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Abstract. This paper presents a methodology for the ideatifbn of the working range of a thermal condutyivig
for solid materials based on the ASTM E1225 statid@he Guarded-Comparative-Longitudinal Heat Flwechinique
is applied but without the prescribed heat guardward the testing stack. A numerical approach igppsed due to its
capability of exploring unknown values more easihd at lower costs. The proposed methodology csneis the
comparison of pair of results for samples of samerrhal conductivities but submitted to differensulation
conditions for the stack assembling of the rig. Ukesshow that the bench is suitable for essaysanfiples with
thermal conductivities of 10 W/(mK) and beyond.
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1. INTRODUCTION

The aim of this work is to verify the working rangéan experimental bench for the measurement ettiermal
conductivity of solid materials. This study cont&su previous assembling and developments of the dédar
comparative-longitudinal heat flux technique pemied by Miuller (2007), based on the ASTM - Ameri&aortiety of
Testing Materials - standard E1225. This measureaygparatus was design and built without the hegtrdd around
the sampling section, prescribed by the standahdt §uard aims to reduce the experimental erroravoyding heat
flux to escape throughout the surfaces of the Although the measurement device is out of recomrmagmal, it can
still deliver results at a determined range, taliseovered in the present work.

That technique is a simplified version of the gearchot box technique, but with bigger uncertainaesl less
assembly and operation cost. Two possible methgadb paths could be followed: by experimental I;iausing
different reference samples with its thermal prapsrdefined by a well know laboratory; or by nuioar simulation,
playing a similar role of the former proposal buithwsome operational advantages. The numerical lation
methodology was finally chosen because of its enogmesearch potential. It becomes free to ex@everal values of
materials and thermal conductivity values and thegutational cost to run the simulations is lowsart the one to
provide reference samples and to perform the rahgeal experiments on the rig.

The desired output of this work is to identify thenge of thermal conductivity that can be measurgdhe
apparatus within a specific uncertainty.

2. THERMAL CONDUCTIVITY MEASUREMENT

The thermal conductiviticin W/(mK), is the ability to transfer heat, whighdefined by Eq. (1), wherpis the heat
transfer rate in the direction, in W;A is the area normal to direction of heat flux, if; @iT/dx is the temperature
gradient in thec direction, in K/m, andk is the thermal conductivity, in W/(mK). The thednsanductivity is a property
of a conducting medium and, like the viscositypiignarily a function of temperature (Welty, 2001).

dT
q, = —kA— 1)
dx

There are several ways to measure the thermal ctivitly k of a solid material. The most common methods for
determiningk are: guarded hot box; laser flash; hot wire; amarded-comparative-longitudinal heat flux technique

The Guarded hot plate consists basically of a lade@nd a cold plate. The hot plate is a centrahetering heater
plate surrounded by an outer or guard heater platea small air gap in between. Opposite to bb#h heater and the
specimen is placed a metal plate known as cola plahich maintains a temperature below that ofhtbeplate by
circulating a fluid. The function of the meteringdter is to dissipate a controlled amount of hkat in order to
maintain a desired temperature gradient acrossehtral measuring area of the specimen. The gusaitthmaintains



Proceedings of ENCIT 2008 12" Brazilian Congress of Thermal Engineering and Sciences
Copyright © 2008 by ABCM November 10-14, 2008, Belo Horizonte, MG

that temperature close to the metering area toceethteral heat flux from the metering section ehter plate and
specimen (Xaman, 2008).

In the flash method the front side of the sampléase is subjected to a very short burst of radiaetmal energy.
The short measurement time in this method minimikesmeasurement error due to the reduction of lbeaes from
the sample to the surroundings. It provides botteklent accuracy and reproducibility. The resulttagperature rise
on the rear side of the sample surface is measuanedi,thermal diffusivity can be determined by cormsa the
measured temperature rise with the appropriateanatical model (Parker, 1967).

The hot wire technique is relatively simple and &s it is based on the transient measurementeofetimperature
rise of a uniformly heated wire. Moreover, the meament could be made on samples with any shagksetatively
small sizes. Applying a constant electric currédmbtigh the wire, a constant amount of heat per timg¢ and unit
length is released by the wire and propagates tfmmut the material (Santos, 2007).

2.1 The standard test method for measuring the thenal conductivity of solids by means of the Guarded-
Comparative-Longitudinal Heat Flux Technique

This standard describes a steady state technigubdaletermination of the thermal conductivityh@imogeneous-
opaque solids. This test method is for materiath wffective conductivities in the approximate rarg2 <k < 200.0
WI/(mK) over the approximate temperature range of®Q@300 K. It can be used outside these limit$wliécreased
accuracy.

A test specimen, whose thermal conductivity is wvikm, is inserted under load between two other esies
materials, with the same cross section, and kndwennal properties. This assembling will be calledelon by test
stack. A temperature difference is imposed aloimgytdst stack and, at equilibrium conditions (syestate), the thermal
conductivity of the sample is derived in terms bé ttemperature differences in the respective spawnand the
thermal conductivity of the reference materialgure 1 below is a schematic draw of the equipmehgre the meter
bars are made of reference materials, with knowmthl conductivities.
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Figure 1- Schematic of a comparative-guarded-longital heat flux system showing possible locatiohs
temperature sensors along the stack

The standard strongly recommends the use of a dhatdnvolves both the reference materials andsttmeple. The
guard has the task of mitigate heat losses thrdhghside of the equipment and, by doing so, imgpsinone
dimensional thermal gradient through the longitatiexe, similar to the gradient in the stack.

With the values of temperature obtained by measenésn one can now calculate the heat flux rateupérareaq”
for each of the two reference materials, throughatjuations below:
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The thermal conductivity of each one of the refeeematerials is calculated using the average testyes.
Although these two values' upper andy" lower should agree with each other to within ab&l®% when the heat
exchange with the isolation is small. A value adrthal conductivity for the specimen at tempera{i@ + T4) / 2 is
given by the equation below, which assumes nolbsatto the isolation.

Ksample= (q;;)wer + quper) x( Z,~Z :) )
2x(T, = T,)

This procedure of calculus requires only two thezouples for each one of the reference materiatkérstack. A
third temperature sensor can be used to test tHermity of the other two sensors as well as théadzcquisition
system.

2.2 Bench description

In the actual bench, assembled at UFRGS (Ceramieris Laboratory — LACER) the heater positionsrave
inverted among then. The reference material clogbd heat source, hereon called material |, wasepl in the bottom
of the stack and made of stainless steel, as @nisppropriate material for high temperature dutidéts thermal
conductivity varies according to the temperatuedingdd by the equation (ASTM E1225)

k =1.22r K /mK ) 5)

The second reference bar (material Il), now plaatetie top of the stack is made of aluminum, digpaa constant
k of 138W/(mK). The lateral insulation is made ofnetial wool, with an approximate thermal conducgivitf 0.1
W/(mK).

The sample, the stainless steel and aluminum bddies all the same cross section of 70 x 70mm lagid heights
are respectively 17.0, 37.5 and 82.5mm. The insulatross section is 210 x 210mm.

Type K thermocouples, of 1.5mm diameter are useddasure the temperatures, which hot junctiongxaetly in
the center position of the column test. The minimoumber of thermocouples by region is two and taey placed
2.5mm away from its bottom and top surfaces. Anaagpicture of this assembling is shown in Fig. 2.

Figure 2- Thermocouples assembling on the actgal ri
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3. METHODOLOGY

The numerical approach was adopted here to findmiwking range of the thermal conductivity appasatlihe
methodology is based on the generation of simuldtgd for a reference ideal situation where thalai®n material
around the stack is so efficient that it repla¢®sthermal guard. Data calculated for that situadice compared to those
simulated with thermal losses to the insulated renvinent that surrounds the stack. That last cordiian tries to
represent the actual bench.

Temperatures at the positions where the thermoeswpk placed are used in the equations providdoebstandard
to calculate the heat flux through the stainlesglsieter bar (Eq. (2)) and in the aluminum metarHly. (3). These
results lead to the calculus of the estimated samphductivity (Eq. (4)). This routine is performfed every value of
sample thermal conductivities.

3.1 Implementation

The geometry and the mesh setup were performetieoprie-processing software ICEM (http://www.ansysit
The simulation was done with CFX, which is compobgdhree modules or codes: pre-processing (CFX-foe the
boundary conditions input, the solver itself, ahd post-processing, which is held to analyze thpuis.

An initial tetrahedral mesh was first chosen fog #imulations as it was of simple application. fashave been
added to the bottom region, and mesh was refined tiee sample body, ending up with approximatel,@80
elements and 45,000 nods.

The mesh was exported to CFX-pre. The boundary itons defined to the adiabatic reference case were
prescribed temperature of 932°C on the heat flputr{bottom); general interface on the surfacesvéen each solid
materials; a 800 W/(fK) convective heat transfer coefficient on the acef facing the top of the stack and a adiabatic
condition for all side walls of the sample and teference materials.

After 100 iterations of the solver it was alreadysgible to obverse that the convergence had redetednd was
not going bellow this value.

In the post-processing, as the boundary conditfathe side walls were fixed as adiabatic, one cdoidd forward
to find a flat line of constant temperature. Diffet to what was expected it was found a non-litedravior of that
temperature. Besides that, the heat flux input wes of the same magnitude of the output, indicattngion
conservative energy balance.

A change from tetrahedral to hexahedral elemenssapalied. This mesh demands a greater implementaffort,
however the number of elements is much smallercatmputational time decreases and the criteriacofergence
drops drastically. Next figure displays these défeces.

Stainless

Steel T= 1205K

Figure 2- Geometry with tetrahedral elements (laft)l with hexahedral elements (right).

The convergence achieved with the new mesh wasdr&ul0, half of the value achieved by the origioak.
Mesh size dropped down from to 250,000 elements4&r@D0 nods (tetrahedral elements) to 6,000 elesad 7,000
nods (hexahedral mesh). Heat flux for each surtdcthe solids was calculated and there were no roatmlance
values for the hole set of materials (stainlessl sgguminum and the sample).

Figure 3 shows the expected flat temperature Higign when adiabatic side walls boundary condittoimposed.
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Figure 3- Temperature profile along the longituditheection of the stainless steel meter bar ferakdiabatic condition
along the boundaries

In order to reproduce the actual behavior of hesdds from the stack to the surrounding environntleatsimulated
volume included both the stack itself and the iagah material, living the boundaries of the prabl® be coincident
to the outside surface of the rig. Therefore, nathan imposing a prescribed amount of heat flugugh the stack, this
geometry allowed for verifying how much heat wastlto the outside and gave same insights by oingeihe
temperature field of that insulation region, as barseen in Fig. 4.

Figure 4- Temperature field calculated to bothdtaek and the insulation region
3.2 Case study

The following case was created in order to cheekgtoposed methodology of simulation. The sampégntial
conductivityk was taken as equal to 1 W/(mK), whereas the stsdrdteel meter bar conductivity was calculateBdpy
(5) and the aluminum meter bar conductivity waetaks equal to 138 W/(mK). Back to the stainlesslsneter bar,
its bottom temperature was prescribed as 932°Qlandonvective heat coefficient at the top of therenum bar was
of 800 W/(nfK). There where no thermal resistances among tleefawes of different solids or materials. Finally,
fully adiabatic condition was prescribed for theezral surfaces of the rig. The stopping critedathe solver was set
to a hundred iterations or a convergence of EH€,grid was assemble upon hexahedral elements,alviht eighty
thousand nods and seventy thousand elements.

The post-processing analysis allowed for the aatoa of the temperatures to the locations where th
thermocouples were placed in the actual rig. Taldésplays the temperature values for the positadrisg (2)

Tab. 2 Temperatures values (K) calculated for tieerhocouple positions showed in Fig kg fpe=1 W/(mK)).

T1 T2 T3 T4 T5 T6
1205,15 1141,6 1027,694 497,804 386,636 359,321
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The stainless steel conductivity was calculatedElly (5) and its average value was 25.82 W/(mK).nglavith
these results and the dimensions of the matetialas possible to calculate the heat flux of tferance material | and
Il by Eq. (2) and (3), which values were 46,128.81and 47,035.4 W/fnrespectively. These results allowed for the
calculation of the sample conductivity by the E4), (vhose result was 1.0425 W/(mK).

In order to compare that former result to the oxgeeted for the rig with the heat guard, a nextusation was
performed assuming that there were no heat losees the stack to the insulation material. Besideg thange, all
other conditions and assumptions were kept unclehriges thermal conductivity for that situation waand as 1.0119
W/(mK)BYy taking that last result as a reference, ¢lror or deviation from the former result was3032%

4. RESULTS

A set of simulations were performed following thethdology described in this paper. The first s¢efp choose
values of thermal conductivity for a generic samplerial, within a range where there are doubtaiathe accuracy
of the actual rig working without the hot guard.the present paper, the sample could assume thesvaf 0.5; 0.62;
1.0 and 10.0 W/(mK).

The second step is to execute a double simulatioedch one of these values. Each pair of simulstéve called
as a) the reference condition where the stack is fuliguiated towards the lateral walls, also called admbatic
condition; andd) the rig condition, close to the actual one, wietkermal conductivity of 0.1 W/(mK) is associated
the insulation material that recovers the stack.

Table 3 displays the results obtained for the sathhs performed for the 4 pairs of sample matgrishowing
fluxes along the main axis of heat transfer andnagr information, the thermal conductivities tha¢ calculated after
the application of the proposed methodology.

Table 3- Simulation results for the four samplearats assuming the existence of a reference dondidiabatic) and
a rig condition (close to the real bench)

Sample Q" Stainless Steel Q" Aluminum T3'T4 krig kri _kreference
conductivity Stack Kreference —
1+ kreference
Ksample condition
[W/(mK)] [W/(m*K)] [W/(m*K)] (K] [W/(mK)]
05 Rig 26175.7 27135.0 1089.79 0.5549 0.1097
Reference 24322.4 24321.5 1100.10 0.5000
Rig 31280.8 32220.1 1072.97 0.6748
0.62 Reference 29532.1 29532.0 1082.90 0.6200 0.0884
1 Rig 46128.8 47035.4 1032.74 1.0425 0.0303
Reference 44683.2 44681.9 1023.86 1.0119 '
Ri 179113.6 179359.9 9.9974
10 g 577.93 0.0064
Reference 179459.3 179282.9 576.20 10.0621

It can be noticed that the bigger the thermal cotidity of the sample, the lower the relative diface between the
expected value of the conductivities.

The thermal conductivitlererencedisplayed in the column “Stack condition “ in T#B) is the same as the one of the
column “Sample conductivitksampie, Which is a prescribed value and an input datdnthe simulation. The former
conductivity is calculated by Eq. (2) and (3) fteetadiabatic condition, what validates the caléotaiprocedure
proposed in by the present methodology.

The smaller sample thermal conductivities values guite close to the thermal conductivity of theulation
material around the stack. It means that heat ogifinom the bottom of the stack will be transfertedhe top through a
three dimensional path, as there will be a closegwrency among the sample and the insulation mahter

The difference in heat transfer fluxes are morel@vi along the stainless steel side bar, wheredgmhpe levels
are higher and there is a great amount of heatthwesigh the side walls. This heat is recoveredudh the aluminum
side walls as the external surfaces of the appmeatifully adiabatic.

Higher values for the thermal conductivities of #azample lead heat conduction to increase, witlefdesses to the
surrounding insulation. Heat losses became leseritaupt for sample thermal conductivities above M/QmK).

Figures 5 (left) and (right) show a significant iaéion on the temperature profile for the materi@ighe stack, as
their thermal conductivity was quite different.



Proceedings of ENCIT 2008 12" Brazilian Congress of Thermal Engineering and Sciences
Copyright © 2008 by ABCM November 10-14, 2008, Belo Horizonte, MG

temp vertical

Temperature [ C |

B0
Chart Count
= Hew Line

Figure 5- Temperature profile along thaxis without lateral heat losses (left) and tempeeafield for the whole rig
(right).

4. CONCLUSION

The main objective of the present work was to ifigrd range of working values for thermal conduitids of
sample materials to be tested on an existing exmgetal rig. The rig was built following the ASTM E25standard
which proposes a Guarded-Comparative-Longitudin&atHFlux Technique for the measurement of thermal
conductivities of solid materials. The actual i of this assembling was that the recommended ¢pgard was not
available and a new range of operation should fiaetk

A numerical approach was proposed in order to ityate the new operational range of the rig aitla explore
unknown values more easily and at lower costs. fiteposed methodology consists on the comparisopaof of
results for samples of same thermal conductivibes submitted to different insulation conditionsr fine stack
assembling of the rig.

Results show that the bench is suitable for esshgamples with thermal conductivities of 10 W/(még)d beyond.
Heat losses from and for the stack are the reamathé uncertainties of the measured value of éinepde conductivity.

3. ACKNOWLEDGEMENTS
The first author acknowledges gratefully the finahsupport of CNPq during the realization of thierk
4. REFERENCES

ASTM E-1225, 1987, “Standard Test Method for Thdrr@mnductivity of Solids by Means of the Guarded-
Comparative-Longitudinal Heat flux Technique”, Anwan Society for Testing and Materials
<http://www.astm.org>.

Muller, F. G., 2007, “Estudo de Transferéncia ddoCa&m Equipamento de Medicdo de Condutividade T&m
Baseado na Norma ASTM E1225. Trabalho de Diplomdd&®&RS (in Portuguese).

Parker W.J., Jenkins R.J., Butler C.P., Abbott 511961, “Flash Method of Determining Thermal Dififity, Heat
Capacity, and Thermal Conductivity”, Journal of Aipd Physics, Vol. 32, No. 9, pp. 1679-1684.

Santos W. N., 2008, “Advances on the hot wire tegplnet’, Journal of the European Ceramic Society,. 28| pp. 15—
20.

Xaman J., Lira L. and Arce J., 2008, “Analysis bé ttemperature distribution in a guarded hot pégtparatus for
measuring thermal conductivity”, Applied Thermaldireering Article in press.

Welty, J.R., Wicks, C.E., 2001, “Fundamentals ofrmentum, heat, and mass transfét{. John Wiley, %4 ed. New
York, U.S.A., 202 p.

5. RESPONSIBILITY NOTICE

The authors are the only responsible for the pdimeterial included in this paper.



