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Abstract

Due to the limited size of samples prepared atléte scale, characterizing the thermal
properties of new materials may be problematic, @gl makes it all the more difficult to
optimize them. This statement especially applieshto development of innovative thermal
(supen)insulators. In this work we demonstrate that Hot Disk method, which might be
preferred for such kind of studies because of tlwe dample size it can allow in practice, is
unable to provide realistic values of thermal cariity in the case of insulators. A new
method was thus developed, called Calibrated Tioy Plate (CTHP). The corresponding
heat transfers were modelled, and the two unknowinshe model were obtained by
calibration with insulating samples whose thernmadductivity was precisely measured with a
reference (guarded hot plate) method. We show that CTHP is able to estimate
conductivities within the range 0.014 — 0.2 W i based on samples having thicknesses
ranging from 3 to 9 mm and diameters as low as b ithe accuracy was generally much
better than 10%, which is a remarkable result Faracterizing so small insulating materials.

Keywords. Thermal conductivity; Small samples; Insulatingterials; Measurement method.

1. Introduction

By definition, a material is a solid substance celé out of many others for its useful
physical properties, allowing it to become an eBakpart of a system or an object. Materials
characterization is thus a crucial task upon chapsi formulation, a synthesis method, or a
production process. Depending on the kind of teldgyin which the considered material
will be integrated, not all but a limited number mioperties need to be precisely known.
Among them, density on the one hand, and mechaaiwhlthermal properties on the other
hand, are often of paramount importance, whateker final application. The first two
characteristics can generally be easily measuresh@il samples, but this is rarely the case in
practice for thermal properties, and especiallfaass the conductivity of insulating materials
is concerned.

" Corresponding author. Tel: + 33 372 74 43 08. Brraddress :yves.jannot@univ-
lorraine.fr(Y. Jannot)
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Indeed, the heat transfer properties of poorly cetidg materials are best measured with
rather big samples. For instance, the guardedIat# method* requires typical sizes of 30

30 cnf according to the ISO 8302:1991 standaglich dimensions are problematic at the lab
scale when new materials are developed. Most oftithe, preparing new materials with
improved properties or original structures is irtlemostly and, in particular when new
formulations and preparation methods are developpsicaling the processes for producing
large amounts is a true challenge. In some casey,dlume of the samples is also limited by
the size of the reactors in which they are prepaaed this especially applies to aerogels.
Aerogels are a special kind of materials prepaseddbd-gel polymerization in a solvent, and
whose porosity is produced by supercritical dryihgSuch preparation step thus requires a
special autoclave wherein the solvent saturatirgporosity of the gels can be evacuated
without collapse. As a result, extremely narrowgsoare formed in which a Knudsen effect
takes place, making these materials prone to presémermal conductivity lower than air.
These materials are thus called “superinsulatovgh typical thermal conductivities within
the range 0.012 — 0.025 Whik™.

Manufacturing large blocks of aerogels for determgntheir thermal conductivity by the
guarded hot plate method is unrealistic for attlda® reasons: (i) the capacity of the
corresponding supercritical point driers shouldes¢remely high, thus consuming tens or
even hundreds kg of liquid GQor producing such large samples; and (ii) theetiior such
production would be tremendously long since thecgss is based on solvent exchange, the
latter being driven by diffusion, whose characterisime varies as the squared thickness.
Therefore, not only making big monoliths is not §ibke at the lab scale, but optimizing this
kind of materials also passes through the screesfimgany formulations. The corresponding
syntheses and trials associated to such screeam@mly be achieved with small samples,
which can be prepared rapidly, but whose thermapgnties must be known before the best
formulation can be up-scaled to the industrial leve

The same also applies, although to a lower exterinsulating foants The latter fit into the
class of traditional insulators, with typical comtivities within the range 0.030 — 0.050 W m

1 K. The number of formulations that are requiredffoding a compromise between high
mechanical strength and low thermal conductivitifjol are two antagonistic properties {see
for instance) require fast and accurate charaei#oiz, again based on small samples. The
guestion of preparing and testing as much samptegpassible, inevitably of limited
dimensions, for selecting the most promising osesspecially important when it comes to
the search of high-performance insulators for tovation of buildings. In this context,
superinsulators allow saving 3 to 5 % of livingareompared to traditional insulators.

Methods exist for measuring the thermal condugtivit centimeter-sized samples, some of
them being commercialized. This is the case ofhtfas, hot strig®*® or hot disk**°
methods, for instance. However, and whereas theegmonding suppliers claim that those
methods are relevant for characterizing insulatiregerials, some intrinsic drawbacks induce
huge errors on the measured values of thermal cbindy.

Thus, the flash method is intrinsically inapprofei#o insulating samples for the following
reason¥: (i) insulators are often semi-transparent with respediash radiation; (i) the
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measurement of surface temperature on a very hggerial is difficult to realize with
precision; and (iii) the exchanges on the irradiagarface are often very different from the
exchanges on the opposite surface (significant ¢éeatpre differences). On the other hand,
both hot strip and hot disk methods do not take aucount the heat losses through the wires
of the thermal sensor. It will be shown in this @aghat the lower the sample size and the
lower its thermal conductivity, the higher the admition of these losses to the final result.

At the lab-scale, other methods have been develapeth as the centered hot ptatdased

on samples of size 18 10 cnf, or very recently the centered hot plate with eartive
guard®, using samples as small as 4.8.5 cnf. Whereas these methods present significant
advances towards the thermal characterizationngfdamples, still they fail in determining
accurately the conductivity of centimeter-size sE®mpsince edge effects can never be
suppressed at the center of materials having st dimeensions.

The purpose of the present work was thus to offeree method allowing the thermal
characterization of poorly conducting materialsdohen cylindrical samples of diameter 15
mm, with an accuracy of 10%. For that purposeeadt-state method that we will call the
Calibrated Tiny Hot Plate (CTHP) is offered heraying the following characteristics: (i)
using a sensor whose heat capacity may be highertttat of the sample; (ii) based on the
average surface temperature, given the imposgyilafireaching a purely 1D transfer at the
center of small samples; and (iii) in which the thessses through the wires have been
thoroughly calibrated. The dramatic impact of thiesses, and hence the importance of such
calibration, will be demonstrated with a standaebhsurement of thermal conductivity carried
out with the Hot Disk method on an insulating saengfl known conductivity. The new CTHP
device will be described and tested with small dambelonging to the class of either
traditional insulators of superinsulators, and hgvwell-known conductivities formerly
measured by the centered hot plate method witle Isagnples.

2. Principle and modeling of the CTHP method

2.1 Device

The new CTHP device is described in figure 1.

3 Ty = Toxt
Aluminium block !
: Text
Sample . .
I Heating disk
Sample

Aluminium block — |

Figure 1. Block diagram of the experimental setup
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It consists of a thin heating disk of diameferinserted between two identical cylinders of the
sample to be characterized having a given thicknelsst the same diametér as that of the
thin heating disk. The faces of the latter are edatith metal, allowing maintaining a
uniform temperaturd, on those areas. The non-heated (thus extern&s sifithe cylinders
are in close contact with aluminum blocks, alsoosipg uniform temperaturdg andT, on
these areas. The whole device is placed in a tHigrnegulated enclosure at temperatligg.

A current of intensityl is forced to flow throughout the heating elemehtesistancer,;,
thereby producing a fluR,;/?> by Joule heating. Part of this heat flow raterasferred
through the samples whereas the régtes, is dissipated towards the exterior through the
connection pads of the current feed wires and tflvdbe thermocouple wires.

2.2 Modeling

Based on the setup described in Fig. 1, it carsbaraed that:
- The samples to be characterized are isotropic;
- The loss coefficienth (through convection and radiation) is the same &tr
measurements;
- The thermal resistances of the contacts are nbtgigvith respect to those of the
samples;
- The losses through the wires are proportional ® differenceTy, — Tex, and the
proportionality factor is the same for all measueets.
Let:
¢ =f(Ah1) (1)
be the heat flow rate leaving the face at unifeemperaturd’, of the sample of thickness
with the other face maintained at uniform tempewiyand the lateral face exchanging with
the surrounding air &t,,; with a global heat transfer coefficigntas represented in Fig. 2.
HereA is the thermal conductivity of the sample @nig a coefficient characterizing the
losses throughout the current feed wires and thertbcouple wires.

T(r,t) |=T2 ~Toxr

T(T‘, _t) =Ty = Text i

Figure 2. Schematization of the heat flows in ti¢l€ method

We seth; =T; — Toyr (i=1,2) andBy = Ty — Toyt
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8.2 Jo(“2")

It was proved that: 6, = ¥o_ o 2)
with: ) = 22 5 - 0, cosh (424)| Tt + ancosn (42)} @
and:N, = 2 [Jo2(@p) + 112 ()] @)

where R is the radius of the samplg,is the Bessel function of first kind and order @ @nis
the Bessel function of first kind and order 1.

The flux density leaving the disk surface at temap@eT, at a distance from its center can
be calculated as:

i L wnr 3,

$i(r) = -1 (r,z = 0) = =2 ¥ieg gv )& 5)
e dgi _ _ RJ (wn) wnt

i 2= 0) = 20— 0, oo (35 0

The value of the total heat flow rate leaving gusface can thus be deduced. It reads:

;= fOR ¢i(r) 2mr dr = -2 fOR Zﬁ:o%f) ‘Z—ii 2mr dr 7)
G "
0; = -1 fOR o Ogv: ) Iflgéi’nt)) [0 0o cosh( )] 2mr dr (8)
R J1(wn) wnt R ]0( )
p;=—4 Zn 0 in;(wgt) [91' — 8, cosh (T)] fO N—n 2nr dr (9)
Now, smcef ( ) 2nr dr = 2n— J1(w,) (10)

n

J1 (wn)[e -6, cosh(w”t)]

we have :  ¢; = —4nRA X, o ST () [ 120 (11)
wherew,, is the solution ofw,, J;(w,) = hTR Jo(wy) (12)
The heat balance over the heating element réags: = @, + @5 + Quires (13)
Finally, ¢ires Can be expressed as;;res = k(T — Toxt) (14)

The unknowns of the problem are thiyg andh.
2.3 Calibration

The parameter& and h can be obtained by performifg measurementsM > 2) with
samples of the same material of different thickesgsg having a known thermal conductivity
Arer. FOr each tested value bf the value of is first determined so that the estimated value
Aest Of the thermal conductivity for the thinner samgdeequal to the reference valdg, ;.
Then, the thermal conductivity is estimated usimg $ame values &fandh for the samples
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with higher thicknesses. The process is repeatditl we find a value ofh such that the

following sum is minimized:
2

Z%:l[iestm - Aref] (15)

The device obviously has to ensure perfect repiribditg of the external conditions so as the
assumption of constant valueskofndh from one experiment to another still holds. Sihce
may depend on the temperature, the calibrationlig\alid for one temperature.

2.4 Measurement
Once the values df andh are determined, Eq. (13) in which:

- ¢, andg, are calculated from Eq. (11)
Pwires 1S Ccalculated from Eq. (14).

has one single unknowf) and then can be numerically solved.
3. Materialsand methods
3.1 Materials

Given that the two methods compared in the presenty, i.e., the Hot Disk and the new
method developed here, both use a sensor sandwisteden two identical samples (see
below), the various tested materials were alwaysicered in pairs. They were:

4 pairs of Styroddt extruded polystyrene (XPS) foam samples of thiskes 3.03,

4.46, 6.00 and 9.00 mm

- 3 pairs of opacified expanded polystyrene (EPSnfeamples of thicknesses 2.95, 5.80
and 8.74 mm

- 2 pairs of a superinsulating samples based ormskcogel (SA) of thicknesses 2.90 and

4.94 mm

1 pair of polyethylene (PE) foam samples of thidg€.30 mm

1 pair of polyvinyl chloride (PVC) samples of thidss 5.15 mm.

d
a b e‘ ‘e.
S B

Figure 3. General view of all pairs of insulatingmples studied in this work (see text): (a)
PVC; (b) PE foam; (c) SA-based superinsulator;ddacified EPS foam; (e) XPS foam.

The thermal conductivity of each material was aahgimeasured at 25°C with the permanent
centered hot plate methdbased on parallelepiped samples of sectionxL000 mnf. The
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corresponding values were considered as referefozesstimating the accuracy and the
reliability of the two conductivity determinationathods considered here.

All materials were then cut into cylindrical shaped gently polished using very fine
sandpaper so that the final diameter was exactlynid Fig. 3 shows the panel of sample
pairs used in the present study.

3.2 Methods
Hot Disk tests

In order to evidence the limitations of the Hot Disiethod applied to small insulating
samples, the thermal conductivities of the aforarmoaed XPS foam and SA superinsulator
(blue and white materials in Fig. 3, respectivalyre measured by the transient plane source
method with a commercial thermal conductivity amaly (Hot Disk TPS 2500,
ThermoConcept, France). The measurements wereedaotit at stable room temperature
(21°C) and relative humidity (40% RH) using the 7®fobe (radius 2.001 mm). The samples
were in the form of two similar cylinders of diareeD of at least 15.00 mm, and of various
thicknesses. According to the Hot Disk manual, the optimalkitriess must be in the range
10 — 40 mm. However, due to scale-up limitationd tonthe way some lab-made materials
are prepared, especially aerogels, most of sanppésent a thickness below 10 mm. Thus, in
spite of the aforementioned recommendation abaokrbkss, samples thinner than 10 mm,
i.e., in the range 3 — 9 mm, were tested with tbhée Pisk method, with the aim of showing its
limitations for small sampled(>15 mm andt < 10 mm).

The Hot Disk sensor consists of an electricallydtaning pattern in the shape of a double
spiral, which has been etched out of a thin niédiéland sandwiched between two thin sheets
of Kapton®. When the condition > 3.75mm (i.e., t > D /4, according to the Hot Disk
manual) is fulfilled, the maximum radius allowed fine probe iFmax = 3.75 mm. When

t < 3.75 mm, rnaxis equal td. Here, the minimum value ofis 3 mm. As a consequence, the
7577 probe (radius 2.001 mm) is the largest an¢ pnbbe that can be used for these
experiments. The available penetration dex®his equal to the minimal value betweeand

D/2 - r (wherer is the radius of the probe). Thus, it > 5.5mm is respected, the

maximum value ofAP is D/2 - r, i.e., 5.5 mm. Otherwise (< 5.5 mm), the maximum of
AP is equal td.

The samples — sensor sandwich was then placed andguminum bell jar preserving it from
convection and air turbulences. A light aluminursekdivas also used to gently press together
the surfaces of samples and probe and hence totaimmaia thermal good contact. The
aluminum disk was the same in all experiments aedapplied stress was also constant. The
device was left to equilibrate for 1 hour with therroundings of the air-conditioned lab (a
minimum of 20 min only is recommended for insulgtmaterials according to the Hot Disk
manual). From the temperature profile measuredneyspiral after a heat pulse was delivered
by the other spiral, the thermal conductivity watcalated by the Hot Disk 6.1 software. The
characteristics of the heat pulse were also spekifiefore starting the experiment. The
selected duration of the pulse was in the 10 — réhge while the input power ranged from 3
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to 7 mW. Only two combinations of power and pulsegth were used: 10 s and 7 mW, or 40
s and 3 mW.

Such method is highly attractive because of therfesasurements and the limited sample size
it allows in practice. However, some restrictiomsthe results must be respected. The total
temperature increase during the heat pulse must the 3 — 7 K range while the temperature
increase in the selected area of the graph usethdéocalculation must be in the 0.4 — 4 K
range. The total characteristic time should takalae between 0.33 and 1 s, and the mean
deviation should be below POK. Finally the penetration depthP should respect the
aforementioned criteria.

Calibrated Tiny Hot Plate Device (CTHP)

The CTHP device is based on a circular heater mademetalfoil sandwiched between two
thin Kapton® sheets supplied by Captec (Franceg. tWo faces of the heater were covered
with a 0.1 mm-thin self-adhesive aluminum foil dentical area in order to homogenize the
temperature on both sides. The outer dimensiotiseofieating element were 15 mm and 0.25
mm for diameter and thickness, respectively. A Betythermocouple with a 0.05 mm
diameter was next inserted between the heater m@aalaminum foil, allowing measuring the
temperaturd,, assumed to be uniform, of the heated faces cdahsples.

Such heating element was then placed between temtioél samples to be characterized,
having fixed diameters of 15 mm and thicknessedready mentioned in section 3.1. The
non-heated sides of the materials were maintaihézhgperature¥,; andT,, very close to the
ambient temperaturel,,,, thanks to their close contact with two thermalizduminum
blocks, as shown in Fig. 4.

Thermocouple

Thermocoupl

Current feeding wires Half-shells

Figure 4. Side views of the lab-made device. Fraft fo right: detail of the heater
sandwiched between two identical samples (here f8B8), themselves inserted between 2
aluminum blocks; general view of the setup gentijmaressed for allowing good thermal
contacts; setup closed with half shells in the aterchamber.

The lateral sides were allowed to exchange hedt aiit by both convection and radiation
with a global loss coefficiert. The device was surrounded laterally by two alwmrhalf-

shells, and at top and bottom sides by two extrupelystyrene disks: (i) completely
insulating it from outside air movements and thasueing the reproducibility of external
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conditions; and (ii) allowing an accurate measumneéT,,, thanks to a thermocouple fixed
on one half-shell. The whole device was finallygald in a climate chamber fixing the
ambient temperature @, = 20° C.

4. Resultsand discussion
4.1 Thermal conductivity of samples

With the centered permanent hot ptitesed as a reference method, the thermal conduyctivi
of each material was measured with an accuracgriin 3% and the corresponding results
are given in Table 1. These values were used feckshg the accuracy of the Hot Disk
method on the one hand, and for calibrating the method on the other hand.

Table 1. Thermal conductivity of all materials, reeged by the centered permanent hot plate
method at 25°C with samples of section 10000 mm, and used as reference in the
following.

Sample Ares (W MK
XPS foam 0.0308

EPS foam 0.0324

SA superinsulator 0.0141

PE foam 0.0405

PVC 0.193

4.2 Application of the Hot Disk method

For the sake of comparison, the thermal conduiEs/ibf two materials were evaluated using
the Hot Disk method: the XPS foam (0.0308 W Ki') and the SA superinsulator (0.0141 W
m?* K%). The study consisted into the overall comparisbrthe thermal conductivity of
materials, always using the same probe (757%#,2.001 mm). The power and time of
recording were manually optimized in the 10 — 4hd 3 — 7 mW ranges, respectively. The
optimization consisted in selecting the conditigpewer, time and number of data points)
allowing reaching parameters (penetration depthratdteristic time) that match the values
and ranges recommended by the Hot Disk manual.ré&belts of such measurements are
given Table 2.

Table 2: Measurement results with the Hot Disk moeth

) Thickness Apori A Deviation
Mat | estimated ref

areria (mm) Wmtk?Y | wnitk? (%)
3.03 0.0291 552
4.46 0.0305 0.97

XPS foam

6.00 0.0304 0.0308 1.30
9.00 0.0318 3.25
2.90 0.0264 87.20

SA 0.0141
4,94 0.0264 87.20
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The thermal conductivity of the XPS foam was cdiyeevaluated by the Hot Disk method
(deviation lower than 6 %), but that of the supeuiating material SA was significantly
overestimated (up to 87 %). The suspected reassuctf discrepancy is heat transfer with air
occurring at the connections of the probe wirestside the sandwich). Indeed, this
phenomenon is suspected to induce heat lossesifimprobe-sample sandwich, leading to an
overestimation of the thermal conductivity. It slibbe noted that the deviation would have
been far smaller with a hot disk of higher diaméter 2.001 mm in our measurements).

4.3 Application of the Calibrated Tiny Hot PlateT(dgP)

The calibration was carried out based on the 4spafr XPS foam samples having the
thicknesses and the thermal conductivity alreaghonted in Table 1. The current flowing
throughout the heating element was adjusted fomioinlg a difference of temperature
between the opposite sides of the samples clo$@°t®. The corresponding data are gathered
in Table 3.

Table 3. Experimental values of intensity and teadpees obtained for the XPS foam
samples.

Thicknesst T, | Ty | T, | Tee | Current
(mm) (°C) (MmA)
3.03 20.72 29.96 2041 20.28 62.75
4.46 20.71 30.12 20.48 20.37 57.80
6.00 20.61 29.92 20.34 20.26 54,15
9.00 20.73 | 30.09 20.43 20.4 52.76

For various values of the exchange coefficiemanging from 4 to 7 W iK™, the values of

k leading to an estimated thermal conductivity edgoahe one measured with the centered
permanent hot plate (considered as a referenceagagna Table 1) were determined for the
sample of thickness = 3.03 mm. Those pairs of values(k) were then used to estimate
the thermal conductivity for the other sample thiegses. The results thus obtained are
presented in Fig. 5.

Based on these results, the values 5.2W m™2K~! and k =1.81x103W K~! were
selected as they allowed estimating the thermatwctivity of all samples with a relative
difference lower than 0.1 % with respect to theemefice. Those values were then used for
estimating the thermal conductivity of all the athgamples listed in Table 1. Three
measurements were carried out for each of therg pasamples, and the results are given in
Table 4 It can be seen that the relative difference betwibenestimated values and the
reference ones (centered hot plate) is alwaysthess 7.2%, and even close to 3% in most
cases. The PVC is the exception, with a relativderdince close to 9%. Such larger
discrepancy may be explained by the presence dfacbmesistances that are not totally
negligible with respect to the thermal resistaRgg,,... The thermal resistand®,,;,,,; Of

all the samples are reported in Table 5. For PR(Gype = 2.9 X 1072 Km*W~! and the

total thermal contact resistance can reach a marimu value
5x 1073
0.025

= 2.0 x 1073 Km?W™! if we consider an air layer with a thickness eqisathe
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thermocouple diameter. In this case, the contaistances are no longer totally negligible
and thus lead to the underestimation of the theomadluctivity A.

0.034
0.033 *
— 0.032 * ¢ h=4Wm2K1
-
b4 -
= * n B h=5Wm-2K-1
E 0031 = < : ~ A h=52Wm2K1
3 X
= ® h=6Wm-2K1
0.03
X ® X h=7Wm-2K-1
0.029 Reference
X
0.028
0.002 0.004 0.006 0.008 0.01

t(m)

Figure 5. Estimated thermal conductivity of the XB&n samples,, using various values of
the exchange coefficierit,

Table 4. Estimated thermal conductivity after 3 sugaments on each of the other materials,
and comparison with the results from the centereuinanent hot plate method (reference).

Thickness Standardl Relatlve Amean If
¢ M Ay A3 |Amean deviation Aref differene Pwires = 0

Sample AmeanVS- A, (k=0)
(mm) (W ni* K™) (%) |WmKY) (%) (W m* K

2.95 0.032| 0.0318.03110.031% 1.5 -2.9 0.0468

EPS foam| 5.80 | 0.03360.03320.03230.0330 2.1 0.0324 2.0 0.0623
8.74 | 0.03530.03590.033|0.03471 4.7 7.2 0.0760

SA 2.90 | 0.01460.01470.01520.0148 2.3 0.0141 5.2 0.0298
superinsulatoy 4.94 | 0.014| 0.0146.01490.0145% 3.3 2.8 0.0385
PE foam 6.30| 0.04110.04240.04110.0416 1.7 0.0405 2.8 0.0735
PVC 5.15 0.177| 0.1790.178/0.177| 0.8 0.193 -8.5 0.0203

Table 5: Thermal resistance of the samples

Sample EPS foam SA superinsulatee foam PVC
Thickness mm 2.95 5.8 8.74 2.9 4,94 6.3 5.15
Thermal

resistance K m? W' |9.4x107 | 1.8x10" | 2.5x10" | 2.0x10" | 3.4x10" | 1.5x10™" | 2.9x107?
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The average thermal conductivity which would haeerbestimated if the heat losses in the
wires were negligible (i.ek = 0) is reported in the last column of Table 4dh be seen that
the error can be higher than 100% for the samplesepting the highest thermal resistances.
The lower the thermal resistance, the lower theesponding error because the heat flux that
passes through the samples increases, and henmepuetion of the losses decreases. This is
especially the case of the PVC sample.

The significant impact of the heat losses througth lthe wires feeding the heating element
and the thermocouple wires was also evidencedllmsvi For each experiment, the ratio of
the heat flow rate lost through the wires to thaltbeat flow rate produced by the heater,
duires | RI?, was calculated and the results are presentedyir6Flt can be observed that the
part of the total heat flow rate lost by the wiresreases with the thermal resistance of the
samples on the one hand, and that this ratio ibehighan 30% for the most insulating
samples on the other hand. This ratio is still Brgihan 10% for the PVC sample of thickness
5.15 mm, hence it is never negligible. Thereforg; estimation that would not take the heat
losses through the wires into account would thusetreneous. It is worth mentioning,
however, that the lower is the area of the heatlegient, the higher is the ratio of the losses
to the total heat flow rate. The wires losses mihts become negligible only if the area of
the heater (and hence of the sample) was reallyhrigher.

0.6
0.5 o
® o
0.4 *
L A
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S 02 A PE foam
[ | .
0.1 @ SA superinsulator
0
0 0.1 0.2 0.3 0.4

Samples thermal resistance (m2 K W-1)

Figure 6. Ratio of the heat flow rate lost throudpe wires to the conduction heat flow rate,
duires! RE, as a function of the samples thermal resistance.

5. Conclusion

In the present study, a new method called “Caldatdtiny Hot Plate” (CTHP) was presented
for measuring accurately the thermal conductivitgmall samples belonging to the families
of traditional insulating to superinsulating ma#¢si Developing such method appeared
necessary after observing severe discrepanciessbetwesults from guarded hot plate and
Hot Disk techniques. The Hot Disk may indeed bdgured not only because it is fast but
mainly because it allows in practice the use of Iss@mples. However, the experiments
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showed the impossibility of recovering the expectedues of thermal conductivity of
insulators that had been precisely characterizéu avreference method.

The present work indeed stressed the dramatic ingbdbe heat lost through the wires of the
heating element and of the thermocouple, especaalgoon as such heater presents a low
area: the smaller the heater (and hence the comdsp sample), the higher the error on the
estimated value of thermal conductivity. The em@s even higher, near 90%, in the case of
superinsulating material. Such problems were indepy evidenced in the case of the Hot
Disk method, whose relevance to the characterizatib small and poorly conducting
materials must therefore be questioned.

The new CTHP method was developed based on a medalheating element sandwiched
between two small cylindrical samples, and betwelith a thermocouple was inserted. A
model of heat transfer in such system, combinel svitalibration using a series of materials of
various but accurately known thermal conductiviteesl thicknesses, allowed calculating a
global heat exchange coefficient and another coeffi characterizing the losses throughout the
wires (heater and thermocouple). The correspondahges finally allowed estimating thermal
conductivities within the range 0.014 — 0.2 W* i§™! based on samples having thicknesses
from 3 to 9 mm and diameters as low as 15 mm. Tearacy of this new method was much
better than 10%, which is a remarkable result fi@racterizing so small insulating materials.
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Acronyms and abbreviations

CTHP : calibrated tiny hot plate (device or method)

EPS: expanded polystyrene (referring to the naitieEePS foam)

PE: polyethylene (referring to the nature of PEridpa

PVC: polyvinyl chloride (referring to the nature BYC material)

XPS: extruded polystyrene (referring to the natfrepacified XPS foam)
SA: silica aerogel (referring to the nature of Sfearinsulating material)

Nomenclature

D diameter of the sample mm

h convective and radiative loss coefficient W m?K*
I current intensity mA

Ji Bessel function of thé'iorder

k coefficient characterizing the losses throughbetwires w Kk
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M number of measurements

N, guantity defined by eq. (4)

r radial coordinates or radius mm

R radius of the sample m

R, electrical resistance of the heating element Q
Rsampie thermal resistance of the sample Kwnt
t thickness of the sample mm
Text temperature of the thermally regulated enclosure °C

Ti temperature of bottom (i=1) or top (i=2) aluminbiocks °C

To surface temperature of the heating element °C
z vertical axis coordinates mm
AP penetration depth in Hot Disk measurement mm
A thermal conductivity of the material WKt
Jdese  €stimated thermal conductivity Whk?
At thermal conductivity estimated for tHermeasurement WK
Je  reference thermal conductivity Wit
0; difference of temperature betweErandT,,.; °C

0; local and z-dependent differential temperatureingefin eq. (3) °C

® Heat flux W i

®; sum of radial and vertical heat flow rates (ibattom, i=2: top) W

Ori radial heat flow rate leaving the samples sides: (bottom, i=2: top) W
Qwires heat flow rate lost through the wires (heater tagdmocouple) W

Oz vertical heat flow rate leaving the sample (i=1ttbam, i=2: top) W

Wy, solution of eq. (12)
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