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Thermal Effusivity Estimation of
Polymers in Time Domain

An accurate knowledge of thermophysical properigesery important, for example, to
optimize the engineering design and the developnoénhew materials for many
applications. Thermal effusivity is a thermal prdgewhich presents an increasing
importance in heat conduction problems. This prtypéndicates the amount of thermal
energy that a material is able to absorb. The estiom can be done by simulating a
transient heat transfer model. In this case a omeethsional semi-infinite thermal model
is used. A resistance heater in contact with thapla generates a heat pulse. Variations
of temperature and heat flux are measured simuitasly on the top surface of the
sample. In this work, thermal effusivity is estiathtin time domain through the
minimization of the objective function, defined #® square difference between
experimental and theoretical temperatures. The goldection technique is used for
minimizing this objective function. A sensitivityadysis and a comparison between the
semi-infinite and the finite models were also dtindefine the number of points to be used
in the estimation. Measurements were carried outh wthree different polymers:
polymethyl methacrylate, polyvinyl chloride and ymthylene. In all cases studied the
results are in good agreement with literature. bid@ion, an uncertainty analysis is also

presented.
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Introduction

The knowledge about thermophysical properties dfers is
even more necessary to make its correct applicati@ngineering
processes. Thermal conductivity, thermal diffusivity, a, and

is based on the measurement of sound wave intepsifyhase.
These waves are generated by any type of radiabearbed by the
material. A microphone is used to detect them. Galye the
radiation source is a light beam. To avoid theeafbn, the surface
of the sample must be opaque with a black painh witown
thermal properties. The aforementioned techniquesestricted to

thermal effusivity, b, are three important properties in heafjaporatorial experiments.

conduction problems. Due to their importance, savenethods
have been developed to determine their values adtturacy and
reliability. The methods which involve transientahéransfer stand
out because they have an easy implementation, loests and
shorter measurement time. In these methods a sigrgenerated,
usually an impulse or a periodic function or a dtapction, on the
surface of the sample. The variations of tempegaturd heat flux
are used to calculate the property. Blackwell ()95#sented the
hot wire technique to measure thermal conductivityire used as
heater and temperature sensor is inserted ins@sample. A heat
pulse is generated and the heat flux and temperataniations are
measured. A disadvantage is that it is a destrictiethod because
a hole has to be made in the sample. Also, it dabroused in
metals because of the thermal contact resistanteh@nshort time
for measurement. This method presents good refultaisulation
materials. Santos et al. (2004) and Carvalho €2806) used it to
measure thermal conductivity of polymers. To meastirermal
diffusivity, Parker et al. (1961) developed thesflamethod. Since
then it has been used several times and receivetbi@ments, as
made by Sheindlin et al. (1998) and Min, Blumm armtdemann
(2007). Additionally, it is the most used methodhteasure thermal
diffusivity of different kinds of materials. As agxample, Iguchi,
Santos and Gregério (2007) measutedf polymers and Blumm,
Lindemann and Min (2007) measured of water and ethylene
glycol. The method consists in generating a higlenisity energy
pulse in a short time on the top surface of a tsample. The
variations of temperature are measured in the bofexe. Using a
temperature versus time curve the thermal difftisivian be
calculated. The photoacoustic techniques have wideén used to
measure thermal effusivity. These techniques cansee in many
kinds of materials, including liquids, as in therwof Dadarlat et al.
(2008). As shown by Benedetto and Spagnolo (1988)technique
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The majority of the work in the literature hasimstted the
thermal effusivity by using the thermal quadrupthleory (Krapez,
2000; Defer, Antczak and Duthoit, 2001; Antczakakt 2003;
Antczak et al., 2007 and Lima e Silva and Lima le&5i2010). In
this case the frequency domain is used and it ¢essary that the
heat flux and the temperature differerfe = T(x,f) — T(x,0) signals
drop to zero after heating is off. In the frequerdgmain, to
determine the thermal properties accurately, arulsgor periodic
signal must be used and only few points can be usethe
estimation procedure. In addition, it is very diffit to estimate
temperature dependent thermophysical propertiesis,Tto avoid
these difficulties, the objective of this work is estimate the
thermal effusivity of large thickness samples imdi domain. To
achieve this, the same temperature and heat fliadzd in Lima e
Silva and Lima e Silva (2010) are used in this wirlestimate the
thermal effusivity of three different polymers: poiethyl
methacrylate (PMMA), polyvinyl chloride (PVC) andlgethylene
(PE). A semi-infinite and one-dimensional thermaldal is used. In
this case the medium depends only on its thernfiasigfty. In this
thermal model, Green’s functions are used to sdlve heat
diffusion equation. This solution allows for calatihg the
theoretical temperature through numerical methdte. solution of
the problem is achieved in time domain which allowdarger
number of points to be used in the estimation mooe To solve
the problem, the minimization of an objective fuactwas done.
This function is defined as the square differencetwken
experimental and theoretical temperatures. The egoldection
technique was used to minimizate the function (\émpkhats,
2005). A sensitivity analysis and a comparison leetwthe semi-
infinite and finite models were carried out to ckedhe number of
points to be used. The results are in good agreewién literature.
This methodology represents a good alternative stimate the
thermal effusivity inin situ applications.
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Nomenclature
B  =thermal effusivity (W€ K m?)

F = objective function (K?)

L = sample thickness (m)

n = number of points used in estimation
S = sensitivity coefficient (m2 K2 Ws?)

t =time (s)

T = theoretical temperature (K)

To =initial temperature (K)

T. = experimental temperature (K)

U, =thermal effusivity uncertainty

Ugata = data acquisition system uncertainty
U. = experimental temperature uncertainty
Uy e = heat flux uncertainty

Uy, = heat flux transducer uncertainty

Unum = Numerical uncertainty

Uqy = Objective function uncertainty

Ugr =thermal contact resistance uncertainty
Uiheo = theoretical temperature uncertainty
Uerm= thermocouple uncertainty

X = dimension (m)
Greek Symbols
a  =thermal diffusivity (m29)

4 =thermal conductivity (W thK™)
@ = heat flux (W rif)
@(t) = heat flux measured (W

Subscripts

b = relative to thermal effusivity

data = relative to data acquisition system

e = relative to experimental measurement
H.F. =relative to heat flux

H.T. =relative to heat transducer

num = relative to numerical solution

obj = relative to objective function

R = relative to thermal contact resistance
theo = relative to theoretical temperature
therm = relative to thermocouple

0 = relative to initial time

1 = relative to frontal surface

Formulation of the Problem

Semi-infinite thermal model

The one-dimensional thermal model used is presentéd. 1.
A semi-infinite solid is subjected to a heat flux the top surface.
The temperature measurement is on the same surface.

éu(t)

e LUV

Sample

X—roo

Figure 1. Semi-infinite sample subjected to a heat ~ flux.
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In this case, the heat diffusion problem can berdesd as:

0°T _ 10T

— = (1)

9X a ot

The boundary and initial conditions are:
oT

pO)=A— =¢() @)
X|y=0

T(X)x-0=To 3)

Tx0) =Ty 4

whereg(t) is the heat flux measured on the sample surfadd gis
the initial temperature.

Several methods can be used to solve Egs. (1)a(4yder to
obtain the temperature solution. For example, Gse&mctions—
GFs (Beck et al., 1992) and Laplace Transform (z#993) are
classical methods that can be used. In this woek @Fs were
chosen because a lot of problems are solved ukisgrethod. The
same GFs for a given geometry and a given set ofolgeneous
boundary conditions is a building block of the temgiure
distribution resulting from: (a) space variabletiali temperature
distribution, (b) time- and space-variable boundeaoynditions, and
(c) time- and space-variable volume and energy rgéioe. Many
GFs have been derived and are tabulated in Beek €1992), so
the derivation of GF may be omitted in many caSeg and three-
dimensional GFs can be found for transient casessibyple
multiplication of one-dimensional GFs for the regalar
coordinate system for most boundary conditions, ketc¢his sense
the solution of the temperature problem presenteéds. (1)-(4)
was obtained by using GFs solution for one-dimeradioectangular
coordinates as (Beck et al., 1992).

L

T(X,t)z Izeo(X,t
x'=0

t

+aj

=0

x'0). F(X)dx
(5)

@ Gyx20(xtX', 7)dr

wherea is the thermal diffusivityd is the thermal conductivity and
F(x) is the initial temperature distribution. The @&y, was found
in Beck et al. (1992) as:

Gx20(040.7) =[rra(t-1)] 2 (6)
After some manipulations, the solution of tempemtn the top
surfaceT(0,t) of a semi-infinite medium can be written as:

t
T@n=m+5§5£a—nﬂ@qumr )

whereb is the thermal effusivity, defined as the relatimiween the
thermal conductivity, A, and the square root of the thermal
diffusivity, a. The thermal effusivity of the material is a measof

its ability to exchange thermal energy with itsreundings.
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b=-—"2— 8 .000 4
T (8) 0,000

-0,005
Equation (7) may be used to approximate the trahsie

temperature response of a finite solid, such abick tslab. This fm 00104

equation was solved numerically by the trapezoité nmethod z

(Ruggiero and Lopes, 1996). % oo
Thermal effusivity estimation -0,020 -

The thermal effusivity is estimated by minimizing abjective 0025
function. This function is defined as the squaiféedénce between 0000 0 1000 2000 3000 4000 5000 6000 7000 8000
experimentalT,, and theoreticall, temperatures, defined as:

Time (s)
n Figure 2. Sensitivity coefficients related to b for PMMA, PVC, and PE.
_ . 12
F = [Te(i)-T()] 9) , o o
i=1 Comparison between semi-infinite and finite models
h is th b f point d T inimize the cibi As already mentioned, the semi-infinite model mastused for

¥V e;gn 'SI‘E egnuTh erGOIdeInSS l:.se ' ?h rzlnlmlze te (;18’;5 the determination db. In this work, the samples used are finite with a
function (Eq. ( ))’. e Lolden Section metho (Vemihats, ) thickness oL = 50 mm. However, under certain conditions of time
is used to determine the thermal effusivity.

the thermal behavior of a finite medium of thickehés can be

considered identical to the semi-infinite mediune¢B et al., 1992).
Definition of the number of points used In addition, this behavior tends to be the samenvthe thickness and

A sensitivity analysis and a comparison between sheni- heat dh_‘fusion time are_s_hort. In order to ve_ri_fygt_condi_tion, a
infinite and the finite models were done in order dhoose the comparison between a finite model and a seml-naflqu_el is done
number of point® to be used in the estimation procedure. Values for the calculated temperatures on the top surfae. finite model
thermal effrijsivity from literature were usedpto nyaloutl these | oo given by a qne-dimensional model with heat ﬁ[nplosed_on the
analyses. The values for PVC were obtained fronbiL¥pucef et top sun‘acg an_d insulation on the other surfacg. (j. For this case
al. (2010), for PMMA from Roger et al. (1995), afud PVC from the heat diffusion (Eq. (1)) was used with thedwihg boundary and

Jannot and Meukam (2004) (Table 1). initial conditions:
. . o . ) oT
Table 1. Literature values used in the sensitivity  analysis and in the P#(0,t)=A— = () (11)
comparison between semi-infinite and finite models. ox x=0
— Gamnle 1 ~rwWIRrIa
Sample b (W s K= m™)
PVC 408 IT(LY _y (12)
PMMA 56€ 0x
PE 888.6
Tx0 =Ty (13)
L . 0
Sensitivity analysis :

Thermocouple
The sensitivity coefficient$,, is defined as the first derivative of \MJ}“}% ﬂ iL ll
the temperature (Eq. (7)) with respect to theparameter. The :
trapezoid rule method (Ruggiero and Lopes, 19963 wsed to
solve Eqg. (10) numerically by using the experimeni@a of the
heat fluxg(t) and the reference valuestofTable 1).

Sample

w

Figure 3. Finite thermal model.

dT 1 _
S =E=_W'j(t -0 V2q()dr (10) The problem of Fig. 3 is solved numerically by apgimating
’ 0 the heat diffusion equation in finite differencdsough explicit
method. This procedure was validated with exaattgmi obtained
Equation (10) shows th&, depends on the heat flux, the valuepy | ima e Silva, Duarte and Guimarées (1998). hitere values of
of b, and the time steps. Figu_re 2 _shqws the behavi§ for each , andi for PVC (Crawford, 1998), for PMMA (Miller and Kiair,
sample. It can be observed in this figure thatRér, S, becomes 1991) and for PE (Guimaraes, Philippi and Then@s)avere used.
constant for times h|gher than 2000 s. In F|g Rttle contribution The difference between the two models is analyzﬂjthe moment
is given to the estimation procedure for times bigian 2640 s for the difference begins to increase is determinedthig point the
PVC and 3500 s for PMMA. PVC presents the highafites ofS,  hypothesis of semi-infinite medium is no longeridalFigure 4
in Fig. 2. This happens because PVC has the snvallee ofb and  shows the difference between finite and semi-itdinnodels for

the smaller time step. PMMA, PVC, and PE samples. In this figure the digpancy
between the semi-infinite and finite models for rshiones happens
due to the difference of the models. This probaiigurs because
the semi-infinite model is based on the hypothe$ithe larger the
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sample, the higher the temperature for this moteils discrepancy
happens only when the heater is on and it will besilered in the
uncertainty analysis presented forward. In Figt 4an be seen that
for times higher than the values mentioned beforé®l/C, PMMA,
and PE the finite model can not be considered efinite.

0,2

0,1

Difference (°C)

0,0

—=—PE
—— PMMA
—a—PVC

R

T T T
0 2000 4000 6000

Time (s)

Figure 4 . Difference between finite and semi-infinite models.

Thermal Contact Resistance Influence

In heat conduction problems involving compound eys, in
which the conduction occurs from a material to hentthe thermal
contact between them has great importance. Usuallyperfect
thermal contact is assumed, but this does not doquractice due to
lack of flatness, the roughness of the samples,thednsertion of
sensors such as thermocouples. These spaces angeacdy air,
which causes a drop in temperature on the surfatteecsample. So
heat transfer occurs through the real contact aneathe gaps. To
determine the influence of thermal contact resistarnin the
experiments, an air layer of 0.01 mm thick betwé#en transducer
and the sample, as shown in Fig. 5, was simuldteda e Silva
(2000) showed that on center of the heat transdacer the
surrounding area, heat transfer can be considerediimensional.

(D)
Thermocouple ﬂ? Jl @ @ Jl JL @ @ JL Jl
\’\i'Tﬂlt)
Sample <

Figure 5. Model adopted to analyze thermal contact resistance influence.

To determine the influence of the air layer, theaperatures
on the surface of the transducer and the sample wempared
(Fig. 6a). These temperatures were calculated ¥6C Rthermal
effusivity from Table 1) by using experimental dafaheat flux.
Figure 6a shows that the difference between theswmératures
increased with the rise of heat flux. However, &or air layer of
only 0.01 mm the largest difference found was o@l§03°C
(Fig. 6b). It represents an error of only 0.32%. tBe effect of
thermal contact resistance can be despised in Hileeffusivity
estimation. In addition, to reduce the contactgtsice the heat
transducer is placed under pressure with a thepaste.
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Figure 6. a) Temperature evolution on the heat tran  sducer and on the PVC
sample; b) Difference between temperatures on the h  eat transducer and
on the sample.

Experimental Procedure

Figure 7 shows a diagram of the assembly maderforpethe
thermal effusivity estimation of three polymers: R, PVC and
PE. The samples have dimensions of 305 x 305 x BO The
lateral dimensions are larger than the thicknessngure a uniform
and one-dimensional heat flux on their surfacee Adater used has
the same lateral dimensions and a thickness aiin Its electrical
resistance is 22). This heater was connected to a digital power
supply to provide a heat pulse of 40 V (dc) forsalinples. The time
duration of heating was approximately 150 s for P& PMMA
samples and 90 s for PE. To measure the heat fltanaducer with
dimensions of 50 x 50 x 0.3 mm (Leclerg and Tha983) was
used. This transducer is based on measurementengietature
difference. It employs the same gradient layer giple which is
used in direct calorimeter. Technological developtsehave
demonstrated the feasibility of using very thin atiét foils to form
thermoelectric junctions. Thermoelectric junctiomse made with
the help of metallization and photoetching. Thesghhiques made
possible the construction of heat flowmeters aféadimensions and
extreme thicknesses of 0.1 mm. The sensitivityheke flowmeters
is high due to the considerable increase in the bmumof
thermoelectric junctions per unit area. A lineaspense was used in
the calibration process of the heat flux transdutéma e Silva,
2000). This transducer is very thin and was madeopper which
presents a high thermal conductivity. A thermalages of high
thermal conductivity was also used to reduce theamt resistance.
Guimaraes (1993) and Lima e Silva (2000) presetedetailed
study on heat flux measurements using heat traesdand
mentioned that the effects of contact resistancé aan one-
dimensional heat flux can be negligible for the erkmental
conditions of this work. The temperature measurd¢mam the
contact surface is made through a K type cablentbeouple (30
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AWG). This thermocouple was calibrated in a poratdlibration
bath ERTCO with a stability of 0.01°C. The thermocouple was
attached on the side of the heat transducer withstme thermal
grease previously mentioned. Weights were usechertdp of the
isolated assembly to improve the contact betweercimponents.
Signs of heat flux and temperature are acquiredrbycquisition
system HP Series 75000 controlled by a computee 3énsors
were attached on the middle of the sample. In Figan oven
which does not control the temperature was onlyl ueeminimize
the convection influence and the variation of thmbant
temperature over the sample. The sample was atesb and
Lima e Silva (2000) showed that for these condgiothe
convection can be neglected.

Heat Fhax
Transdwer  puylation

Silicone
Robber

Oven
Resistance
Heater

Sarple
Computer

Data
Acquisition
System

Figure 7 . Scheme of the experimental apparatus.

Results

Table 2 shows the number of experiments carriedtbettime
interval of acquisition, and the number of pointeasured and
used in the thermal effusivity estimation for PMEMMA, and PE
samples. The difference between the proceduresastal the fact
that the data were obtained from three differenitclas, for PE
(Guimar&es, Philippi and Thery, 1995), for PMMA fia e Silva,
Duarte and Guimaraes, 1998) and for PVC (Lima &&SiTiong
and Guimardes, 2003). Since the equipment is tmeesdhe
authors made use of these experiments from the ioment
articles. A number of experiments were done in prideobtain
reliable estimates of standard deviation and aemfgthe data.
According to the literature this number has to lelemast 20
experiments (Holman, 2001).

Table 2. Number of experiments, time interval, poin  ts measured and used

in the thermal effusivity estimation.

350

3004
2504
£ 200
2
X 150
(TR
& 100
I
50-
04
4000 O 1000 2000 3000 4000 5000 6000 7000 8000
Time (s)
a)
34
32
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< 304
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<
g 284
g
(]
kG
26
24
——
41000 0 1000 2000 3000 4000 5000 6000 7000 8000
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Figure 8. a) Heat flux evolution; b) Temperature ev  olution.

The results of thermal effusivity estimation arewh in Table

3. The values db presented are an average of the values foundl in al

experiments for each sample. The term “Differen@iff.) in Table
3 represents a comparison betwéeestimated in this work ankl
from literature (Table 1). There is a significardriation in the
values of b from literature for these materials. The “Standard
Deviation” (SD) represents the difference obsensdong the
experiments carried out with each sample. Tablee3gnts different
values of the Standard Deviation for each samphe difference
between them is explained by the higher numbexp&ements for
PVC as well as the shortest time step.

Table 3. Average thermal effusivity, standard devia
difference with literature values.

tion and comparative

Sample | Experiments Time thal Points
Interval (s) Points Used
PVC 51 0.88 8192 3000
PMMA 42 1.0C 4097 350(
PE 21 6.25 1030 320

In all experiments the heat flux and the tempegtwolution
have the same behavior, as shown in Fig. 8. An isepsignal of
heat flux imposed on the sample surface result¢emperature
increase. After this impulse, temperature begirdeirease.
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Sample b_ ] Literat_ure_ sSD Diff.
Pe 1 we?ktm? | Ws2K m?) | (%) | (%)
PVC 437 40¢ 1.01 | 6.64
PMMA 522 566 2.44 7.77
PE 86( 888.¢ 3.3C [ 3.21
Uncertainty Analysis

Uncertainty can be described as a portion of thasmement
that cannot be considered as a true value. Eaghdimeasurement
is taken it depends upon a mechanical, electricaisual point of
reference to assign an appropriate value. Thesgesaho matter
how carefully they are obtained, contain some uaggy (Taylor,
1997). The uncertainties are used to evaluate theigion of the
result. That is why it is important to keep low wa$ for them. In
this work the procedure to determine the uncenaiim the
estimation ofb is based on linear propagation of uncertaintiethef
variables, heat flux and temperature, and the nigaletalculus of
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these signals. The hypothesis of linear propagasamsed because
the objective function is based on the differencetwieen
experimental and theoretical temperatures. The rtaingy for
experimental temperatund, is obtained from the uncertainties of
the data acquisition systeblb,,, the thermocoupl®them and the
thermal contact resistanthk.

2
R

2 _12 2
u Exp =U Data "'UTherm"'U (14)
The uncertainty of theoretical temperature is dakted from the
uncertainties of the heat flud,, r and the error of the numerical
calculus with the trapezoid ruléy,,
2 _12 2
UTheo_UH.F. +UNum (15)
The uncertainty of the heat flux can be determifredn the
uncertainties of the heat transdud#y; and the data acquisition
systemUpga.
UI?I.F.zulgata"'UEi.T. (16)
Combining Egs. (14)-(16), the total uncertaintyttoé objective
function can be calculated as:

2 _12 2 _ 2 2
UObj =U Exp + UTheo_ 2V Data +UTherm (17)
+Ufir +UR +Ufum

The value for the uncertainty of the data acquisitsystem is
based on an operation range between 20 and 35%G-zero in
position on with the Number of Power Line Cycle (\NF) = 1,
range of 125 mV with one hour of warm up.

Upata = 100% (18)

The estimation of the thermocouple uncertaintydsda on the
calibration of the thermocouple and on the maximeatue of the
measured temperature difference that was approgiyn@t0°C. The
thermocouple was calibrated in a bath calibratonefmometry
Calibration System) with a maximum fluctuation of TC.

Utherm= 113% (29)

The uncertainty resultant of the thermal contasistance is
estimated with the maximum difference between rapteratures
on the transducer and on the sample surface with.@h thick air
layer. This difference is 0.103°C, which resultamuncertainty of:

Ug = 032% (20)

Gustavo Meirelles Lima and Sandro M. M. de Lima e Silva

2

UH_T_:(U§+U,2+U5 +U£)y =198% (21)

The numerical uncertainty is estimated taking iat@ount the
discrepancy previously presented (in the subsec@omparison
between semi-finite and finite models) and the mmaxn difference
between the temperature calculated by the trapezdel and the
temperature calculated analytically (Lima e SihNAyarte and
Guimaraes, 1998). This difference is 0.152°C, s® thaximum
uncertainty was estimated as:

Unum= 047% (22)

Substituting Egs. (18)-(22) in Eq. (17), the unaiertty for the
objective function is:

Uop) = 274% (23)

An analysis of propagation errors shows that theettainty in
the original data propagates in a conservative veayl the total
uncertainty of the thermal effusivity was foundoie

Up =Uop) = 274% (24)

In this work there are inherent bias errors duth&limitations
of theoretical model and the uncertainty in the eszipent values.
The samples were considered homogeneous and heat fl
unidirectional. In addition, the thermal propertyasvconsidered
temperature independent. It can be observed tlatutitertainty
value estimated for the thermal property is a dgataie value and it
is in agreement with the values found in the litera This value of
Uy can be used as a reference value.

Conclusions

This work presented a non-destructive method farrtal
characterization of a conductive system. It alloas in situ
measurement, which is important for engineeringrajens. The
implementation of the system requires the senspmmidasure the
heat flux and temperature only on the top surfdcthe material.
The thermal contact resistance can be more troooledorin situ
measurements due to the irregularities on the seurfBo reduce this
effect, a thermal grease of high thermal condugtican be used.
The method presented good results to estimatdémmal effusivity
of three different polymers using experimental datzeese materials
have low thermal conductivity and they can be aszlim semi-
infinite medium. Differently from many authors whased the
frequency domain, the thermal effusivity here wsisneated in time
domain. There are several advantages of usingdioneain, as for
example, it is easier to estimate temperature aigEn
thermophysical properties than it is in the freqryetiomain.

There is no restriction to use this technique faterials of

The uncertaintiet) ermandUg are considered constant becausdhermal conductivity higher than 2 W/m.K. Nevertss, to use this

they represent the maximum uncertainties observedng the
experiments.

The uncertainty of the heat transducer is estimditeth its
previous calibration considering a linear resporidg, (Lima e
Silva, 2000), the uncertainties of tension, curramd area of
measurement. Tension and current were measuredaw@bldstar
digital multimeter with resolution of 0.01 V for ¢htension and
0.001 A for the current. The area was measured avithliper with
an uncertainty of 5 x I m.

398 / Vol. XXXIll, No. 4, October-December 2011

technique for these materials, it is necessaryttteasample present
large thickness and the experiment time be shdris Procedure
must be used to respect the hypothesis of a sdmiténmedium.

Acknowledgements

The authors would like to thank CNPq, FAPEMIG andRES
government agencies for the financial support. &bthors would
also like to thank Zilma Moura de Castro for chegkiand
improving the English of this manuscript and Prd@ilmar
Guimaraes for the experimental data of PE.

ABCM



Thermal Effusivity Estimation of Polymers in Time Domain

References

Antczak, E., Chauchois, A., Defer, D. and DuthoR,, 2003,
“Characterization of the Thermal Effusivity of arBally Saturated soil by
the Inverse Method in the Frequency Domaimdpplied Thermal
Engineering Vol. 23, pp. 1525-1536.

Antczak, E., Defer, D., Elaoami, M., ChauchoisaAd Duthoit, B., 2007,
“Monitoring and Thermal Characterization of Cembfatrix Materials Using
Non-Destructive TestingNDT&E Internationa) Vol. 40, pp. 428-438.

Beck, J.V., Cole, K.D., Haji-Sheikh, A. and LitkaulB., 1992, “Heat
Conduction Using Green’s Functions”, Washington .D.Elemisphere
Publishing Corporation, 552 p.

Benedetto, G. and Spagnolo, R., 1988, “Photoacoitiasurement of
the Thermal Effusivity of Solids"Applied Physics A: Solids and Surface
Vol. 46, pp. 169-172.

Blackwell, J.H., 1954, “Transient-Flow Method foref@rmination of
Thermal Constants for Insulating Materials in Byldournal of Applied
Physics Vol. 25, pp. 137-144.

Blumm, J., Lindemann, A. and Min, S. 2007,
Characterization of Liquids and Pastes Using thashrl Technique”,
Thermochimica Actavol. 455, pp. 26-29.

Carvalho, G., Pereira, F.R., Ramos, V.D., Costa).l¢ Almeida, F.L.
L., 2006, “Otimizac&o do Calculo de Condutividadeniica em Polimeros”,
in: V Congresso Brasileiro de Analise Térmica eoBaletria, Pogos de
Caldas — MG (In Portuguese).

Coment E., Batsale J.C., Ladevie B. and Battaglia 2002, “A Simple
Device for Determining Thermal Effusivity of Thin ldes”, High
Temperatures — High Pressurd®l. 34, pp. 627-637.

Crawford, R.J., 1998, “Plastics Engineering”, Bo#terth-Heinemann,
3 352 p.

Dadarlat D., Neamtu C., Houriez N., Delenclos Swnguemart S. and
Sahraoui A.H., 2008, “Photopyroelectric Measurenérithermal Effusivity
of Liquids by Sample’s Thickness Scafhe European Physical Journal
Special TopicsVol. 153, pp. 115-118.

Defer D., Antczak E. and Duthoit B., 2001, “Measueat of Low
Thermal Effusivity of Building Materials Using th&hermal Impedance
Method”, Measurement Science and Technolagyl. 12, pp. 549-556.

Guimardes, G., Philippi, P.C. and Thery P., 199%¢€" of Parameters
Estimation Method in the Frequency Domain for thenuBtaneous
Estimation of Thermal Diffusivity and ConductivityReview of Scientific
InstrumentsVol. 66, pp. 2582-2588.

Holman, J.P., 2001, “Experimental Methods for Eegis”, 7' ed.,
McGraw-Hill Book Company, New York, 720 p.

Iguchi, C.Y., Santos, W.N. and Gregorio Jr., R.O20"Determination
of Thermal Properties of Pyroelectric Polymers, @pmers and Blends by
the Laser Flash Techniqud®olymer TestingVol. 26, pp. 788-792.

Jannot, Y. and Meukam, P., 2004, “Simplified Estiova Method for
the Determination of the Thermal Effusivity and fhal Conductivity using
a Low Cost Hot Trip"Meas. Sci. TechngVol. 15, No. 9, pp. 1932-1938.

Krapez J.C., 2000, “Thermal Effusivity Profile Cheterization from
Pulse Photothermal Datalpurnal of Applied Physic¥ol. 87, pp. 4514-4524.

Larbi Youcef, M.H.A., Ibos, L., Feuillet, V., BalogP., Candau, Y. and
Filloux, A., 2010, “Diagnostic of Insulated Buildinwalls of Old Restored

J. of the Braz. Soc. of Mech. Sci. & Eng.  Copyright

0 2011 by ABCM

Constructions Using Active Infrared Thermography'y)" International
Conference on Quantitative Infrared Thermographyélégc, Canada.

Leclerg, D. and Thery, P., 1983, “Apparatus for @ianeous
Temperature and Heat-flow Measurements under TeahsConditions”,
Review of Scientific Instrumenol. 54, pp. 374-380.

Lima e Silva, S.M.M., Duarte, M.A.V. and Guimara€s, 1998, “A
Correlation Function for Thermal Properties EstioratApplied to a Large
Thickness Sample with a Single Surfac®gview of Scientific Instruments
Vol. 69, pp. 3290-3297.

Lima e Silva, S.M.M., 2000, “Experimental Technigu2evelopment for
Determining Thermal Diffusivity and Thermal Conduity of Non-Metallic
Materials Using Only one Active Surface”, Doctorateesis, (In Portuguese),
Federal University of Uberlandia, Uberlandia, M.Brazil, 130 p.

Lima e Silva, S.M.M., Ong, T.H. and Guimardes, 802 “Thermal
Properties Estimation of Polymers Using Only OnéiviecSurface” Journal
of the Brazilian Society of Mechanical Sciences Bndineering Vol. 25,
pp. 9-14.

Lima e Silva, S.M.M and Lima e Silva A.L.F., 201E&stimation of

“Thefma Thermal Effusivity of Polymers Using the Thermalpedance Method”,

Latin American Applied Reseeardfol. 40, pp. 67-73.

Miller, M.S. and Kotlar A.J., 1991, “Technique fbfeasuring Thermal
Diffusivity/Conductivity of Small Thermal-Insulatd8pecimens”Review of
Scientific Instrumentd/ol. 64, pp. 2954-2960.

Min, S., Blumm, J. and Lindemann, A., 2007, “A Newser Flash
System for Measurement of the Thermophysical Ptegs&r Thermochimica
Acta, Vol. 455, pp. 46-49.

Ozisik, M.N., 1993, “Heat Conduction”,"2ed., John Wiley & Sons,
New York, 692p.

Parker, W.J., Jenkins, R.J., Butler, C.P. and Ablidt ., 1961, “Flash
Method of Determining Thermal Diffusivity, Heat Gagity and Thermal
Conductivity”, Journal of Applied Physi¢¥/ol. 32, pp. 1679-1684.

Roger, J.P., Gleyzes, P., El Rhaleb, H., Fourileand Boccara, A.C.,
1995, “Optical and Thermal Characterization of @wgd”’, Thin Solid Films
Vol. 261, pp. 132-138.

Ruggiero, M.A. e Lopes, V.L.R., 1996, “Célculo Nuié: Aspectos
Tedricos e Computacionais”, Makron Book&ed., 406 p. (In Portuguese).

Santos, W.N., Gregério, R., Mummery, P. and Walkwéx, 2004, “Método
do Fio Quente na Determinagdo das PropriedadesicBsrrde Polimeros”,
Polimeros: Ciéncia e Tecnologidol. 14, pp. 354-359 (In Portuguese).

Sheindlin, M., Halton, D., Musella, M. and Roncfi, 1998, “Advances
in the Use of Laser-Flash Techniques for Therm&uBivity Measurement”,
Review of Scientific Instrumentol. 69, pp. 1426-1436.

Taylor, J.R., 1997, “An Introduction to Error Analg: The Study of
Uncertainties in Physical Measurements”, UniverSityence Books," ed.,
327 p.

Vanderplaats, G.N., 2005, “Numerical Optimizatiorchiniques for
Engineering Design”, Vanderplaats Research and IBevent Inc, 4 ed.,
USA, 466 p.

Yesilata, B. and Turgut P., 2007, “A Simple DynanMieasurement
Technique for Comparing Thermal Insulation Perfaroes of Anisotropic
Building Materials”,Energy and Buildingsvol. 39, pp. 1027-1034.

October-December 2011, Vol. XXXIII, No. 4 / 399



