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Solid Materials

This work proposes an experimental technique fa #imultaneous estimation of
temperature-dependent thermal diffusivity, and thermal conductivityd, of insulation
materials. The thermal model used considers a tesmione-dimensional heat transfer
problem. The determination of these propertiesoisedby using the principle of the Mixed
technique. In this technique two objective funci@re defined, one in the frequency
domain and the other in the time domain. The ohjedtinction in the frequency domain is
based on the square difference between experimanthlcalculated values of the phase
angle, while the other objective function is thastesquare error function of experimental
and calculated signals of temperature. The properti and A are obtained by using an
experimental apparatus that basically consists oPalyvinyl Chloride (PVC) sample
exposed to different temperatures inside an ové®e tEmperature inside the oven is
controlled by a PID temperature controller. The pestiesa and A were estimated for 7
(seven) points of average temperature in a rangmf20 °C to 66 °C. The properties were
determined with an additional heating of approxieigt4.5 K on the frontal surface.

Analyses of sensitivity, sensors location and sardphensions were also made.
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Introduction
Accurate modeling of thermal systems is

increasingly important. Designers are relying more computer
simulations to design complex thermal systems, widss
dependence on costly experimental testing and atabial.
Consequently, material thermal properties and edgitim techniques
are required to support simulation-based design&omsiderable
amount of effort has been devoted for the fulfiliheof the
ever-growing demand for new materials with relevagpplication in
engineering, especially in the evaluation of inSala material
performance. In this case, the characterizatiorthefmophysical
properties such as thermal diffusivity, and thermal conductivity,
A, is essential for the correct prediction of therthal behavior of
these materials. Besides, when developing a nemmntiensulating
material, one must perform a good deal of testshat the heat-
resistant properties of the material can be andlyreder various
heating conditions corresponding to different opegaconditions.
In this manner, methods to estimate thermal praseghould be
general enough to treat temperature dependencehisnpaper,
procedures are described for estimating temperafependent
thermal properties (thermal diffusivity and thern@nductivity).
Some experimental methods have been used for detegnthese
properties such as the hot wire and flash methBldskwell (1954)
presents the hot wire technique for the measureofetite thermal
conductivity. This technique requires inserting ralje inside the
sample, and this appears to be the main difficaftgthe method
when applied to solid materials. Another restrictis the use of this
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method in metallic materials, due to the problenith veontact
resistance. Moreover, their high thermal conduttiwould greatly
reduce the maximum time of measurement. Variatiohsthis

becomingnethod have been used in recent works for the thlezanductivity

determination as a function of temperature. Formete, theA
determination, in Miyamura and Susa (2002) of kiggallium, and
in Luo et al (2003) by solving IHCP in an infinite region. Raret
al. (1961) have developed one of the most employeithads for
measuringa of solid materials. This method involves exposang
thin slab of the material to a very short pulseradfiant (or other
form) energy. The thermal diffusivity is determindéarough the
identification of the time when the rear surface tbé sample
reaches half of the maximum temperature rise. Tée af flash
method to measure as function of temperature has been employed
in countless papers, for instance, in Mardolcar020in rocks at
high temperature, Erikssaat al (2002) in liquid silicate melts, and
Santoset al (2005) in polymers. However, it should be obsdrve
that in the flash method only one property can btioed with
precision. Recently, many methods have been desdlof
determine the temperature-dependent thermal piepesnd most
studies employed the nonlinear least-squares fatioul (Alifanov
1974, Becket al 1985, Dowdinget al 1999, Chantasiriwan 2002
and Kimet al. 2004). This method minimizes the formulation from
the sum of the squares of the difference betweerexperimental
measurements and the calculated responses ofstersyHowever,
some efforts should be done to avoid low sensjtivéigions for
obtaining both properties with confidence. In thisrk, the main
objective is to develop an efficient experimentathnique to
determine simultaneously temperature-dependeand A of non-
conductive solid materials. The nature of the malacstructure of
plastics makes their properties markedly to be tgatpre
dependent. In order to accomplish this objectikie, ftequency and
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time domains are mixed to estimate the thermophypiopertiesr
and A not only simultaneously, but also independentlye Teat
advantage of this procedure is the ease of datariexgntal
manipulation. Several experiments that cover a &satpre range
from 20°C to 66°C are analyzed. Results ofand A are in good
agreement for &olyvinyl Chloride (PVC) sample. In fact, the
method proposed in this work represents an alteedorm of
simultaneous estimation of temperature-dependenand A for
materials of low thermal conductivity.

Nomenclature

f =frequency, Hz

H(f) =transfer function, K.FW

L =sample thickness, m

n =total number of time measurements

Nf  =total number of point in the frequency domain

Im(Z)= imaginary component of the impedance function,
K.nf/wW

RgZ) =real component of the impedance function, #h

s = sensors number

S, = objective function in the frequency domain,Fad

S, = objective function in the time domain°C

S«(f) =autospectral density function2K

Sy(f) =cross-spectral density function?K

t =time, s
th =time duration of heating, s
T, =abbreviation of thermocouple

T, =abbreviation of thermocouple at the frontal surface
T, =abbreviation of thermocouple at the opposite swefac
T, =initial temperature, °C

x(t) =input signal in time domain, Wm

X(f) =input signal in frequency domain, W/m

y(t) =output signal in time domain, K

Y(f) =output signal in frequency domain, K

z = axial direction, m

Z(f) =impedance function, K 7w
|Z(f)| = modulus of Z(f)

Greek Symbols

a  =thermal diffusivity, /s

4t =time steps, s

@ = generated heat flux, Wfm

#(f) = phase factor &(f), rad

A =thermal conductivity, W/m.K

6  =temperature difference, °C

6, =the upper surface temperature, °C
6 =the lower surface temperature, °C

Subscripts

e relative to experimental data
t relative to theoretical data

1 relative to frontal surface

2 relative to opposite surface

Theor etical Formulation

Temperature Model

The thermal model is given by a one-dimensional ehad
shown in Fig. 1, whereg represents the heat flug the upper
surface temperature allithe lower surface temperature.
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Figure 1. Thermal model proposed.

The heat diffusion equation is the governing edqumafor the
geometry presented in Fig. 1:

9%6(zt) _1 69(z,t)'

1
622 a ot ( )
subjected to the following boundary conditions:
06(zt
2222 < gy @
Z lz=0
26(z,t) -0, 3)
0z z=L
and the initial condition
6(z.0)= 6o, (4)

where &zt) = T(zt) - To. The temperature solution is numerically
obtained by using the implicit finite difference tined solution to
solve Egs. (1-4). The algebraic linear system wakes by
Successive Over Relaxation method (SOR).

Dynamical System

The technique proposed here uses the input/outyrandical
system to obtairr (Fig. 2), wherex andy are the input and output
signals, respectively.

x= ¢(t) y = 6(0)- (1)

System

Figure 2. Input/output model.

Using the convolution theorem (Bendat & Piersol88Q the
impedance function can be identified in the frequetiomain by:

Y(F)

2(1)=h(n) = A0 =76

a(f)

®)

where Z(f) is the impedance function, that is equivalentthe

frequency response function aixgf) and Y(f) are the input and
output, respectively, in the transformédplane. This impedance
function is also an analogy with electrical or metical systems
(Deferet al, 1998). Their values are found by the applicatbthe

Fast Fourier transform of the datdt) and y(t). The Fourier

transforms were performed numerically by using @umley-Tukey

algorithms (Discrete Fast Fourier Transform) (Ben&8aPiersol,

1986). A more stable impedance function can be iodta by

multiplying Eq. (5) by the complex conjugateX{f):

ABCM



Identification of Temperature-Dependent Thermal Properties of Solid Materials

Y(F)X () Swy(f) Sy based on the difference between calculated amperemental
Z(f)= () *( ) =2 , (6)  temperatures, defined by:
X(F)X (f) Sx(f)

S Nn
whereS,, is the cross-spectral density x{f) andy(t) andS, is the Sp = z Z[ge (i, j)_gt (i, j)]z, (11)
autospectral density oft). In Egs. (1-4) it can be observed that the j=li=1
frequency respons&(f) is strongly dependent on the thermal

properties, and hence: wheren is the total number of time measurements sinepresents

=05 (f the number of sensors used. The optimization teckeniused to
Z(f):M:functior(g,/])_ (7) obtain A is also the golden section method with polynomial
alf) approximation (Vanderplaats, 1984).

This equation is known as the Moivre’s formula.plar form,

Z(f) can be written as: Definition of the Experimental Parameters

Z(f)=|Z(f)|e_j¢(f), (8) Sample Dimensions and Ther mocouple Positions

The material employed in this work is tf@lyvinyl Chloride
where |Z(f)HSxy(f)| /Sxx(f), and ¢(N=¢(f) represent, the (PVC) with dimensions of 245 x 245 x 25 mm. Theichaf PVC
was due to the availability of samples of this matein the
laboratory and the accurate knowledge of theirmiamroperties.
The high values for the width and length of the glenare related
9) with the insulation condition imposed in the thema model. It
means that this condition needs to be reachedch®sticcess of the

. . . estimation techniques. A good way to reach thelatiguin condition
where Inz(f) and RE&(f) are, respectively, the real and imaginary, yhe horizontal direction is the use of a largenple. Since the

parts OfZ. As wel! as, Borgest al. (2.006)’ the phase angle O_f t_hemethod proposed in this work uses the frequency ailomit is
impedance function Iy and the time gvolutlon Of, superficial necessary that the temperature sigfagoes to zero after heating.
temperatures@,(t) and 6(t) are the experimental basis to be useqin this case, two thermocouples must be used aeddifference

for estimation of thermal diffusivity and thermabrwuctivity o\ een these temperatures must go to zero. Whem tw

respectively. thermocouples are used only on the upper surfage, nbn-

conductive solid materials (in a two-dimensional three-

Thermal Diffusivity Estimation in the Frequency Domain dimensional case), it is very difficult to obtainadients with high

enough values to allow any estimation (Fig. 3). &wid this

problem, thermocouples are placed here on the uapeérlower

surfaces. Figure 4 shows the sample temperatutebdison that
indicates a great gradient in the thickness divacti

modulus and the phase factor4ff), respectively. The phase factor
can be written as:

¢(f)=arctan§ymZ (f)/ReZ (f)],

The great convenience of working in the frequenoyndin is
the fact that the phase factor is just a functidntte thermal
diffusivity. The basic idea here is the observatibat the delay
between the experimental and theoretical temperatisr an
exclusive function ofr. Therefore, the minimization of an objective
function, S,, based on the difference between experimental and
calculated values of the phase is the way to déteriine thermal
diffusivity. Then, this function can be written by:

Nf
Sp= (Aeli) - 41 (), (10)

i=1

where ¢, and ¢, are the experimental and calculated values of t
phase factor of, respectively. The theoretical values of the pha:
factor are obtained from the identification£(f) by Eq. (9). In this
case the output(f) is the Fourier transform of the differenégt) -
6(1), obtained with the numerical solution of Eqs.4{1-by using
the implicit finite difference method. In fact, shprocedure avoids
the necessity of obtaining an explicit and anaajtinodel of Zf). In
this work, the minimization of Eq. (10) is carriedit using the
golden section method with polynomial approximatio
(Vanderplaats, 1984).

Thermal Conductivity Estimation in the Time Domain

Figure 3. Temperature evolution on the frontal surf  ace.

Once the thermal diffusivity value is obtained,saial objective
function based on the temperature error can be tosedtimate the
thermal conductivity. In this case, there are nentidiability
problems since just one variable is being estimatéerefore, the
variable is the parameter that minimizes the least squaretibn,
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Figure 4. Temperature evolution in the thickness of the sample.
Figure 6. Sensitivity coefficient related to ~ A.
Sensitivity Analysis < T w2
Another important way of analysis is to study trehéwior of p.a _Ea_a'
the sensitivity coefficients involved in the prosesThe first
sensitivity coefficient analyzed is tH&; , which is defined as the
first derivative of the phase angle with respecthe o parameter s, = A 06-6) (13)
(Eg. 12). Figure 5 shows the behavior f, in the frequency T -6 04

domain. It can be seen that for frequencies grehter 1.0 x 18
Hz, Ss, becomes constant and little contribution is gitenthe
estimation procedure. This fact reduces the armlysind and Experimental Apparatus
establishes the interest frequency in values leas 0.001 Hz. In
this case, five representative points were usedeterminea. The
other important coefficient is related within the time domain (Eq.
13). Figure 6 presents tI8y, coefficient that is defined as the first
derivative of the difference between the tempeeatnodeldon the
lower and upper surfaces, with respecidtdhe high values of this
coefficient show the great advantage of thermaldcmivity
estimation in time domain. In Figure 6, for timeegter than
1000 s, the sensitivity coefficient becomes nebligi In this
work the sensitivity coefficients presented in E¢E2 and 13)
are normalized in relation ta andA, respectively.

Figure 7 shows the experimental apparatus usedtérdine the
thermal propertiesa and A. A polymer sample ofPolyvinyl
Chloride (PVC) with thickness of 25 mm and lateral dimensio
of 245 x 245 mm is used. These lateral dimensiomsised in order
to guarantee that the sample is submitted to airentibnal and
uniform heat flux on its upper surface, where @ett = 0 (T), the
sample is in thermal equilibrium. The heat is siggpby a 10.5Q
electrical resistance heater, with lateral dimemsiof 100 x 100 mm
and thickness of 0.2 mm. The heat flux is acqulygda transducer
with lateral dimensions of 50 x 50 mm, thicknes 0¥ mm, and
constant time less than 10 ms. The transducer sedb@n the
thermopile conception of multiple thermoelectriagtion (made by
electrolytic deposition) on a thin conductor shigiiths, 1994). In
Figure 8 a detailed scheme of the PVC sample adgeisb
i presented. The temperatures are measured usingacesurf
i thermocouples (type T). The thermocouples dispmsiton the
. sample is shown in Fig. 9. The signals of heat 8ng temperatures
«* e, are acquired by a data acquisition system HP S&E6860 with the
0~ I I voltmeter E1326B controlled by a personal comput&he
temperature in the oven was controlled by a PID perature
controller Watlow 93. Figure 10 presents how thetadler was
mounted to control the temperature in the overthis work seven
0.2 temperature conditions are imposed to the controlle

Spo [rad]

O
0 0.001 0.002 0.003 0.004 0.005
Frequency [ Hz ]

Figure 5. Sensitivity coefficient related to .
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Figure 7. Scheme of the experimental apparatus.
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Figure 8. Scheme of PVC sample assembly.
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Figure 9. Thermocouple position on the sample.
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Figure 10. Scheme representation of the controller.
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Results and Discussion

In this section the estimated results for tempeeatiependent
thermal propertiesr and A for the sample oPolyvinyl Chloride
(PVC) are presented. Seven conditions of tempearatere imposed
to the controller (20.6C, 27.0°C, 36.0°C, 43.0°C, 50.0°C, 58.0
°C, 65.0°C). For each case of oven temperature twenty inuhgoe
runs were realized. The average values of temperdtr each
condition were 20.7 °C , 27.9 °C, 37.6 °C, 43.45] °C , 58.0 °C
e 65.5 °C. The maximum temperature used was appateiy 70
°C, in order to avoid the deformation of PVC samplad the
insulated material. For each experiment 4096 poivse taken,
where the time intervaldt, was 1.0 s. The time duration of heating,
t,, was approximately 30 s with a heat pulse generayea 8.50 V
(dc). Figures 11 and 12 show, respectively, theluthom of the
input signal and the output signal in function iofé for one of the
experiments of the PVC sample. Since it is necgsgakeep the
initial temperature of the sample near the tempeegadf the oven, in
Figs. 13 to 19 the three temperatufgs T,, and oven temperature
are presented. It can be seen in these figuresfahall studied
cases, the oven temperaturg,and T, are almost the same.
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Figure 11. Evolution of a typical input signal.
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Figure 12. Evolution of a typical output signal.
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Figure 13. Experimental temperatures for the case o f average temperature 20.7 °C. Figure 16. Experimental temperatures for the case o f average temperature 43.4 °C.
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Figure 14. Experimental temperatures for the case o f average temperature 27.9  °C. Figure 17. Experimental temperatures for the case o~ f average temperature 50.1  °C.
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Figure 15. Experimental temperatures for the case o f average temperature 37.6  °C. Figure 18. Experimental temperatures for the case o~ f average temperature 58.0 °C.
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In Figure 20a, a comparison between estimated and
experimental phase factor is presented. It canls=rged a very
good agreement. Figure 20b shows the residualsorparison
between estimated and experimental temperaturesr forl.26 x
10 m?%s and A=0.161 W/m.K of one experiment (oven
temperature 27.8C) is shown in Fig. 21a. Again, a good agreement
between the data can be observed. It can be niot¢dhe residuals
presented in Fig. 21b are situated in the rangeurfertainty
measurement of thermocouples, which in this work &3 K. For
the other cases of oven temperature the resulthéoestimated and
experimental phase and the temperature presented séme

*  ABe
e NG

Temperature [ K |
N

gt

0 250 500 750 1000 1250
Time [ s ]
a)
0.4

Temperature residuals [ K]
o

-0,4‘\\\\‘\\\\‘\\\\‘\\\\
0 300 600 900 1200

behavior. For all cases the differences were sméién 5 %. Time [s]
b)
0 Figure 21. Temperature evolution: a) experimentala  nd calculated data b) residual.
E —— Pe
B2 ) Figures 22 to 28 present the values obtainedrfand A for all
= e t . . .
. cases studied of average temperature. When anglyziseries of
- 0.4+ measurements some data can present uncertaingiegtérfere in
c 1 the process, causing inexact values. The causesthe$e
= -06] uncertainties are many. In the case of thermal eitms
] determination, the most common ones are: errotedrestrictions
08: of the theoretical model, errors in temperature draht flux
o measurements due to calibration, time responsem#iecontact
. resistance in the sensors and measurement untgriaithe data
-l acquisition of the signals. A tool extensively ugeddecide the
0 0.0005 0.001 0.0015 0.002 0.0023 rebound of data is the Chauvenet's criterion (Tgyl897). The use
Frequency [ Hz | of this criterion allows that medium valuesamfind to be obtained
a) using a confidence interval of 99 %.
0.02
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= 0.014 1.2
& 1
— ] ~ 1
= 01 —
£ ] 08
50014 "506
(]
= 04
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0 0.0005 0.001 0.0015 0.002 0.0025
Frequency [ Hz |
b)

Figure 20. Phase factor: a) experimental and calcul  ated data b) residuals.
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Figure 22. Histogram of a) a and b) A for the average temperature 20.7 °C.
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Figure 26. Histogram of a) a and b) A for the average temperature 50.1 C.
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1.4
T Tables 1 and 2 present respectively the estimaeahmalues
' for a and A. In this work, for each averaged temperature aealy
o L 20 experiments were carried out. Only the refereratae ofa for
08 the room temperature of 27.9 °C was found (TableTh)s value
r:; was obtained by using the Flash method (Lima ea®it\al, 2003).
e 0.6 The values used in Table 2 fdare referred to curve 7 (Touloukian
0.4 et al., 1970). For the thermal conductivity, the estimataties for
032 all cases of average temperature were comparedthéthieference
Touloukianet al (1970) (Fig. 29). In Figure 29, a comparison with
O 6 8 10 12 14 16 18 20 other curves obtained from the literature TechnplofPlasticizers
Number of experiment (Sears and Darby, 1982) is also presented. Inr#fezence, each
a) curve presents different compositions of plasticaancentration.
Table 1. Statistic data for the average values esti mated for a of the PVC
0.14 sample.
0.12 Average Literature*
M0 temperaturg®C) | o (m/s)x 10" | a (nf/s)x 10”7 | Difference (%)
Eoos 20.81 1.30£3.18 % _
& 0.06 27.89 1.26t 2.88 % 1.28 1.59
o 37.40 1.29:3.81 % _ _
' 43.44 1.28:5.38 % _ _
0.02 49.34 1.28:1.74 % _ _
0 58.14 1.29:1.82 % _ _
2 4 6 3 1012 14 16 18 20 65.89 12% 1.86 % —

Number of experimen
b)

Figure 28. Histogram of a) a and b) A for the average temperature 65.5 °C.

Number of experiment

* Lima e Silvaet al. (2003)

b)
Figure 27. Histogram of a) o and b) A for the average temperature 58.0 °C. It can be observed, .in Fig- 29, that the ma.-jorifycurves
presents the same behavior, i.e., the thermal ativity decreases
with the temperature increase. This thermal condtyctecline can

be explained by the sample dilation, due to theease of the
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temperature. Although, this dilation is visuallyryemall, it causes
a considerable change in the properties of the karttpcan not be
assured that the sample used here has the sameositons of
those of plasticizer content and molecular weighbwever, to
guarantee more reliable results, the value of tihermal
conductivity obtained in this work, in the temperat of 27 °C, was
compared with the resulk = 0.16 W/m.K, obtained from IPT
(2004). In this case, the same sample was measatreom
temperature using the guarded hot plate methodP®by(2004). The
difference was less than 3.0 %.

Table 2. Statistic data for the average values esti mated for A of the PVC

sample.

Average temperature Literature* | Difference
(°C) A (W/m.K) A (W/m.K) (%)
20.81 0.16% 3.95 % 0.156 6.59
27.89 0.16% 1.53 % 0.1552 3.60
37.40 0.156 3.48 % 0.1529 1.92
43.44 0.1528 0.02 % 0.153 1.31
49.34 0.14% 1.02 % 0.1508 1.21
58.14 0.1498 2.15 % 0.146 2.54
65.89 0.148% 2.22 % 0.146 1.42
*Touloukianet al (1970)
0.18
3 =]
& ] —— this work
E 0L —— Toulokian
z N
_E ] —— 20 % BBP
_,E 0.16— = 30 9% BBP
5 _ —<— 25 % DPP
=
g 015+ 43 % DPP
g i
g g 67 % DPP
0-14_\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘
10 20 30 40 50 60 70
Temperature [ °C ]
Figure 29. Comparison of the results for the therma | conductivity.
Conclusions

In this work, aPolyvinyl Chloride sample was exposed to
different temperatures inside an oven and the takempnoperties
were estimated with an additional heating relative temperature
difference of approximately 4.5 °C. This process wacessary to
identify the thermal properties in a representatiagerage
temperature. The technique based on the use ohput/output
dynamical system shows to be suitable to be apptedetermine
temperature-dependent thermal properties. It caolserved that
the results present good agreement with the respectference
values. This technique can also be used for condagiplications.
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