materials
are presented in the paper and their practical application is tested for a selected
aluminosilicate composite in the temperature range up to 1200 °C.
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INTRODUCTION

Alkali-activated aluminosilicate materials are known to exhibit remarkable high-temperature
resistance and very favorable mechanical properties. Therefore, this type of materials is capable of
replacing classical Portland or blended cement as traditional binder in concrete in the situation
where high temperature resistance of the material is required. The knowledge of their high-
temperature properties is, however, indispensable for their proper application in fire resistance
measures. In this paper, methods suitable for determination of high temperature values of specific
heat capacity and thermal conductivity of alkali activated aluminosilicate materials are presented
and their practical application is tested for a selected aluminosilicate in the temperature range up to
1200 °C.

METHODS FOR DETERMINATION OF HIGH-TEMPERATURE PROPERTIES

As the adiabatic methods are not very suitable for measuring high-temperature specific heat
capacity of building materials, mainly because of the necessity to use relatively large samples, a
nonadiabatic method by Toman and Cerny [1] was chosen for the determination of temperature-
dependent specific heat capacity. We will present the main idea of the method in what follows.

The nonadiabatic calorimeter has a mixing vessel with a volume of 2.5 L. The volume of the
measuring fluid (water in this case) is about 1 L. The maximum volume of the measured samples
is 1 L. The amount of heat loss of the nonadiabatic system is determined using a calibration. The
calorimeter is filled with water, whose temperature is different from the ambient air. Then, the
relation of water temperature to time, T(t), is measured. Six thermocouples are used to measure the
water temperature. The air temperature measured by the same thermometers at two points must
be kept constant (the maximum deviation of about 1 K during the measurement is permitted).
Therefore, the experiments are performed in an isolated room where sudden changes of temperature
can be eliminated. The mixing vessel is located on a laboratory stand ensuring direct contact of its
bottom with the ambient air. A low-speed ventilator fan near the calorimeter bucket is used to reach
steady-convection conditions.

93



The measuring method itself is based on well-known principles. The sample is heated to a
predetermined temperature Ts in a furnace and then put into the calorimeter with water. Then, the
relation of water temperature to time Ty(t) is measured, water being slowly stirred all the time, until
the temperatures of the measured sample and the calorimeter are equal. The corrected (adiabatic)
temperature T,(t) taking the heat loss into account is calculated using the corrections AT (t;)

obtained from the calibration curve T(t),

T.t)=T,&) +AT(), (1)
where
AT(t) = Zi:AT(Atj) )
=
t, = Zi:At - 3)
=

Practically it means that the correction of the temperature T, at the time ti from the
beginning of the experiment due to heat loss to the surroundings during the time interval of At
AT(At,), is determined using the calibration curve Tc(t) at the point Ty. The total temperature

correction for the time t; is obtained by adding up the particular corrections AT (At;) from the time

equal to zero to the time t;.
The theoretical equilibrated temperature of the sample-calorimeter system at the end of the
test Te is then calculated as

T, = limT, (t). (4)

The heat balance of the sample-calorimeter system can be written in the form:
mC(Ts _Te):(K+mWCW)(Te _TW0)+Am'L_Qr (5)

where m is the mass of the sample, C is the specific heat capacity of the sample in the temperature
interval [T, Ts], K is the heat capacity of the calorimeter, my, is the mass of the water, C is the
specific heat capacity of water, Ty, is the initial water temperature, L is the latent heat of
evaporation of water, Q is the reaction heat, Am is the mass of evaporated water,

Am=m+m, —m; —Am, —Am, (6)

Mew 1S the mass of the calorimeter with water before the measurement, ms is the mass of the
system calorimeter-water-sample after measurement, Am, is the mass of water, naturally

evaporated during the measurement (this heat loss is already included in the heat loss calibration
curve), Am is the change of mass due to the chemical reaction of the sample with water (e.g.,

hydrolysis). This value can be obtained as Am, = m - mp, where mp is the mass of the dried
sample after the measurement. The remaining symbols in Eq. (5) are the same as before.
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Determining the specific heat capacity ¢ directly from Eq. (5) we would obtain a mean
value of the specific heat capacity, co, in the interval [Te, Ts] by

c. = (K+ mwcw)(Te _TW0)+Am' L_Qr
" m(TS _Te)

(7

However, from the physical point of view, it is more correct to determine the value of the
specific heat capacity "point-wise", in accordance with the definition of specific heat capacity,

oh
o(T)= (T (®)

where h is the specific enthalpy.

Using relation (8) to determine the specific heat capacity, we have to specify the zero-
point of the enthalpy scale, i.e., we have to ensure that all the enthalpy calculations are related to a
certain constant temperature. This reference temperature can be, for example, Ty = 0 °C. Upon
adding

Q=m-c, (T, ~Ty) ©)

where C. 1s the mean specific heat capacity of the sample in the temperature interval [0,T¢], to both
sides of equation (5), and dividing by m, we obtain the following

(K + mwcw)(Te _Two)+Am' L_Qr
m

h(T,) =

+Ce(Te _Tk)' (10)

The value of C¢ is considered to be constant, taking into account the condition
T, -T,>T,-T, (11)

and it can be measured, for example, using the classical adiabatic method.

Performing a set of measurements for various sample temperatures T;, we obtain a set of
points [Tj, h(T;)]. A regression analysis of this point-wise given function results in a functional
relationship for h = h(T) and, using relation (8), also in the function ¢ = ¢(T) as the first derivative
of h with respect to T.

For the determination of high-temperature thermal conductivity we used the double
integration method, a dynamic method based on an inverse analysis of the temperature field which
was used previously for determination of moisture diffusivity in dependence on moisture content
[2]. As the heat conduction equation is of the same type as the moisture conduction equation, the
method of inverse analysis presented in [2] can be applied also for thermal conductivity
determination with only slight modifications.

The basic principle of the method consists in measuring the temperature field T(x,t) in the
sample at one-sided heating and the subsequent solution of the inverse heat conduction problem.
We suppose T(t) and T(X) to be monotonic functions and choose a constant value of temperature,
7=T(x,t). Then must exist one-to-one parametrizations X=Xo(7,t), t=to(7,X) where both X, and t, are
monotonic functions. Considering this fact, an integration of heat conduction equation by X and
t leads to
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th Xo(7,0)
Ipc?dxdt = ﬂ(r)j—(x (z,1), t)dt—jl T(0, t)] (o t)dt (12)

t 0

where

- [T (0, t)] (o t) = jo (0,0) (13)

is the heat flux at x=0.
The left-hand side (LS) of Eq. (12) can be modified by accounting for the shape of the
integration area:

t, Xo(7,0) aT Xo(7,t) t, Xo(7,t,)  t, aT
LS = —dxdt = |dx t+ |dx —dt 14
Jl. '([pc 8 '[ J‘pc XO('[’tl) to('[x)pc at ( )
Denoting
jpcfdt—jpmcde:IT(T) (15)
we obtain

X (7,8) X (7.tn)

[l Tect )=t @oct)lax+ [+ Tt =17 (2)]dx =
Xo(rt ) X (7,t)) oy (16)

= J- IT (T(Xatn ))dX— .[IT (r(X,tl))dX— IT (T)[XO (Tatn)_ XO(Tatl)]

Substituting (16) into (12) we arrive at

X (7,ty) X (7,4)
le(T(x,tn))dx jl TO6t))dX = 1 (DX, (7,t,) = X, (7,1,)] - jJQ(o t)dt

AMr)=—2 (17)
Jg(x (z,t),t)dt

Y

where for tj > t; the heat flux at X=0 can be calculated as

t, +t, D
jQ(o i J tIp(T)c(T)T(x,tj)—p(T)C(T)T(x,ti)]dx (18)

where D is the length of the one-dimensional domain under consideration.
The measuring procedure consists then in the following. One-side heating of a specimen (for
cement based materials and similar composites typically 71x71x71 mm) with thermally insulated

96



lateral faces is realized using a furnace where a constant temperature is maintained. Along the
longitudinal axis of the sample, a set of temperature sensors is positioned, which makes it possible
to record the temperature field through a measuring unit by a PC. From the measured T(X,t;) curves,
a set of 8-10 curves is chosen, and these curves are used in the computational treatment. First, the
measured T(X,tj) curves are subject of a regression analysis. Then, we choose a temperature value 7,
determine the integration area for this value and calculate the corresponding value of thermal
conductivity A(7) by Eq. (17). This procedure is repeated for a sufficient number of 7z values so that
we finally obtain a point-wise given function [ 5, A(7)].

MATERIALS AND SAMPLES

Fine-ground slag of Czech origin (Kotou¢ Stramberk, Ltd.) was used for sample
preparation. As alkali activator, water glass solution was used. It was prepared using Portil-A dried
sodium silicate preparative (Cognis Iberia, s.. Spain). The sand aggregates were normalized
according to EN 196-1 with the granulometry PG1, PG2, PG3. The composition of the mixture for
sample preparation is presented in Table 1.

The technology of sample preparation was as follows. First, the silicate preparative was
mixed with water. The solution was then mixed into the homogenized slag-sand mixture. The final
mixture was put into 71x71x71 mm molds and vibrated. The specimens were demolded after 24
hours and then stored for further 27 days in water bath at laboratory temperature. Three specimens
were studied for every measurement.

Table 1 Composition of mixture for sample preparation

Sand [g] Slag Alkali-activation silicate Water
[g] admixture [ml]
PG1 PG2 PG3 [g]
450 450 450 450 90 190

EXPERIMENTAL RESULTS AND DISCUSSION

Bulk density and open porosity of the studied aluminosilicate material in dependence on
temperature are presented in Table 2. The data were obtained using the common water vacuum
saturation method. We can see that the porosity begins to increase significantly after heating to 600
°C, achieves its maximum at 800 °C, and at 1000 °C and 1200 °C it is not changed significantly.

Table 2 Porosity and bulk density of the studied aluminosilicate material as functions of

temperature

Temperature Porosity Bulk density
[°C] [m’/m’] [kg/m’]

25 0.18 2170

200 0.22 2100

400 0.17 2170

600 0.22 2070

800 0.24 2030

1000 0.24 2050

1200 0.23 2050
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Fig. 1 shows the dependence of specific heat capacity of the studied aluminosilicate material
on temperature. The ¢(T) function has a maximum between 400 °C and 500 °C and after decreasing
a little at 700 °C it begins to increase very sharply, with a maximum at about 1100 °C. This last
maximum is too high for any pure specific heat capacity considerations (it exceeds two times the
value of specific heat capacity of water). However, it should be noted that the result of the applied
method is in fact a value of “effective specific heat capacity” which may also reflect some other
changes in enthalpy as for instance the enthalpy of chemical reactions taking place in a particular
temperature range or enthalpy of phase change. In our case it means that a highly exothermal
reaction could take place in the temperature range of approximately 800-1100 °C.
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Figure 1 Specific heat capacity of the studied aluminosilicate material as function of temperature
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The thermal conductivity vs. temperature function determined by the double integration
method in Fig. 2 increased about three times between 150 °C and 400 °C and then it began to
decrease. The observed increase in thermal conductivity may be related to the increase in porosity
in the temperature range of 25-600 °C (see Table 2). The later decrease may be caused by the
structural changes in the material resulting in variations of the porous structure.

CONCLUSIONS

The methods for measurement of specific heat capacity and thermal conductivity in high
temperature range up to 1200 °C in this paper were shown to be well applicable for the studied
alkali activated aluminosilicate. The material itself was found to be very stable up to 1200 °C and
its thermal conductivity decreased with the increasing temperature for the temperatures higher than
400 °C which is a very positive feature for a material potentially applicable as fire protecting layer
in building structures.
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Abstract:

Commonly manufactured burnt clay bricks were analysed from the aspect of the
relationships between their microstructure and dry thermal conductivity. On the
base of the analysis a simple microstructural model of thermal conductivity was
proposed. The proposed model was compared with the microstructural model
developed for the calcium silicate hydrates based composite materials.

Keywords:
Thermal conductivity, clay brick, porosity, fractal dimension

INTRODUCTION

Most of the building materials are composites and their thermal parameters represent the
effect resulting from the properties of their particular phases and components. Usually the
composite consists of the bonding matrix, aggregate and pore space. The thermal conductivity of
the dry porous material is given by the properties of the solid phase as a whole and by the pore
volume. The known relationships among the solid phase properties pore structure parameters and
material thermal parameters enable to model thermal properties of the porous materials only from
the knowledge of properties of the solid phase and the pore space.

In the previous work [6] the relationship between the thermal conductivity and pore structure
parameters for dry CSH-based mortars, plasters and insulation boards was analysed. It was found
out that in the first approximation the thermal conductivity of tested materials was proportional
inversely to the second power of their total porosity. It was also shown that the thermal conductivity
of the tested materials could be modeled by serial configuration of the aggregate with bulk paste
and interfacial transition zone conductivities, weighted by the power function of their volume
fractions. The exponents of the power function were determined using the particular components
fractal dimensions.

With the aim to verify this approach on a different building material the relationship between
the thermal conductivity and pore structure parameters was analysed for burnt clay bricks.

Burnt clay bricks are common building material manufactured from the clay-sand mixture
(the portion of the sand can be from 30 to 50%). The burning takes place at temperatures 900 -
1000°C. Their microstructure is dependent of the particle size distribution, mineralogical and
chemical composition, type of burning additives and the way of burning [2,3].
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THEORY

Macroscopic thermal conductivity of composite material can be expressed using the thermal
conductivities of particular components. For the continuous high conductivity components fractions
with the discrete low continuity components the macroscopic thermal conductivity can be modeled
by the summation of particular components:

7"227\1 (D — Dy )" (1)

Where A; is thermal conductivity of component,
®; is component volume fraction,
@, it 1s the critical volume needed for a connected network to be formed through the material,
n; = 1+ FD,
FD is the fractal dimension of the component or pore volume fraction [5].
In case of parallel configuration of the components n; = 1.
In case of discrete high conductivity components in the continuous low conductivity or pore
volume fractions the following relation can be applied:

A=

1
(q)i -0 i,crit )n' (2)

i A

Where n; =1for serial configuration of the components, n; > 1 in case of dispersion of the low
conductivity component.

In the previous work [6] the following empirical relation between thermal conductivity and

total porosity was found out for CHS based materials:

1
(DZ
0.064

A= 3)

It was also shown that the thermal conductivity of the tested materials could be modeled by serial
configuration of the aggregate with bulk paste and interfacial transition zone conductivities by the
following relation:

1
(q) +d -® pastelTZ ) " n (q) +O pastelTZ )n2

aggregate paste
}\‘ 1TZ

A= 4)

aggregate

Where Airz is thermal conductivity of interfacial zone + porosity.
The porosity and solid phases fractal dimensions were estimated as FD = 1.0.

EXPERIMENTAL

The pore structure parameters and dry thermal conductivity were determined for four types of
burnt clay bricks.
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The pore size distribution, the open porosity and the specific surface area of pores were
studied using the mercury intrusion porosimetry (MIP): the high-pressure porosimeter mod. 2000
and macro-porosimeter mod. 120 (both Carlo Erba, Milan). This system enables determination of
micropores with the radius from 3.7 up to 7500 nm and of larger pores with a radius up to 0.06mm.
The porosimetry measurement was carried out by the fraction of broken dried (up to 105°C)
samples. Specific surface area of pores was determined using the cylindrical model. The open
porosity was also determined from the suction test.

The thermal conductivity was measured by transient pulse method using the commercial
device ISOMET 2104 with the surface probe API 210412. The used surface probe is suitable for
thermal conductivities in the range from 0.3 to 2 W/m-K. The measurement is based on the analysis
of the temperature response of the practically semi-infinite body to the heat flow impulse. The heat
flow is generated by electrical heating using a resistor heater having a direct thermal contact with
the surface of the sample.

The samples were conditioned under laboratory conditions: 28°C and 36% relative humidity
and they can be practically considered as dry.

RESULTS AND DISCUSSION

The total porosity, specific surface area and pore radius median values, determined by MIP
are presented in Tab. 1. The values of open porosity, determined from suction test, bulk and true
density and the measured values of thermal conductivity are in Tab. 2. Because for the clay bricks
the values of open porosity and total porosity are practically identical [3], the values of open
porosity were used in the following analysis of the relationships between the thermal conductivity
and microstructure.

In Fig. 1 the relationship between the total porosity and thermal conductivity of tested bricks
is compared with the previous measurements of CHS materials and the empirical relation (3). As
can be seen from the figure the dependence thermal conductivity/porosity dependence of bricks can
be in the first approximation expressed by empirical relation (3) similarly like in case of CHS
materials.

The clay bricks structure is characterised by configuration of discrete solid components in
continuous low thermal conductivity phases. Therefore it was expected that the model of thermal
conductivity could be based on relation (2). Analogously to the relation (4) for CHS based materials
the thermal conductivity of dry clay bricks was expressed using the model of the serial
configuration of solid and low thermal conductivity phases:

1
A= ; (5)
(q)solid - q)ITZsolid)n] + ((I) + chTZsolid) ’

A A

solid ITZ

Table 1. Pore structure parameters of the bricks (MIP )[Bagel 2001]

Material Total porosity Specific surface area Pore radius median
[m’/g] [nm]

Brick D 0.3 - -

Brick L 0.28 2.39 559.1

Brick P 0.50 8.07 535.1

Brick S 0.43 1.44 542.9
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Table 2. Open porosity (suction test), true density and dry thermal conductivity of the
bricks

Material ~ Bulk density Open True density Thermal conductivity A A standard
[kg/m’] porosity [-] [kg/m’] [W/m-K] deviation [W/m-K]

Brick D 1724 0.3 2460 0.656 +0.018

Brick L 1710 0.33 2550 0.625 +0.033

Brick P 1377 0.42 2370 0.397 +0.015

Brick S 1426 0.44 2590 0.456 +0.014

Effective thermal conductivity

0.9
& CHS based composites

0.8

0.7 \\ bricks
0.6

. \
0.5 . L2

0.4 -

approx

[W/K.m]

0.3 *
0.2 1 L 4

0.1 1

0-0 T T T T T
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Total porosity [m3/m3]

Fig. 1 Thermal conductivities of clay bricks and CHS based materials vs. total porosity.

Comparison of the measured values and empirical approximation (1)

Fig. 1 Optical microscopy of brick L

103



Fig. 3 Binary image of microscopy — brick L

The fractal dimensions were determined from SEM pictures (Fig. 2, 3) of the considered
materials by a box counting method [8]. The fractal dimensions and corresponding exponents of the
bricks components are in Tab. 3. The considered thermal conductivity of the clay brick body with
density equal to ca 2500 kg/m’ (Tab. 2) was about 1.5 W/mK [7]. As the thermal conductivity of
interfacial zone (including its porosity) the value 0.064 W/m'K, corresponding to the value
measured for the pure CHS — xonotlite [4], was considered. It was also supposed that the interfacial
zone volume fraction represented 10% of the total porosity in average.

The comparison of the measured thermal conductivities/total porosity relation for clay
bricks and CHS based materials with the relation (5) is shown in Fig. 4. As can be seen from the
Fig. 5, the measured values of clay bricks are in a satisfactore agreement with the relation (5). It
was also found out that the value 0.064 W/m-K could qualify the thermal conductivity of the pore
space + interfacial zone fraction also in case of burnt clay bricks.

With the aim to evaluate the sensitivity of the relation (5) to the used material parameters,
the influence of the values of thermal conductivity of clay brick body and pore space + interfacial
zone fraction was analysed. The changes of the thermal conductivity of clay brick body within the
interval £ 30% of the original value had negligible influence on the resultant thermal
conductivity/porosity relation for the considered porosities. On the other hand the changes of the
thermal conductivity of pore space + interfacial zone fraction had noticable influence. In Fig. 5 the
effect of the thermal conductivity of pore space + interfacial zone fraction changes within the
interval of £ 9% of the original value is presented.

Table 3 Fractal dimensions and corresponding exponents of tested bricks

Component Fractal dimension Exponent
Solid phase FD=0.0 n =1
Porosity FD=1.7 n=2.7
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Fig. 4 Thermal conductivities of clay bricks and CHS based materials vs. total porosity.
Comparison of the measured values and relation (4)

CONCLUSIONS

The relation between microstructure and effective thermal conductivity was investigated for
four types of burnt clay bricks.

The effective thermal conductivity of dry clay bricks can be similarly, like thermal
conductivity of CHS based mortars, plasters and insulation boards, modelled by serial configuration
of solid and porous - low thermal conductivity - phases.

In the model the degree of the dispersion of low thermal conductivity phase is expressed by
a power low. The exponent contains the pore space fractal dimension.

The fractal dimension can be determined with the use of image analysis.
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Problem of elimination of undesirable thermal flows at thermophysical
measurements

Ivan Banik, Jozefa Lukovicova

Abstract

The undesirable thermal flows at thermophysical measurements arise as a consequence of the
non-existence of perfect thermal insulators. These flows can be minimalized through suitable
thermal shielding. The use of the thermal shielding enables to increase the precision of the
thermophysical measurements. In the paper some special cases of the thermal shielding are
introduced and analyzed.

1. Introduction

At measurement of the thermophysical parameters of samples a task arises to eliminate or, at
least to minimalise undesirable breakaway of heat into surrounding of a sample, it means to
eliminate undesirable thermal flows. A perfect thermal insulator does not exist. A possible
way out to achieve this goal can be a thermal shielding. Such shielding complicates situation
for an experimentalist but, it enables to obtain more precise results. Further on, we describe a
few special cases of the thermal shielding in measurements with selected temperature regime.
It is known a large number of measuring methods and set-ups. Many of them are described in
papers [1 — 20]. J.Krempasky [4] estimated that there exist approximately 500 measuring
methods.

The method sused for measuring thermophysical parameters of materials can be divided into
steady state and dynamic ones. While the former use a steady state temperature field in side
the sample, the latter use adynamic temperature field. The dynamic methods can be
characterized as follows. The temperature of the sample is stabilized and uniform. Then the
dynamic heat flow in the form of a pulse or stepwise function is applied to the sample. The
thermophysical parameters of the material can be calculated from the temperature response.
Dynamic methods represent a large group of techniques with various geometrical
arrangements [21-38]. The following method belong to this group: Transient hot wire [33],
Transient hot strip [34], Pulse transient, Step-wise transient, Hot plate transient, Hot disc
transient, Gustafsson probe [35], Dynamic plane source [36], Extended dynamic plane source
(EDPS) [37] and Laser flash method [38].

The measuring procedure consists of theory and experiment. The theoretical model of the
experiment is described by the partial differential equation for the heat transport. The
temperature function is a solution of this equation with boundary and initial conditions
corresponding to the experimental arrangement. The experiment consists in measuring the
temperature response and fitting the temperature function over the experimental points. Using
the least squares procedure following thermophysical parameters can be estimated: thermal
diffusivity a, thermal conductivity 4 and specific heat capacity c.

Obtaining theoretical requirements (conditions) for some measuring method — it is one step on
the route to the realization of a measurement.

A creation of proper conditions for its realization is the next important aspect of a
measurement. Among them is also an elimination or restriction of heat losses in the
measurement. Heat losses could devalue results of a measurement. Heat losses may be caused
by a conduction, convection as well as radiation. Radiation is significant mainly in
measurements at high temperatures.

A shielding method was used for an elimination of heat losses at first in calorimetry [39, 40].
Adiabatically shielded calorimeters were mainly used in measurements of specific heat
capacities of various substances, namely metals [40, 41, 42].
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Simple methods of shielding were first used in measurements of thermal conductivity, mainly
in stationary and quasi-stationary methods of the measurement [17,18]. Heat losses manifest
themselves mostly in long-time measurements (in stationary as well as quasi-stationary
measurements). A distinctive case of non-stationary methods is the method of a constant
increase in temperature [8,12,43]. The method of a constant increasing of temperature is
a especially case of non stationare methods. Heat losses are less important in short-time
measurements.

The reliability of every measurement confirms a quantitative statement of its uncertainty [44-
46]. The sources of uncertainty in thermophysical methods can be divided in to two parts. The
first part is caused by the deviations from the theoretical model. The second part is created by
uncertainties of input parameters measurements.

MEASUREMENT THERMOPHYSICAL PARAMETERS

CYLINDREICAL SAMPLE CONSTANT INCREASING OF THE
TEMPEREATURE
SAMPLE HEATING
|
|
! I
| '
SEE L E T e T T T T T

TEMPERATURE PROFILE
Fig. 1

2. Thermal shielding at steady increasing temperature methods
At steady increasing temperature method the rate of temperature increase is the same
everywhere within a sample so that derivation of temperature relative to the time
is constant [1-8]. Then it holds

dT

—— = const
dr

Such temperature regime usually erases in a sample if a thermal insulated sample is heated
with a thermal source of constant power (after some onset time).

2.1 Cylindrical sample heated at its border surface

The scheme of experimental setup is depicted in Fig. 1. A face of sample is cylindrical. Its
surface is heated by a stove of constant heat power. At a constant rate of increasing
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temperature at the cylindrical sample surface arises a parabolic temperature profile 77 (x) .
Minimum of temperature is at the axis of the cylinder. If we know the difference AT, . of the
temperature 7, at the surface and that one T at the cylinder axis, and knowing the
temperature rate 7 and power P then we can determine the diffusivity a. of the sample as
well as specific heatc.. Naturally, we need to find out to this aim dimensions of the sample.
Moreover, if the density of that sample p. is known these data permit us to determine the

thermal conductivity A.of sample.
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Fig. 2
Then formulae are valid for upper mentioned quantities
v dT A =acp . P
a. = —_— = C., . =
© 2AT,.dr’ ¢ T m dT/dr

where m. is mass of the cylindrical sample.
Up to now a thermal loss was ignored at the upper described measurement method.

Practically, the thermal loss has to be protected; it means to eliminate undesirable thermal
flows.

2.1.1 Radial thermal flow shielding

Loss of heat of a cylindrical sample passing through lower and upper circular areas will be not
yet considered. The thermal loss across boundary cylindrical surface of a sample in a given
setup is minimalized throughout thermal shielding. It consists of a thermal insulating layer
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between surface 1 and 2 and heated metallic screen in form of a cylindrical tube surrounding
the thermal insulating layer.
The shielding can be isothermic or adiabatic.

Isothermic shielding
In a case of an isothermic shielding the temperature 7, is identical with the temperature 7, of

the external cylindrical surface of the sample every time. In this way radial thermal flow is
protected across insulating layer and at the first sight it seams that the thermal loss is excluded
completely. Actually, the things are a little different. We want to pointed out that the heating
stove placed at the boundary sample surface heated also a part of insulation, because at the
regime of increasing temperature the temperature of isolation also increases. From this
viewpoint it is important to determine what part of insulation is heated by the stove of the
sample and what part is heated by the stove of the screen. This knowledge permits more
precisely to determine the heat supplied by the stove to the sample alone.

TZOTERMIC SHIELDING OF CYLINDEER.

Constant mcreasing of temperature

Fig. 3

At the constant temperature rate of the system by isothermic shielding the temperature 7, of
the external sample surface is equal to the temperature of the screen 7, anytime. These
temperatures uniformly increase. At the upper described regime a more complex temperature
profile is created across the insulating layer because in deep of insulator the temperature is
retarded in comparison with temperatures 7, =7, at the surfaces. In this way created
temperature profile is shifted uniformly to the higher temperature. It looks like as a process in
measured sample alone. The shape of the temperature function in insulator is more complex
(and not exactly parabolic) that one in the sample. See Fig. 2c and Fig. 3.

Analysis of this problems leads to the conclusion that the temperature minimum in isolating
layer surrounding cylindrical sample lies at the distance x_. from the cylinder axis, where
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(D

This result one can obtain as follows: one determines thermal flow passing through
cylindrical surface with radius x in interval 7 < x < x_. . This heat is used to the heating of an

insulating cylindrical layer with radius from xup tox . . By analogy, one determines thermal
flow passing through cylindrical surface with radius x from interval x_, < x < R, considering
that corresponding heat crossing this surface is used for heating of the insulating cylindrical
layer with radius lying in interval of (xmin , x) . Integration of two formulae obtaining this way
leads to two expressions for temperature difference between points 1 and 2; 2 and 3
respectively. At an isothermic shielding values of those differences have to be equal
(identical) because the temperature at the points 1 and 2 are equal (7, =T7,)

Analyzing this problem one can achieves following analytical expression for temperature
profile T (x, z') in insulating layer (x (r, R))

T(x’r):Ld_T x2 = X 2_zxminz hlL +T(xmin97'-) (2)

min

daq dt X

min
where for x,, relation (1) is still valid. Term 7'(x,;,,7 ) represents the minimal temperature of

isolation at the time 7. It holds7'(x,7) = T(x)+kz . The term T'(x) expresses an intrinsic

temperature profile of isolation which is uniformly shifted to the higher temperatures due to
the condition

—— = const
dr

As temperature minimum is at the cylindrical surface with radius x  temperature gradient is
zero at this surface. Through this cylindrical surface doesn’t pass anymore thermal flow at a
measurement. It implies that the cylindrical part of insulation of radius between » and x_ is
heated by the stove located on the specimen. The other outer part of the insulation (its radius
is in interval (x,,,,R) is heated by outer shielding stove.

A thermal power P. submitted to the specimen is smaller than the stove power P on the
specimen. We can write

dT
P.=P-cmy —
dt
where c is a specific heat of isolation and m,, - mass of the corresponding inner part of
isolation. Mass m,, can be determined from known density p, of isolation and volume of the
insulator’s cylindrical layer (inner radius 7, outer - x_. ).
With respect to (2) we can write for the temperature differences
1 dT 2 2 2 r
ATlB:ATB:EE(r _xmin _zxmin lnx
where AT, =T, — T, =T, — T, = AT,, , considering the temperature 7] at the surface of the

sample is equal as the temperature at the screen7, . 7, is the temperature at x_. in isolation

min

where the temperature possesses its minimum.
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This difference at the constant temperature increase becomes unchanged (while diffusivity
stays unchanged).

This account enables correction of the stove power connected with heating of inner insulating
part. In this way the measurement of sample thermal parameters is more precise.

For the temperature difference AT}, = AT, it holds also

1 dT R
AT{S - R2 - xmin2 - 2 xminz ln
4a dr X
Adiabatic shielding
Shielding is called adiabatic if thermal flow throughout entire outer surface of a sample
(including a stove at its surface) is zero. Such a state can be achieved when within the
isolation a temperature profile will be created with a minimum of the corresponding

temperature function 7 (x) resting just at the cylindrical surface of the sample. This state

shows Fig. 2d.
Thermal flow analysis of a similar type as in the case of an isotermic shielding showed that
this case occurs when the temperature of the screen 7, is of some amount A7), higher than

the temperature 7, at the sample surface

AT,, = 1dr (RZ —r? =27 1n§j
4a drt r

A way out is to express thermal flow across a cylindrical surface with the radius x inside
interval » < x < R and a fact that corresponding heat isolation of the thickness » —x
Inside isolation one can express the temperature profile in isolation as

1 dr X
T(x,r) =— — | x* =" =2r* In= +T(r,r)
4a drt r
In the case of an adiabatic shielding a heating stove at a sample transmits to the sample whole
thermal power. There is not need for correction.

2.1.2 Shielding of cylindrical bases
In method of steady increase with heating at the surface of a cylinder the temperature

profile T’ (x) inside a homogeneous sample is parabolic as mentioned earlier. While, the
thermal loss is neglected across both basic areas of a cylinder there will be a similar parabolic
distribution of the temperature at the basic circular areas. A shielding of the basic areas will

be harder than the shielding of the enveloping cylindrical surface. We are going to describe
two suitable methods of the thermal shielding.

Method No 1

This method employs two or more sliced screen (disc 1) constructed in such way that its
effective diffusivity a,, is nearly the same as the diffusivity of the sample. Practically, after
first measurement of the sample parameters with application of a shielding the screen will be
adapted to the new measured value of the quantity a.

For two-layer screen can be proved following formula

B Ahy + A,h,
7 Py +cy0,h

a
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where A, and s, denote the thickness of screening layers. The meaning of all other symbols is

apparent. This relation one can easily spread onto multilayer screens.

Multilayer screen is less adaptable and as fare as we don’t know parameters of each layer it
can be prepared only by experience. If it is correctly done, at the analogical increase of the
temperature on the sample periphery the temperature profile inside will satisfy the
temperature profile on the cylindrical sample base.

Of course, the temperature regime inside the screen disturbs particularly venting of heat into
surrounding. This state one can improve by a double shielding. It means by using of two
analogical screens with an isolation layer in between. In this way in the screen which is
attached to the sample base a thermal profile approaches better to the perfect one.

This fact can be reasoned via theoretical model and corresponding calculation methods of
numerical mathematics.

SHIFLDING DISCS

disc 1 disc 2
/_,__—————__\\_\
u
¢
— = konstk
_ dr
S o ™
\1“-‘_\_‘_'_4_,_,-//

dise 1

disc 2
L. R

temperature profile

Fig. 4
Method No 2
A better possibility for shielding basic surfaces of a cylinder offers a screen (disc 2) with
planar heat source at its circular surfaces. Diffusivity for such a screen has to be less than is
the diffusivity of a sample. Without applying of heating the temperature profile of a screen at
an increase of temperature would not correspond to the profile in sample. Instantaneous
temperature at the middle of the screen by increasing of temperature would be lower than the
temperature at the middle of cylindrical sample. A planar heating of the screen permits to fit a
temperature profile of screen so that it would correspond to the sample profile exactly
adapting power of a stove (changing the current). Assuming, the screen is regularly heated
over all circular area.
At intrinsic measurement with the use of shielding one inserts between the sample base and
the screen a suitable insulating layer. Under optimal conditions average gradient of
temperature in orthogonal direction to the isolation layer will be zero. In this way the thermal
losses are eliminated to a great extent.
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It is possible to prove mathematically that trough power adjusting of the stove on the circular
screen makes it possible to adjust temperature profile of the screen to that one of the
cylindrical stove. Such screen possesses varieties of shielding properties. This is great
advantage in comparison with two-layer screen.

It can be imagine quasi-adiabatic shielding of the cylinder bases. In that case the thermal
profile of the screen would be shifted to higher temperature compare to the sample profile
Required temperature difference between temperature profile of the screen and that one of the
sample will be determined by (3) — will be introduced latter — despite the other situation wit
comparison to the case of a platelike sample.

We notice that difference between screen temperature at its circuit and the temperature at its

center is given as
AT, = 1 ar _ 2p, R
4a, | dv C

where P is a power of electric stove, A, ,a, are thermal conductivity and diffusivity of the

t

shielding layer respectively. C, is heat capacity of the screen. At equality of analogical

temperature differences on the sample and the screen the temperature profiles will be also
identical.
The parabolic temperature profile creating in the screen by the superficial heater is

represented by parabola
1 (dT 2P
T(x,7) =— | ——=t|x* +7(0,7)
4a, \dr C

t
The power P, of electric screening stove is managed in such manner in order that it

corresponds to the sample profile. To this aim it suffices to regulate (by a change of current
on superficial stove of the screen) temperature at the screen center with that one in the middle
of measured sample.

3. Shielding in a case of a spherical specimen

We denote radius of a spherical sample as 7, and outer radius of an isolation layer as R.

At isothermic shielding with a regime of steady temperature increase (surfaces of the sample
and that one of the screen having identical temperature) minimum of the temperature inside
an isolation layer is at the spherical surface which radius is x_, where

/RriR+r)
X .. =3 7
min 2

Knowledge of this value enables to correct power of a stove heating sample. Thereby,
determination of sample specific heat becomes more precise. By derivation this formula we
precede the same way as it was at the case of a cylindrical insulating layer.

Thermal profile in isolation by an isotermic shielding gives the relation

min

I 1

T(x,7)=—=—|R* —x > +2x,. | ——— ||+ T(R,7)
6a dr R x

The value of maximal temperature difference in isolation - between the temperature at the

border of spherical isolating layer and the minimal temperature inside isolation is

L dr RP-x_ " +2x ° i

ATB - min min
6a dr R x
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Temperature profile in spherical insulator layer at an adiabatic shielding is

T(x):id—][x2 —r’ +2r3(l—lﬂ+T1

6a dr X r

By an adiabatic shielding difference of temperature at the inner and outer surface of the
isolation has to obey following formula

AT,, LT SN ] (L
6a drt R r

In a case of an adiabatic shielding the whole stove power is heating sample and so no
correction of its power is needed.
Diffusivity a_of a spherical sample (sphere) by a method of a steady increase of temperature

assuming that sphere is heated by a thermal sour at its outer spherical surface - is determined
as

r* dT
as = —
6AT, dr

where AT denotes the temperature difference between temperatures at outer surface of the

sphere and that one at center.
For the other thermal parameters it holds

P
=T dr
my——
dr
Ag = agcsp

where their meaning is clear. By adiabatic shielding the power P needs no correction; by
isothermic one its correction is necessary since inner part of isolation is also heated.

4. Shielding in a case of platelike samples
By shielding a (planeparalel) plate (Fig. 5) the isolation layer ISOL is platelike. Let us 4
denotes its thickness. A temperature profile in isolation by isothermic shielding (7, =7, ) is
parabolic and symmetric. At a constant rate of temperature increase the minimum of
temperature is at the plane dividing the insulator layer into two equal parts. As we choose x-
axis according to the Fig. 2 it is the (vertical) plane atx,_, =h/2.
This way, one half of insulator plate is heated by the sample, which permits to correct power
of a stove at the sample.
Maximal value of temperature difference in isolation is equal to

h* dT

AT, = =5
8a dr

The temperature profile in insulator layer by an isothermic isolation of the platelike sample is

expressed by the formula
h>dT (kY
I = __(x__j ‘T,
2a drt 2

or

115



h® dT
B dT
2a dr

An adiabatic shielding of the platelike sample at regime of steady temperature increase
requires keeping temperature of the screen higher of amount

h* dT
ATy = —— 3)
2a dt

than is the surface temperature of the sample.

T(x) = —hx) +T,

SAMPLE I SFL.
] + L |
LRy
I >
O | X
—
h
Fig. 5

The temperature profile inside insulator layer using an adiabatic isolation determines the
function
h* dT
T(x) = ——x>+T,
2a drt

5. Shielding at measurement of caliducts

Thermal looses of caliducts are usually measured in a stationary regime with qualificative
boundary conditions [47]. The temperature is given in the nucleus of a caliduct (temperature
of the central metallic tube) and the temperature at the external caliduct surface. During a
measurement stationary temperature profile is created within caliduct isolation of a radial
type. That one would be disturbed (without shading) near the marginal regions of a caliduct
(Fig. 6a). In order to exclude that distortion shielding of border surfaces is necessary.

A few possibilities for shielding of caliduct ends shove Fig. 6. In the case shoved in Fig. 6b a
marginal part of the caliduct is employed with a separated part of central tube, which is heated
to the desired temperature by a separated stove under control. Temperature field disturbances
owing to heat losses throughout end areas in inner part of caliduct - where measurement is
executed — will not appear.

To the shielding of the ends can be used also the other type of material (Fig. 6¢), than is
insulator material of caliduct. It cannot be either a thermal isolating material. It is due to fact,
that a steady temperature profile at equal boundary condition will be the same in different
materials. Even thought, if a material possesses better thermal conductivity the shielding will
be also better and a screen may be narrower. Preferable possibility offers a multilayer screen
in which metallic and insulating layers alternate (Fig.6d). Temperature profile in conduction
layers of a multilayer screen improves gradually in direction to the caliduct and shielding is
superior. Disturbances caused by surrounding affect significantly the external layers of the
screen. Central part of the screen is heated to the desired temperature by a separated stove
under control.
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STATIONARE MEASUREMENT

7N T =
[ @ ) Bt
\__/ =

Fig. 6

The temperature field in separate screen layers one can determine using numerical methods
under some reasonable simplifications.

6. Conclusion

This article suggests many methods of elimination undesirable thermal flows at
thermophysical measurements using temperature shielding. It is going on some kinds of
experimental setup applying a steady increase temperature method. It deals with shielding in
a case of stationary regime at the laboratory measurement of caliduct losses. Temperature
shielding enables to increase precision of the thermophysical measurements.
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SIMULATION OF HEAT TRANSPORT EQUATION USING
ANSYS SOFTWARE

Holubek Matus
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Abstract:

This paper thinks over the heat transport problem in plexi-glass environment.
We applied the finite element method (FEM) for simple one dimensional
example and offer exact description of FEM. Further it shows comparison of
experimental data from measurement and data from numerical simulation using
software ANSYS, in which the accordance with measurement is demonstrate.

Keywords:
Simulation, finite element method, heat transport

THEORY

Temperature and its spatial distribution represent the driving potential for heat transport. We
consider convection and conduction as a process of heat transport. The heat flux density equivalent
to conduction we express in equation

q=-A—, (1)

where A is thermal conductivity , 7 temperature and ¢ heat flux density.
The heat flux density due to convection can be written as follows:

g=all,-T,), )

where o is heat transfer coefficient, 7, represents environment temperature and 7 surface
temperature of the sample, which is in contact with surrounding environment.
The heat transport equation without source term is

or 1 5[;1”},

o epa e ®
I c,pox X

where T is time and space dependent temperature field, ¢, is specific heat capacity and p material
density.
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SOLVED PROBLEM

The aim of our work was the comparison of measured data and simulation, in which we take
into consideration all conditions from the experiment (Fig.1). The sample, on which we realized the
measurement has shape of cylinder, made of plexi-glass, with diameter 0.03m and length 0.30m

(material parameters: A = 0.195K , p=1 180k—‘% , C, = 14654).
mK m kgK

Bottom of the cylinder presents a heat source, in direct contact with plexi-glass. Heat source was

supplied by direct currant [=0.103A and voltage U=5.24V. Heat flux density from the source has
w : . o

constant value ¢ =382— during all measurement (1. boundary condition). Opposite side of
m

cylinder bottom was in contact with ambient air. Its temperature has enduring value 7,=26°C

(2.boundary condition) and o =10 . The shell of the cylinder was isolated by polystyrene of

2
m-K
S5cm thickness, hence the flux through its surface was nought (3.boundary condition). Internal
temperature of cylinder was uniform T,=26°C at the beginning of experiment (initial condition).
From previous result, that we can consider only one dimensional problem.

Polystyrene
—_—
—_—
g — > Plexi-glass T
p
—_—
 —
—_—
—_—
Polystyrene
Fig.1

PROBLEM SOLUTION USING FINITE ELEMENT METHOD

We are finding solution u (note u =T7), which must satisfy mentioned initial and boundary
conditions and also heat transport equation, where ¢ =c,p and a = 1.

C@_uzi(aé_uj 4)
ot ox\ Ox

Discretization of domain

All domain, on which are we solving the problem, we divide to n elements and n+/ nodes
(Fig.2). First node represents surface of plexi-glass next to heat source, which ensure constant heat
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flux density inward the sample. Last node is surface on opposite side, which is in contact with
surrounding environment. Length of chosen element is 4,

NoRoXoNEIor @

- O o— - -- O O
1 2 3 4 e h, e+l n n+l1
Fig.2

DERIVATION OF ELEMENT EQUATIONS
Derivation of weak form

At first, we multiply the heat transport equation by weight function w. After that we integrate
all expression over an element e.

fca—uwdx — Tiﬁaa—ujwdx =0 (6)

t ou ou ou ‘t Ou ow
;[cgwdx —{aall? w(x, )+ {ag:L wix, )+ x{aaa—xdx =0. (7)
ou
Fluxes into an element e in positions x4 a xp are defined as - 6{6_} =0,
X X=Xy
ou
al — =
[ ox l_xﬁ Os
Weak form (WF) of transient problem:
t Ou ow
J- —dx+ Ia__dx (xB)+QAW(xA) (8)

Derivation of approximate function

We are finding an approximate solution of transient problem over element e in the shape:

w0)= D 0 (x) ©)

where time development of the function « is included in time dependent value in j-th nodal point
u; (t) and ¢} (x) is spatial dependent j-th base function (n is number of nodes in element e).

Bases functions must satisfy following conditions. They have to be continuous, differentiable (up to
the order, which requires the weak form) and values of approximate solution in node points are
equal to real solution.
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For example, the bases functions for linear approximation of solution u (#° = ax + b ) over element have shapes:

Xp—X X—X
e __ B e __ A
o = ) ¢, =

Xp — Xy Xp =Xy

Derivation of element equations

Spatial semidiscretization

Instead of u in WF we substitute approximate solution ©° and as a weight functions w we use
bases functions ¢;.

(B g AE

ot @i o o

Xy Xy

dx=Q,0: (x,)+ 0,0 (x;) (10)

Now we have the system of differential equations over element e

o, Ou(e)'s 't 0p;(x) dg, e e
z at _[ 1 dx+z J- A (pax( )d x=0,0; (xA)+QB¢i (XB):Fia (11)

J=1 Xy

't g5 (x) og (x)

where M, = chpj (x)p¢ (x)dx is mass matrix and K ;= I dx is stiffness matrix.

5 b ox ox
For linear approximation of solution the matrices have such shape 37 _ ., [? ? J a ( 1 _lj
1 1
Further we introduce vectors: U= (uf (t), uile), ..., u (t))

Then we get simplified matrix notation:

Mi+Ki=F (12)
Time discretization

Let us consider the time evolution of u] () at j-th node of element e at time ¢, with timestep
At according to Fig. 3.
uj(ts+1)

f_\'l 1

At
Fig.3
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The value of u] (¢,) raises during the timestep Az to u; (¢.,,). This new value can be expressed as

the sum of function value at time 7, and its increment during timestep Af. The difficulty is in

accuracy of calculating the increment. One possibility is to take the rate of temperature increase
from the derivation at time ¢, (we take the Taylor’s expansion at time ¢, and use the first two terms

of it to calculate the value at time ¢_,, ). As we can see from the curve describing the development of

s+1
temperature depending on time this does not fit the real dependency and the following calculations
would be signate by this inaccuracy. This is because the derivative has to be consistent with the

slope of line (dash line) which connecting values uj(ts) and uj(ts+1 ). Therefore we look for another

way to determine the derivative value. It is clear that there is always a point during the time step A¢
where the derivative of function u; (¢) is consistent with the tangent of the dash line. We denote it

(a can reach the value within 0 to 1). It is difficult to estimate the correct value of a. However

lLia
the value of the derivative of function uj(t) at arbitrary chosen time during the timestep lies

between of the derivative values at times ¢, and ¢ ,,, therefore we achieve more accuracy. We

s+l

replace the derivative at time ¢, by the derivative at time ¢, in the Taylor’s expansion which
results in reducing the error caused by neglecting the higher terms of the expansion. We calculate

e

u; (tsm) from weighted average of the derivatives at times ¢, and ¢, .

Then we can write:

ullt,)=us(t,)+ Arais (e, ) =us(e, )+ Avac(t,,, ) =u(t, )+ At{(l —a)i(t,)+ ad(t,, )J (13)

’ ’ (l-a)+a
When we consider i, =iit,)
Zjierl = Zji(l‘erl)
then
i, =i, + At((1- )i, + i, , ) (14)

We multiply WF in time ¢, (M ﬁy +Kii, = F,) by the term At.(l—a) and WF formulation in

time ¢, (Mii,, +Kii_, =F,) by the term Ata. Afterward we sum both equations. Then we

obtain an equation without time derivations.
M(A( - )i, + Ataii,, )+ Al - @)K i, + Ata K i, = M- @)F, +aF,)  (15)
M., —ii,)+ M- a)Kii, + Ata K i, = AM((1-a)F, +a.F.,,) (16)
We put unknowns # ., on the left side and knowns #_ on the other side of equation.
(M + Atk )i, = M, + M(a —1)Kii, + A(1-a)F. +a.F.,) (17)
Finally we have got system of algebraic equations over the element.
Hii_, =G, (18)
For value o we can choose some possibilities:

a=0 explicit Euler method it can be unstable if we choose
wrong time step
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implicit Euler method stable method

Frank-Nicolson method stable method

|- =

Derivation of global finite element model

Further we give some indications how to proceed to derive global system of equations over
whole domain.
We consider two adjacent elements e and e+/. Their assembling is possible if we follow two
conditions: 1, continuity of primary variables in connecting node points, it means u¢ = u;"' (For the

mesh of linear elements we can write: u] =u,, wul=u’=u,, ... u'" =u' =u,), and 2, balance of secondary

variables in connecting nodes, it means Q5 = —Q¢"

If we satisfy these simple rules, the systems of equations over each element will be arranged to one
system of global equations, in which the numbering of nodes will be also global.

INCLUSION AND DISCUSSION

The flux from the heat source in experiment seems to be constant, as we can consider from
constant temperature differences between source and adjacent plexi-glass surface, during
experiment. We were also watching the surface temperatures on cylinder shell, that were in far
regions from the source, about few tenths degree lower than on axis. In close region the differences
were in order of few degrees. It shoves on fact, that dissipation fluxes over cylinder shell are not
negligible, so we have to take this information into account in future simulation and instead of
Neumann condition we must simulate exact structure of the equipment. Otherwise, the simulation
verifies the measured data, as we can see from comparison of the simulation plots (Plotl,..., Plot4)
and table of experimental data (Tab.1). We did not plot the dependence of measured data, because
of wanting distances between the probes. Thus, for better monitoring of temperature field closer to
heat source we have to insert much more probes into this area.

SIMULATION RESULTS AND THEIR COMPARISON WITH
EXPERIMENT

Tab.1: Temperatures were measured on the cylinder axis in various distances from the source:
0, 0.1, 0.2 a 0.3m, during time period 0-200min.

Heat
source 0 0,1 0,2 0,3
0 26,075 25,940 26,100 26,200 26,425
5 35,000 32,680 26,125 26,225 26,400
10 38,600 36,350 26,125 26,225 26,400
20 43,100 40,850 26,150 26,225 26,425
30 46,275 43,875 26,225 26,250 26,425
50 50,300 48,000 26,350 26,250 26,425
100 55,460 53,550 26,800 26,300 26,475
150 57,975 56,025 27,350 26,375 26,500
200 59,075 57,450 27,800 26,450 26,525
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Teplotna deformacia - faktor Struktirneho oslabenia horninového masivu

VI¢ko Jan, Jezny Michal, HvoZd’ara” Milan, Durmekova Tatiana, Greif Vladimir

Kracové slova: skalny horninovy masiv, tepelny tok, termo-fyzikdlne parametre, teplotno-

mechanické procesy, svahové deformacie, SpiSsky hrad

Abstrakt

Povrchova cast’ skalnych horninovych masivov je ovplyvnena ako dennymi, tak aj
sezénnymi kolisaniami teplot zapriCinenych zmenami teploty ovzduSia, ochladzovanim
vetrom a slneénym ziarenim. Tieto cyklické kolisania su Ciastone prendsané do vnutra
horninovych masivov v zmysle kondukcie, v sulade s Fourierovymi zakonmi. Autori sa vo
svojom prispevku zamerali na $tadium priebehu tepelného toku v horninovom masive, ako aj
na zistenie tych termofyzikdlnych vlastnosti, ktoré z hladiska teplotno-mechanického
spravania maju podstatny vyznam pri jeho rozvolneni. Na zaklade vyskumu bolo zistené, ze
povrchova vrstva do 80 cm je termicky najviac atakovana. V nej sa generuju tepelne
podmienené objemové zmeny a teplotné deformdcie asnimi spité procesy dezintegracie

horninovych masivov.

Uvod

Vyvoj apriebeh mnohych geologickych javov determinuje tepelna energia, ktora
v zavislosti od slne¢ného ziarenia, od prenosu tepla na zemskom povrchu a jeho prieniku do
horninového masivu je sucast’ou tepelné¢ho rezimu povrchu Zeme.

Skumanie tepelnych vlastnosti materidlov je vo vSeobecnosti predmetom zaujmu,
predovSetkym fyziky, materidlového inZzinierstva i viacerych technicky zameranych
vedeckych disciplin. Menej vyskumného priestoru, ktory by bol zamerany na skumanie
vplyvu teploty na termo-mechanické spravanie hornin, resp. horninovych masivov venuje
inZinierska geoldgia alebo geotechnika. Za klacové z tohto pohl'adu povazujeme poznatky o
vplyve cyklickych teplotnych kolisani (dennych, sezénnych, ro€nych) a s tymto javom uzko

spéty prenos (prienik) teploty do vnutra horninovych masivov (skalnych, resp. poloskalnych

*Doc.RNDr. Milan Hvozdara, DrSc, Geofyzikalny ustav SAV Bratislava, Dubravskad cesta 9, 845 07
Bratislava
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hornin), ako aj vznik teplotno-mechanickych procesov, pri ktorych dochédza k teplotne
podmienenym zmendm objemu hornin a vzniku trvalej (nevratnej) teplotnej deformacie.
Rovnako nie je dostatone objasneny ani vplyv trvalej teplotnej deformécie hornin na zmenu
rovnovahy v svahoch tvorenych skalnymi horninovymi masivmi.

To, Ze zpohladu inZinierskej geoldgie a geotechniky je Stadium termofyzikalnych
vlastnosti limitované¢ je na jednej strane logicky oddvodnitelné i tym, Ze inzinierska
geologia na rozdiel od geofyziky, prip. hydrogeoldgie nezistuje v globalnej miere teplotné
charakteristiky Zeme ako rezultaty endogénnych zdrojov tepla, resp. nezaobera sa zistovanim
zdrojov hydrotermdlnej energie ajej vyuzitia, na strane druhej, zo strany inzinierskej
geologie, prip. geotechniky sa pravdepodobne jedné o nedocenenie vplyvu teploty ako faktora
s nie vyraznym, v prirode pozorovatelnym, deStrukénym prejavom na horninové prostredie.
Nezanedbatel'ni Ulohu zohréva ic¢asovd a materidlovd narocnost’ indkladnost’ zistovania
termofyzikalnych vlastnosti hornin tak in situ , ako aj v laboratoriu.

Napriek vyssie uvedenym faktom aj v oblasti inzinierskej geoldgie, prip. geotechniky sa
urobil v tomto smere isty pokrok. Vd’aka laboratérnemu vybaveniu i terénnym pozorovaniam
sme sa nasom pracovisku zamerali na sledovanie priebehu tepelné¢ho toku v horninovom
masive i na zistovanie jeho vplyvu na kinematiku creepovych pohybov travertinového telesa
Spisského hradu. S posledne menovanym tuzko suvisi 1 optimalizdcia vysledkov
monitorovania svahovych pohybov, ked vo vicSine pripadov sice vyrobca udava teplotné
korekcie, tie sa vSak tykaji vlastného monitorovacieho zariadenia, nie vSak redlneho vplyvu
teploty na teplotno-mechanické spravanie sa horninového masivu a smnou suvisiacou

kinematikou monitorovaného procesu (pohybu).

Teplota — permanentny faktor vzniku svahovych pohybov
Z literatary je znamy cely rad prac, ktoré synteticky hodnotia a analyzuji podmienky,
pri¢iny a faktory, ktoré sposobuju svahovy pohyb /I aZz 8/ amnohi ini/. Na zéklade
publikovanych poznatkov, ako i na zdklade pracovnej skupiny UNESCO WP/WLI a komisie
IUGS WG/L /9,10/ mozno v sucasnosti konStatovat, Ze na nestabilitu svahu, resp. na
nerovnovahu vo svahu vplyvaju faktory (tab. 1):
e ;permanentne podsobiace, ktorych vplyv je nepatrny, zhorSuju na jednej strane
podmienky rovnovahy, avSak vznik alebo aktivizaciu svahového pohybu (napr. zmena obsahu
vody vo svahu, vplyvy teploty apod.) spravidla nevyvoldvaja, iba ho pripravuji (podla

niektorych autorov sa nazyvaju pripravné alebo preparatory faktory). Posobia areédlne a ich
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ucinkom sa neda zabranit’ (obr. 1 A); sposobuji vratné zmeny, ktoré spocivaju v striedavom
znizovani a zvySovani stupna stability svahu. Tento stav permanentného hl'adania rovnovahy
vo svahu vyvolavaju faktory s periodickymi ucinkami, pricom periodicky faktor nesmie
dosiahnut’ extrémnu hodnotu, pretoie v takomto pripade je ui povaZovany za faktor s

epizodickym ucinkom

—Tok — t

Obr.1 Vplyv permanentne posobiacich faktorov na stabilitu svahu /2/
A —svah v stave dynamickej rovnovahy so sezénnym kolisanim
B — postupné klesanie stability svahu az do jeho porusenia
F — stupeni stability
t - Cas

o epizodické (nickedy ponaté ako neperiodické alebo spustacie, triggers) napr.
zemetrasenie, extrémne zrazky ai. predstavuju jednorazové lokalne pdsobiace nevratné
zmeny v procese vyvoja svahového javu, vedu k vyvolaniu svahového pohybu; Coraz Castejsie

su ovplyvilované nielen prirodnymi (geologickymi) faktormi ale i clovekom (obr. 1 B).

Rozdiely medzi epizodickymi (spustacimi) faktormi vzniku svahovych pohybov
a permanentnymi (pripravnymi) spociva v tom, Ze zatial’ ¢o prvé pdsobia bezprostredne a su
impulzom vzniku svahového javu, u faktorov pripravnych zohrava podstatni ulohu ich

dlhodoby kumulativny t¢inok.
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Tab. 1. P&sobenie faktorov na podmienky stability podla Pasek et al. 1995 /2/

Geodynamické faktory

Zmeny

Permanentné

Erozia, akumulacia, sufdzia, tektonika

- geometria svahu, napitie vo

svahu

zvetravacie procesy,
poOsobenie mrazu,

slne¢ny osvit

- mechanického stavu
1 chemického zloZenia horninového

prostredia

Epizodické

Prirodné

antropogénne

Abnormalne zrazky, odmaék,
vinobitie

zasahy do vodného rezimu (Gpravy
tokov, vzdutie vody)

- vysky sklonu a povrchu svahov
- odtokovych pomerov, zvetravania
hornin

Pritoky vody do svahu (pramen),
kolisanie teploty (mraz, odmak,
evaporacia)

kolisanie vody v nadrziach,
kolisanie hladiny podzemnej vody
spdsobenej cerpanim, zanedbané
nadrze

- vlhkosti, hladiny podzemne;j
vody, spadu podzemnej vody

seizmické otrasy, zemetrasenia

umelé otrasy (odstrely, vibracie,
stroje, doprava)

- mechanického stavu hornin

pritazenie zrazkovou vodou
a vodou z topiacich sa snehov

pritazenie nasypmi, navazkami,
haldami

- vonkajSieho zataZenia, napitia vo
svahu

pol'nohospodarske, lesnicke,
stavebné, tazobné prace

- geometrie svahu, odtokovych
pomerov

Z uvedeného prehladu sa da jednoznac¢ne usudit’, Ze teplota, resp. cyklické striedanie
teploty patri medzi faktory permanentne posobiace na svah, ktoré podl'a doterajSich zisteni
sposobuju zvratné zmeny. S tymto nazorom sa pravdepodobne medd v plnom rozsahu
sthlasit. BlizSie poznanie termofyzikalnych vlastnosti hornin, ako aj termo-mechanické
spravanie hornin pri tepelnej zatazi poukazuju na trochu odlisné okolnosti. Problematika
teploty a jej vplyvu na podmienky medznej rovnovahy vo svahu nebola prioritne nikdy
predmetom zaujmu geoldgov, aj napriek tomu vSak, viaceri autori v minulosti sa tymto
problémom zaoberali. V tridsiatych rokoch minulého storo¢ia Zaruba tlmocil prvé ndzory, ze
povrchové teplotné zmeny v horninovom masive sposobené zmenami teploty vzduchu, mézu
aktivizovat’ svahové pohyby v skalnych hornindch. Na tento jav, ako uvadza Zaruba /11/,
upozornil uz Davidson v r.1888, ktory zistil, ze pieskovcova doska dlha priblizne 1 m ulozena
na podklade so sklonom 17° sa v dosledku kolisania teploty postva priblizne 1 cm za 1 rok
(0,0274 mm za 1 den). Rovnako Redlich a Terzaghi (1929 in Zaruba) upozornili na
uvolnovanie a posuvanie horninovych blokov v désledku objemovych zmien vyvolanych
kolisanim teploty a na zaklade tohto poznatku vysvetlovali a opisali zostivanie skalnych suti

deponovanych na mierne sklonenych svahoch anakoniec Zaruba /11/ pri stadiu stability
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svahov pri Stéchoviciach a Vranom usudil, Ze pri¢inou aktivizicie svahového pohybu v
ilovitych bridliciach algonkického veku situovanych v zareze cesty su s najvacSou
pravdepodobnostou vplyvy kolisania teploty. Mozno konStatovat, Ze Zaruba sa ako prvy
snazil svahové pohyby na zdklade dobrych poznatkov o termofyzikalnych vlastnostiach
hornin nielen osvetlit, ale spominany jav aj kvantifikovat’. Po zverejneni tychto poznatkov
nastalo pomerne dlhé obdobie, ked vplyv teploty na vznik svahovych pohybov v odborne;j
literattire nebol kriticky analyzovany. Az v poslednej dekade sa opétovne k tejto problematike
vratili viaceri autori. Napr. Vargas /12/, ktory Studoval vznik skalnych ruteni v oblasti Rio de
Janeira (Brazilia) v obdobi bez vyraznejSieho tthrnu zrazok, pocas tzv. suchej zimy, vyslovil
nazor, ze k vzniku spominaného javu pravdepodobne doslo v ddsledku striedania povrchove;j
teploty, ktoré sposobilo v hornine vznik teplotnych napiti (thermal stresses) a zniCenie
skalnych premosteni (rock-bridges) v Struktiire horniny, rozvol'nenie horniny a stratu stability
skalnych blokov. Podobne uvazoval i Gunzburger /6 a 7/ pri $tadiu skalného zrutenia
v Rochers de Valabres (region juznych francuzskych Alp). Spominany autor spolu so svojim
kolektivom na podporu svojej idey vytvoril numericky model, ktorym potvrdil svoju
hypotézu, Ze tepelne vzniknuté deformacie mohli byt’ dostatocnou pri¢inou zmeny kripového
pohybu v pohyb translacny a z hl'adiska kinematiky za pohyb rutivy. Stewart, Moore /13/ a
Watson /14/ Studovali velky aktivny zosuv v oblasti prichradnej nadrze v Checkerboard
Creek v Britskej Columbii (Kanada). Napriek dlhodobému komplexnému monitoringu tohto
svahu (extenzometre, inklinometre, piezometre teplotné snimace a pod.) autori predpokladaju,
ze periodické pohyby su z velkej Casti podmienené teplotnymi zmenami, priCom ako
uvadzaju, teplotné zmeny boli pozorované az do hibky 10 m.

V stcasnosti je mozné konStatovat, Ze vicSina autorov zaoberajucich sa stabilitou
svahov si v plnom rozsahu uvedomuje, Ze teplotno-mechanické procesy redlne ovplyviuji
stabilitné spravanie sa hornin vo svahu, na strane druhej, tym, Ze nie je naporudzi ich
kvantifikacia (napr. rychlost’ a hibkovy dosah tepelného toku, trvala teplotna deformacia
apod.) pri beznych podmienkach rieSenia stability horninového masivu logicky

termofyzikalne parametre nie si sicastou vypoctovych rieSeni /15/.

Termofyzikalne vlastnosti hornin a ich vplyv na prenos tepla
Zakladnymi idajmi potrebnymi na posudenie vplyvu teploty na mechanické spravanie
horninového masivu je poznanie prirodzeného teplotného pola a termofyzikalnych

parametrov hornin, ku ktorym patri koeficient tepelnej iteplotnej vodivosti, merné teplo
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a koeficient dizkovej teplotnej roztaznosti. Takéto poznatky si nevyhnutnym podkladom pre
Studium priestorového i ¢asového rozlozenia teplotného pol'a v horninovom masive.

V izotropnom homogénnom prostredi je vedenie tepla ur¢ované jedinou konstantou —
koeficientom tepelnej vodivosti (1). Vo vSeobecnosti je tato konStanta funkciou teploty,
tlaku, porovitosti, nasytenia pérov vodou a minerdlneho zloZenia. Medzi najlepSie vodice
tepla z najrozsirenejsich minerdlov patri kremen (A = 837 W.m'.K'), zhormnin
kvarcit, dolomit, anhydrit a kamenna sol’ (A = 4,19 az 6,28 W.m"'.K™"). Najhorsimi vodi¢mi
tepla medzi mineralmi st sfudy (1 = 0,5 az 2,0 W.m” .K'), resp. horniny sedimentarneho
povodu - ilovee (4 = 0,42 az 0,84 W' K 1). Vaésina hornin tvoriacich zakladni hmotu
zemskej kory, ma tepelnti vodivost' v rozmedzi 2,09 az 4,19 W.m™ K a va&§inou nevykazuji
zreteInl anizotropiu okrem hornin, na ktorych je folidcia jednoznacna - fylity, ruly, svory
/16/.

Koeficient teplotnej vodivosti hornin (y) Casto sa nazyva aj ,sucinitel’ tepelnej
vodivosti®, v anglickej literatare ,,thermal diffusivity* charakterizuje rychlost zmeny teploty
pri pohlteni alebo vydani tepla. Tato veli¢ina mdze byt urCovand bud’ ako strednd hodnota,
alebo ako veliina zavisiaca na smere tepelného toku, resp. na smere textrnych alebo
Struktirnych znakov (pérovitost’, klivaz, orientécia, hustota a vypli puklin a pod.) hornin.
Teplotna vodivost’ priamo suvisi s tepelnou vodivostou. Koeficient teplotnej vodivosti . zavisi

na koeficiente tepelnej vodivosti A, mernej tepelnej kapacite ¢ a mernej hmotnosti p:

z=2 (m2s] 1)
p.c

Merné teplo (c) je definované ako tepelna kapacita hmotnej jednotky, pricom tepelna
kapacita zna¢i mnozstvo tepla potrebné na ohriatie latky o 1 °C.

Relativna diZkova teplotna rozt’aZnost’ - dilatancia (¢) vyjadruje relativnu dizkova
zmenu vzorky v uvaZovanom teplotnom intervale. Je definovana rovnicou:

e=Al/l) [mmm'] )

kde Al je zmena dizky skiimanej vzorky,
Iy — povodna dizka skimanej vzorky.

Teplotna roztaZnost’ (o) charakterizuje koeficient dizkovej teplotnej roztaznosti o,
ktory je definovany rovnicou

ld

o=—— 3
[, dt ©)
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kde [, je po¢iato¢na dizka vzorky,

dl je zmena dizky sposobena teplotnou zmenou d.

Teplotné zmena dt je dana teplotnym intervalom Af = ¢,—¢;.

Sledovanie prediZenia vzorky v zavislosti od teploty poskytuje délezité informacie,

ktoré sa daju vyuzit’ vo vyskume ako aj v praxi.

Sposoby zist'ovania priebehu teplotného toku v horninovom masive

Z fyziky a z dennej skiisenosti je zname, Ze teplo sa $iri z miesta s vysSou teplotou na
miesto s teplotou nizSou. V zasade sa rozliSuju tri zakladné sposoby prenosu tepla, ato
vedenim (kondukciou), pridenim (konvekciou) a Ziarenim (radiaciou).

Prenos tepla vedenim je dany tepelnym pohybom na =zaklade vzajomného
energetického posobenia molekul, atomov, id6nov a elektronov. Teplo sa prendsa vedenim
nielen v tuhych, ale iv kvapalnych aplynnych latkach. U pevnych latok, kam patria aj
horniny je jedinym mechanizmom prenosu tepla. Mnozstvo tepelnej energie, ktoré sa prenesie
cez jednotkovy prierez telesa za jednotku Casu sa nazyva tepelny tok a oznacuje sa vektorom
O (presny ndzov je hustota tepelné¢ho toku).

Pokusy ukazali, ze tepelny tok je priamo umerny teplotnému gradientu (t.j. spadu
teploty) a smeruje z miesta s vyS$Sou teplotou na miesto s teplotou nizSou. Matematicky to
vyjadruje Fourierov zakon vedenia tepla:

Q=-AgradT 4)

kde 2 je koeficient tepelnej vodivosti. Tepelny tok ma rozmer W.m™, teplotu uvadzame
v stupiioch Celzia alebo Kelvina (K). Koeficient tepelnej vodivosti 4 ma rozmer W.m” K’
audava schopnost’ materidlu viest’ teplo. Tepelne izolujuce latky maju 4 nizke, latky, ktoré
dobre vedu teplo, tepelné vodice, maju 4 vysoké. Patria k nim napriklad kovy. Z Fourierovho
zakona vyplyva, Ze tepelny tok je vektorova veli€ina, t. j. ma vel'kost’ i smer.

Priebeh tepelného toku v horninovom masive je mozné stanovit dvomi sposobmi:
priamymi meraniami in situ a analytickym vypoctom. Oba sposoby sa vyznacuju kauzalitou a
je potrebné ich vykondvat’ najméd preto, ze vysledky in situ merani sCasti poskytuju vstupné
udaje pre analyticky vypocet, na strane druhej, vypocet plati pre idedlne teleso a takto ziskané
vysledky poskytuju akysi etalon priebehu tepelného toku. Vzdjomnym porovnanim mozeme
zistit', ¢i tepelny tok v horninovom masive namerany in situ ma realny priebeh alebo je

zatazeny chybami (chyby v meraniach, heterogenita horninového masivu 1 materialu).
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Merania tepelného toku in situ sme zacali realizovat’ v roku 2003, ked’ v priestore
juznej Casti hradu, v tzv. Perunovej skale bolo osadenych pit’ teplotnych snimacov (obr. 2),
pri¢om $tyri st umiestnené v rozdielnych hibkach travertinového masivu (6,5 cm, 25 cm, 38
cm a 80 cm) a piaty teplotny snimac¢ zachytdva vonkajsiu teplotu. Teploty sa v pravidelnych
casovych sekvenciach (kazdé Styri hodiny) zaznamendvaji a data sa ukladaju na pamitové
médium. Intervaly snimania teploty st navrhnuté tak, aby boli zaznamenané najmi teplotné
maximé a minima, ktoré st dolezité pre uréenie teplotnych amplitid v skamanych hibkovych
urovniach skalného masivu. Z takto ziskanych hodnoét je mozné urcit’ priebeh tepelného toku

v Case a priestore, ako aj stanovit’ fazové posuny periodickych zmien teploty.

Obr.2 Pertinova skala s detailnym pohladom na umiestnenie teplotnych snimacov a umiestnenim
opticko-mechanickych meradiel TM 71

Analyticky vypocet priebehu teplotného toku v horninovom masive
Pri zjednoduSenom analytickom rieSeni horninovy masiv predstavuje homogénny
polopriestor s teplotnou vodivostou y, vktorom nie si zdroje tepla (uvazuje sa iba
s exogénnym teplom) a rozloZenie teploty potom zavisi iba od hibky pod povrchom z a asu
t, a plati:
T(z,t)=Ae "’ cos(wt—2z/8)  (5)

o - uhlova rychlost, A-amplitada povrchovej teploty, t-&as a z-hibka.

kde & je prienikovd hibka vyjadrena vztahomS =2 y /o = [ty / 7 .
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Toto rieSenie ukazuje, ze amplituda teplotnych zmien je exponencidlne tlmena

! priblizne 1/3

srasticou hibkou. V hibke z = § je amplitida teplotnych zmien A.e
z amplitady na povrchu a sucasne dochddza aj k fizovému oneskorovaniu teplotnych vin

s hibkou. Kym na povrchu z = 0 je maximum teploty v ¢ase ¢ = 0 (na poludnie), v hibke z je

azvéase t, =z/w0) =z/\2yo =%c/4m y /7.

Najjednoduchsim spoésobom zistovania priebehu teplotnych amplitdd v rozdielnych
hibkovych urovniach (zy - povrch skalného masivu; z;, z,, 73, 74, 75 — hibky zodpovedajuce
hibkam v travertinovom masive) je modelové rieSenie reprezentované idealnym telesom,
ktorého povrch je vystaveny vonkajSim teplotnym zmenam.

Pri modelovani priebehu tepelného toku v horninovom masive analytickym vypoctom
je potrebné poznat’ parametre koeficientov teplotnej (x) tepelnej (1) vodivosti, objemovu
hmotnost (p) a merné teplo (c).

Pre zistenie teplotnej vodivosti a sme pouzili vypocet z in situ nameranych teplotnych
amplitad, ktory je zaloZeny na poznatku, Ze smerom do hibky horninového masivu sa teplotné
amplitady znizuju. Potom plati nasledovny vzt'ah:

§=(z,-2)m(4,/4), (6)
kde & je hibka prieniku teplotnych zmien (1),
Z;aZ;isu hibky (m), ktorym prisliichaju denné teplotné amplitady A;a4; (°C).

Pre vypocet teplotnej vodivosti y (m”.s™) plati nasledovny vztah:

y= (5272)/T , (7)
kde T je perioda (s™).

Vstupné hodnoty teplotnej vodivosti a objemovej hmotnosti zodpovedaji matematicky
vypocitanym, resp. laboratérne ziskanym hodnotam, merné teplo pouzité pri vypocte
zodpoveda tabul’kovému udaju pre travertin (tab. 2). Pri modelovani dennych teplotnych
zmien sme pocitali s periodou 24 hodin (7 = 24) a amplitidu povrchovej teploty (4) sme

stanovili na 10 °C, comu zodpoveda rozpitie teplot 20 °C (obr. 3).

Tab. 2 Teplotné parametre pouzité pre vypocet tepelného toku
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Parameter Symbol Rozmer

Teplota T (z, £) (K'll)

Amplitida povrchovej teploty A (K"
Peridda teplotnej zataze T (s
Teplotna vodivost’ x (m*s™)
Merné teplo c Jkg' X!
Objemova hmotnost’ travertinu P g.cm™

22 T

‘ e povrchova teplota
—6’5 cm

—25 cm

Amplitada teploty [°C]

Cas [hod]

Obr.3 Priebeh teplot v sledovanych hibkach skalného masivu stanoveny analytickym

vypoctom

Na zéklade vypoltového stanovenia (obr. 4) priebehu teplot v sledovanych hibkach
skalného masivu plati, Ze v ¢ase 0 je na povrchu teplota 0 °C, v hibke 6,5 cm st 4 °C, v 16 cm
je 8 °C ,v25 cm je 10 °C av38 cm 10,6 °C . Ako dalej vidiet, amplitida dennych
teplotnych variacii v hibke 6,5 cm je 6,4 °C, v 25 cm je 2,3 °C a v 38 cm je uz len 1,1 °C .
V hibke 80 cm su teplotné zmeny prakticky nulové, &iara priebehu teplotnej viny ma
charakter temer priamky (amplitada je 0, 09 °C). Z toho vyplyva, Ze od hibky 80 cm je
v skalnom travertinovom masive pribliZzne rovnaka teplota okolo 10 °C (plus, minus

0, 1°C).

Porovnanie vysledkov z merani in situ a z analytickych vypo¢tov
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Analyticky vypocitané hodnoty priebehu dennych, tyzdennych a mesaénych
teplotnych zmien sa priblizne zhodujii s nameranymi teplotami v skalnom masive. Tuto
zhodnost’ je mozné vidiet' v grafoch (obr. 4, 5, 6), vktorych sme porovnali hodnoty
teplotnych amplitdd ziskanych =z analytickych vypoctov s hodnotami nameranymi
v travertinovom masive podlozia Spisského hradu.

Zo ziskanych vysledkov vyplyva, ze dosah povrchovych dennych teplotnych zmien sa
prejavuje priblizne do hibky 0, 80 m travertinového masivu (obr. 4). Amplitady dennych
teplotnych zmien sa v sledovanych hibkovych trovniach sa prakticky zhoduju, iba v hibke 38

cm je mens$i rozdiel, ktory zodpoveda priblizne 1 °C.

i analyticky vypocet

—

merania in situ

Amplituda teplotnych zmien (°C)

(1] 10 20 30 40 50 60 70 80 90
Hibka (cm)

Obr.4 Porovnanie dennych teplotnych zmien ziskanych z analytickych vypoctov a z hodnét
nameranych v skalnom masive

Pri #y¥dennej periode sa amplitudy teplotnych zmien prejavuji uz do hibky cca 2 m Na
tomto grafe (obr. 5) je mozné pozorovat izku zhodu medzi meraniami in situ a hodnotami
teplotnych zmien stanovenych vypoctom. Podobne ako v pripade dennych amplitad
teplotnych zmien aj tu sa v hibke 38 cm prejavil mensi rozdiel zodpovedajuci priblizne 1,
1°C. V hibke 80 cm bola opit zistena priblizna zhoda v nameranych i vypogitanych
hodnotéch.
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B analyticky vypocet
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4 merania in situ

Amplituda teplotnych zmien (°C)
N
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o

0 50 100 150 200 250
Hibka (cm)

Obr.5 Porovnanie tyZdennych teplotnych amplitad ziskanych z analytickych vypoctov a hodnot
nameranych v skalnom masive

Pri mesacnej periéde sa amplitudy teplotnych zmien prejavujii a2 do hibky cca 3 m.
V grafe na obr. 6 sa jednoznacne preukédzala zhoda medzi analytickym vypoctom a in situ

meraniami.

14
B analyticky vypocet

¢ merania in situ

=y -
o -] o N

Amplitada teplotnych zmien (C°)
-y

0 50 100 150 200 250 300 350
Hibka (cm)

Obr.6 Porovnanie mesaénych teplotnych amplitud ziskanych z analytickych vypocétov a hodnot
nameranych v skalnom masive
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Interpretaciou vysledkov ziskanych tak z terénnych merani, ako i z analytickych vypoc¢tov na
zéklade rovnice vedenia tepla (4) vyplyva, ze UCinky povrchovych teplotnych zmien sa pri
periéde jedného diia prejavujii maximalne do hibky 0, 8 metra. TyZdenné periody sa prejavuju
az do hibky priblizne 2,5 nasobku dennej periédy, tzn. do hibky priblizne 2, 0 m a mesaéné
periédy sa prejavujii az do hibky priblizne 3, 5 nasobku dennej periédy, tzn. do hibky
priblizne 3, 0 m. Naopak, najviésie teplotné zmeny boli zistené priblizne do hibky 0, 8 m pod
povrchom, ked’ zistené¢ amplitady teplotnych zmien zodpovedali asi 75 az 80 % vonkajSej
teplotnej amplitady. Z tohto pohladu je moZzné povazovat’ prave tuto povrchova vrstvu za
termicky najviac atakovanu, nasledkom ¢oho sa v nej generuju tepelne podmienené objemové

zmeny a teplotné deformacie.

Teplota ako faktor Struktirneho oslabenia hornin
Vysledkom teplotno-mechanického procesu je teplotna deformacia horniny. Kolisanie

teploty vyvolava vo vnutri skalnych horninovych masivov teplotné napéitia (thermal stresses),
ktoré su vyvolané rozdielnou teplotnou rozt'aznostou (thermal expansion) minerdlnych zin.
Na priebeh avelkost teplotnej roztaznosti vplyva najmd minerdlne zlozenie horniny
a krystalografické orientacie jednotlivych mineralnych ztn /17 a 18/, pricom nemalt ulohu
zohrava aj vyskyt roznych mikrotrhlin a velkost' a distribcia porov /20 a 21/.Glamheden
a Lindblom /22/ uvadzaj, ze teplotno-mechanické procesy sposobuji:

a) zhorsenie fyzikalno-mechanickych vlastnosti hornin

b) vznik novych mikrotrhlin

¢) otvaranie existujucich trhlin a puklin

a teda vedu k celkovému oslabeniu a degradécii horninového masivu.

Zistovanie teplotnej rozt’aZnosti 1 teplotnej deformdcie hornin nie je Standardnou
skuaskou laboratérii geologickych pracovisk, a preto bolo pre tento ucel potrebné vyvinut’
Specialny pristroj — termodilatometer, ktory bol skonStruovany na zaklade ideového navrhu
jedného z autorov prispevku vo firme Applied Precision z Bratislavy. Pristrojom sa daja
testovat’ vzorky dizky 5 cm (priemer do 3,5 cm) v teplotnom intervale od —20 °C do +90 °C,

s presnost’ou merania teploty £ 0,5°C a rozliSenim 0,001 mm (obr. 7).
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»Dummy*“ vzorka

LVDT
meradlo

L e NzOYKY horniny
BRI =1

Obr. 7 Dilatometer VLAP 02.V blizkosti meranych vzoriek je uloZena indenticka (rovnaky
petrograficky typ) vzorka (tzv. dummy vzorka), sliziaca na meranie teploty v jej jadre.

Na tuto teplotu je regulovana teplota termostatu.

Na sledovanie teplotnych zmien skusobnych vzoriek travertinu bol zvoleny rozsah
podobny priebehu kolisania teplot v rocnom klimatickom cykle na uzemi lokality SpiSského

hradu.

e Letny cyklus prebiehal v teplotnom intervale od +20°C do +55°C, ¢o predstavuje
aproximované hodnoty teplot v letnom obdobi (obr. 8)

e Zimny cyklus prebiehal v teplotnom intervale od —5°C do —20°C, ¢o predstavuje
aproximované hodnoty teplot v zimnom obdobi.

e Jarny / jesenny cyklus prebichal v teplotnom intervale od + 20°C do -5°C,

zohladiiuje aproximované teplotné vykyvy vyplhajice teplotné rozpitie medzi letom

a zimou.

Na obr. 8 je zaznam z letného cyklu, ktorym sme zistili relativnu dizkovii zmenu
vzorky & =438.10° a trvalu teplotnu deforméciu L, (pre skimanu vzorku travertinu na obr. 8

L,=5.10° m).
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Obr. 8 Graficky zdznam skuSky horniny pri teplotnej zat'azi 60 °C

Na zéklade hodnoty & je potom mozné stanovit’ dizkovu teplotnti roztaznost’ vzorky
travertinu (o) podl'a vzorca:
a=¢/AT, (8)

kde AT predstavuje interval teplot, v ktorom sa skiimana vzorka skusala (20 az 55 °C).
Pre skimanii vzorku travertinu je o = 12,514.10° °C™".

Experimentalne ziskané udaje o teplotnej deformdcii (priebehu tepelného toku
a vel'kosti teplotnych deformacii) horniny (L) séasti dopliaja predstavy Zarubu /11/, ktory na
idealne orientovanom horninovom bloku, resp. sustave blokov uklonenych pod uhlom ¢
dokumentoval jeho posun. Povodny objem bloku oznaceny Ciernou ¢iarou sa po zohriati zvacsi
(Cervena cCiara). Ak st rozmery bloku relativne malé (na zdklade naSich vypoctov
a experimentalne overenych dennych merani asi hrabky 0, 80 m) dojde pravdepodobne
k prestupu tepla v celom jeho objeme a objemové zmeny sa prejavia po celom jeho obvode.
Pri véac¢sich objemoch sa pravdepodobne preukdzu len na povrchu skalného bloku (??).
Ochladnutim (modra ¢iara) sa horninovy blok nedostane do svojej povodnej polohy, pretoze
zmensi svoj objem symetricky k tazisku, ¢ize velkost’ posunu je rovnéd velkosti objemovej
zmeny. Termomechanické spravanie horninové bloku podla predstdv Zarubu je vo
vSeobecnosti akceptovatel'né, az na jeden fakt, a tym je trvald teplotnd deformacia horniny,
ktora sa prejavi ak hornina je vystavena teplotnej zatazi. Ked’Ze sa jedna radove o hodnoty v
um, je tito pomerne obtiazne meratel'na hodnota vzhl'adom k uvazovanému pohybu (posunu)
temer zanedbatel'na.

V zévislosti od hmotnosti (objemu) a sklonu a drsnosti diskontinuity bude zavisiet

rychlost’ posunu (krip, zostivanie az rutenie). Zmena taziska a posuny vyvolané objemovymi
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zmenami hornin st tym vécsie, ¢im je vacsi koeficient teplotnej roztaznosti o, ¢im je vacsi
rozdiel povrchovych teplot (teplotny rozsah), ¢im je viacsi uhol sklonu aéim je mensi

koeficient trenia medzi skalnymi blokmi (obr. 9).

Obr. 9 U¢inok teploty na stabilitu skalnych stien podla Zarubu /11/
A — pbvodny stav, B — stav po zahriati, C — stav po opédtovnom ochladeni, ¢ — sklon svahu

Monitorovanie svahovych pohybov

Monitorovanie svahovych pohybov na SpiSskom hrade sa zapocalo v roku 1980, ked’
boli inStalované tri meradld typu TM — 71. Neskor vroku 1992 pribudli d’alSie, avSak
v sucasnosti si funkéné len Styri pristroje typu TM-71, tri stanoviskd (SM-1, SM-2 a SM-3),

kde sa realizuju merania prenosnymi meradlami SOMET (obr. 10).

TM71-h2, SM 1
TMT1-h1, SM 3
TMT1-1,SM 2

Obr. 10 Situdcia monitorovacich stanovisk na SpiSskom hrade
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Z vyssie uvedeného poctu sa vécsina stanovisk nachadza po obvode tzv. Perunovej
skaly, ktora na zaklade dlhodobych merani vykazuje najvacsie pohyby /25/.

Meradl4 zaznamenavaju periodické rozsirovanie, resp. zuzovanie pukliny medzi dvoma
blokmi Perunovej skaly, horizontalny posun v rovine osi x. Pri tomto jave sme chceli zistit
zavislost medzi kolisanim vonkaj$ich teplét a nameranymi pohybmi monitorovanych
skalnych blokov. Snazili sme sa to vyjadrit’ tak, ze do grafov sledovanych posunov sme
zahrnuli aj priemerné denné vonkajsie teploty. Ako je z obrazkov vidiet’, teplotné zmeny maja
vplyv na kinematiku pohybu samotného travertinového telesa. Na monitorovacom stanovisku
TM-71-h1 (obr. 11) zobrazena zavislost’ naznacuje, ze s rastiicou teplotou sa velkost’ pukliny
medzi blokmi rozSiruje, naproti tomu na stanovisku TM 71-1 (obr. 12) je tato zavislost
opacnd (s rasticou teplotou sa puklina zuzuje). Z toho vyplyva, ze periodické zmeny
vonkajSej teploty vplyvaji na kolisavé pohyby Pertinovej skaly, a méZu sa uplatiiovat’ ako

pripravny faktor pre pomaly plazivy pohyb.

Graf zavislosti medzi teplotou a posunom
TM 71-h1 Teplota °C)

30

Pesun (mm)

4 ,_/\ i

ﬁ
{
-
—_—

F-20

0.2001
.10.2002 4
0.2003

15.10.1568
15.10.2004
15.10.2005

[ == priemernd dennateplota —x —y —z]|

Obr.11 Vysledky monitorovania Perunovej skaly meradlom TM 71-h1
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Graf zavislosti medzi teplotou a posunom
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Obr. 12 Vysledky monitorovania Pertinovej skaly meradlom TM 71-1

Zaver
Zakladnymi geotermickymi udajmi nevyhnutnymi pre Stidium priestorového
rozlozenia teplotného pola v horninovom masive je poznanie termofyzikalnych parametrov
hornin. Tepelné vlastnosti hornin zdvisia od mnozstva faktorov, predovsetkym od Struktary
horniny, jej litologického a minerdlneho zlozenia, poérovitosti, vlhkosti, teploty
a geostatického tlaku. Modelové rieSenia na ziklade rovnice vedenia tepla s vyuzitim
termofyzikalnych vlastnosti hornin ndm umoziluji pomerne presne predpovedat vyvoj
teplotného pola v priestore a Case. Rovnako, pri poznani teplotnej deformacie hornin iich
termo-mechanického spravania, bude mozné korigovat’ vysledky monitorovania svahovych
pohybov, tak, ze bude mozné odlisit’ pohyb spdsobeny gravitaénymi silami a objemovou
zmenou horninového bloku. V tomto smere je potrebné este vykonat viacero terénnych
merani a laboratornych pozorovani, pretoze merania priebehu tepelného toku a stanovenia
termofyzikalnych parametrov hornin mézu zat'azené r6znymi chybami, ktoré¢ mozu vyplyvat
najma z:
e doposial neStandardizovanej metodiky stanovenia termofyzikdlnych
parametrov v pripovrchovej zone skalnych horninovych masivov,
e absencia vlhkosti, ako vyznamného fyzikdlneho faktora vplyvajiceho na
termo-mechanické spravanie sa hornin, resp. Horninovych masivov
e chyb v meraniach sposobenych pri osadeni teplotnych snimacov,

e nereprezentativneho stanovenia ¢asovych sekvencii zberu dat a pod.
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Vyssie uvedené fakty si autori prispevku v plnom rozsahu uvedomuju, apreto dalSie
vyskumy buda orientované v smere optimalizicie ziskavania tidajov o termo-mechanicko

spravani sa hornin a horninovych masivov.

Tento prispevok bol vypracovany s financnou podporou projektu ¢. APVV-0158-06
Agentury na podporu vyskumu a vyvoja, ako i z prostriedkov Vedeckej grantovej agentury
MS SR (grant VEGA ¢. 1/4045/07).
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UNCERTAINTY ASSESSMENT IN EXTENDED DYNAMIC PLANE

SOURCE METHOD
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Abstract:

Extended Dynamic Plane Source (EDPS) method can be used to measure
simultaneously the thermal conductivity A and diffusivity a of low thermally conducting
materials within a few minutes. However, although the method is relatively simple, the
assessment of its uncertainty is a complicated task and ISO Guide to the Expression of
Uncertainty in Measurement cannot by applied directly. The sources of errors can be
divided into three groups. The first group could be defined as the deviation of the
experiment from the theoretical model. The second group is caused by random errors.
The third group is caused by errors of input parameters measurement. The aim of this
contribution is to define the chain of operations required to determine the results and its
uncertainty.

Keywords:
standard uncertainty, thermal conductivity, thermal diffusivity, extended dynamic plane
source method

INTRODUCTION

The Extended Dynamic Plane Source (EDPS) method [1] is arranged for one-
dimensional heat flow into a finite sample. The principle of the method is outlined in
Figure 1. The plane source (PS), which simultaneously serves as the heat source and
thermometer, is placed between two identical specimens. Heat sink, made of very good
heat conducting material, provides isothermal boundary conditions of the experiment.
Figure 2 shows the electrical circuit design. Heat is produced by the passage of
electrical current through a planar electrical resistance. Turning the switch S on
generates the heat flow into both specimens in the form of a step-wise function. Using
the constant power resistor, the electrical current and the voltage across PS can be
measured. Thus the power, the instantaneous value of PS resistance and temperature
can easily be computed.

heat sink

specimens

—f A

plane source

Figure 1. The setup of the experiment.
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W

Power PCL 711 Computer
supply
PS

Figure 2. Experimental circuit design. R - constant resistor, S - switch.

The theoretical model of the experiment is described by the partial differential
equation for the heat transport. The temperature function is a solution to this equation
with boundary and initial conditions corresponding with the experimental arrangement.
The theoretical temperature function is given by

T(t,l,a,T)=%E'[l‘i‘Z&iﬁnierfC(n—\/a_ltJj'FT (1)

g is the heat current density and | is the thickness of the specimen. t is an additional
(nuisance) parameter which represents the offset of PS temperature due to its
imperfections. B describes the heat sink imperfection and ierfc is the error function
integral [2].

UNCERTAINTY ASSESSMENT

The reliability of every measurement result is confirmed by a quantitative
assessment of its uncertainty. General rules for uncertainty assessment have been
established in GUM [3]. The sources of error can be divided into three groups. The first
could be defined as the deviation of the experiment from the theoretical model.

The model assumes that PS is a homogeneous heat source, has negligible heat
capacity and perfect contact with the specimen. These conditions are not exactly
fulfilled which causes so called source effect. This is solved by introducing a new
parameter t and removing the beginning of the measured temperature response using
difference analysis [4].

It is supposed that there are no heat losses from the lateral sides of the
specimen. This can be solved by three methods. The first is removing the end part of
the measuring temperature response using difference analysis. The second is
measuring with various specimen diameters and extrapolating to infinity diameter. The
third is to make the experiment in vacuum.

The model also assumes the constant heat current density i.e. constant electrical
power. This is not exactly fulfilled because of the change of PS resistance during the
experiment. This can be solved using PC control constant power supply or by
measuring with various values of power and extrapolating to zero.

The second group is caused by unknown random errors. These effects can be
considered as repeatability of measurement results. Repeatability can be estimated by
10 or more successive measurements carried out under the same conditions and with
the same specimen. The apparatus and specimens should be disassembled and
reassembled before each measurement. The effect of apparatus assembly is probably
one of the most important factors for the results dispersion.
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The third group is caused by uncertainties in input parameters measurements.
The main sources of uncertainty are connected with the measurement of voltage,
resistance of constant resistor, temperature coefficient of resistivity (TCR) of the PS and
specimen dimensions.

CONSTANT RESISTOR MEASUREMENT

Measurement of the constant resistor R ~ 1 Q is performed using multimeter M1T

380. Because of low accuracy it could not be done directly but using the following
scheme

Figure 3. The measurement of the constant resistor R

The value of the resistance of the resistor R is given by the formula

U
R=R— 2
T (2)
So three quantities should be measured with errors given by the multimeter producer.
Error of R’ 1 kQ measurement is 200ppm.MH + 50ppm.MHMR = 275 mQ. Where MH
is the measured value and MHMR is the maximum value of the measuring range. So
the standard and relative uncertainties are given by

u(R)=2M2 160 ma UR) _160.10°¢ (3)
1.73 R

Error of U = 10 V measurement is 100ppm.MH + 20ppm.MHMR = 1.3 mV and the
relative standard uncertainty is

W) _ 75,10 (4)
0

Error of U » 10 mV measurement is 100ppm.MH + 20ppm.MHMR = 4.0 uV and the
relative standard uncertainty is

u) _ 10-6

Assuming no correlation between input quantities the standard uncertainty of resistance
R determination can be computed by root sum square addition as follows
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2 N\ 2 N\ 2 2
(- )
R R' u' U
The standard uncertainty of resistance R determination becomes u(R) =290uQ2.

TEMPERATURE COEFFICIENT OF RESISTIVITY TCR MEASUREMENT

The PS was placed into silicon oil bath where the temperature was measured by
thermometer with declared expanded uncertainty U(T)=0.1K. The standard
uncertainty is given by

1K

0.
u(T)=—=_-=0.058K 7
M="17 (")

The resistance of PS was measured using following schema

Figure 4. The measurement of PS resistance r

and the standard uncertainty of PS resistance r ~ 1Q determination is as in previous
section u(r) =290uQ.
TCR of PS is defined by the relation

r=rl+a(-T,)) (8)

where r, is the resistance at the temperature T;,. TCR of nickel is o = 0.0047 / K. The

simplest way of determining TCR is to measure temperature and resistance at two
points as seen in Figure 5.

A

r=1.047Q

n=1Q

v

To=20°C T=30°C

Figure 5. TCR measurement of PS
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Then the TCR can be computed using following formula

r—r,

CTHTT) ®

The first stage in evaluating uncertainty is to determine the uncertainty of the
differences,
u(T =T,) =~/2-u(T) =0.082 K u(r—r,)=+2-u(r)=0.41mQ (10)
then we use the root sum square addition rule
2 2 2 2
(U(a)j :(U(r_rO)J J{U(T—To)J J{U(ro)] (11)
a r—r, T-T, r

The standard uncertainty of TCR determination was stated to u(a)=56-10°K™.

PS RESISTANCE MEASUREMENT

The EDPS experiment consists in measurement of PS temperature response.
This is performed by measurement of PS resistance.

R=10 \UZO.SV

Power
suppl
dad r l u=0.5V

Figure 6. Measurement of time dependence of PS resistance

Now we used current | ~ 500mA, so the PS is warmed and emitting heat flux.
Both voltages u and U were simultaneously measured using multichannel Advantech
PC plug-in card PCL 711. This arrangement removed power supply instability. The
declared accuracy by the producer is 0.015 % of reading £ 1 LSB. The quantization
noise is suppressed using averaging. The relative standard uncertainty of voltage
measurement becomes

uu) u(U) 150-10°°
u U 1.73

=87.10° (12)

The resistance of the PS and its uncertainty are given by the forms

S R I

The standard uncertainty of PS resistance determination was stated to u(r) =320 Q.
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HEAT CURRENT DENSITY MEASUREMENT

The heat current density is given by the following forms

_P_Uu g 7 d’ (14)
S R-S 4

q
uncertainty of PS area S determination is given by
_ 9 i =%4. (15)
u(s) = ~ u(d) = d-u(d)

The specimen diameter was measured using a caliper with a resolution 0.1 mm. The
uncertainty becomes u(d)=0.1 mm/~12=0.03mm. Then the relative standard
uncertainty of heat current density determination was stated to

u@ _u(S) _,u(d) _ 4003 (16)
q S d

THERMOPHYSICAL PARAMETERS ESTIMATION

Inverse problem consists in determining the thermophysical parameters by fitting
theoretical temperature function (1) to measured points [t;,T,]. Since the output of the

measurement is the resistance of the PS, the temperature function should be rewritten
as

gl At o S g ertd ]
r(t) = o F(t,a)+p F(t,a) = | (1+2\/;;,8 |erfc(mD (17)

where a, q ,| are scalar input quantities and I is a vector input quantity. p is a
perturbation parameter stemming from parameter t. Each input quantity has been
determined with its specific uncertainty which contributes to the uncertainty of the
thermophysical parameters estimation.

SCALAR INPUT QUANTITIES CONTRIBUTION TO THE COMBINED UNCERTAINTY

The thermophysical parameters are computed using least squares (LS) fitting
which can be symbolically expressed as follows

y,=®,(F,aq1) (18)

where y=(4,a,p) is a vector of unknown parameters and ® is an inverse function
defined numerically by LS algorithm. According to GUM [3], uncertainty of input quantity
x contribution to the uncertainty of parameter y; determination is given

oy d)j(l.le)—CDj(x)'

b )= o )=

u(x) (19)
where the partial derivative is determined numerically.
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VECTOR r CONTRIBUTION TO THE COMBINED UNCERTAINTY

The result of the measurement is represented by equi-spaced time series of PS
resistance r, (i =1...n) denoted as vector I'. Then the sensitivity matrix [5] is given by

{X}ij = ﬂj (t.y) (20)
where g, is the sensitivity coefficient for parameter y; defined by
_,or(t,y)
Bt y)=—-—= (21)
J ayj
The standard uncertainty of the LS estimate of the parameter y; is given by
lf(yJ::«XT-X)Jh-UZU) (22)
where u(r) is the standard uncertainty of PS resistance estimate.
SUMMARY OF EDPS METHOD
The goal of this work consist in analysing the possible sources of uncertainty in

EDPS method. The analysis showed the complexity of uncertainty assessment, though
most of operations were simplified or carried out schematically.

u EXPERIMENT
05A
. U — 0
R 10 mA \\\\‘
U S— R P }
— > q
U d S >—> A ap
R' |
10 mA
U — > r
} P
u T
CALIBRATION

Figure 7. The chain of operations in thermophysical parameters estimation
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