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Measurement of thermal conductivity and thermal resstance with a Tiny Hot Plate

Yves Jannot, Benjamin Rémy, Alain Degiovanni
LEMTA, Nancy-Universite, CNRS,
2, avenue de la Forét de Haye, BP 160 - 54504 VANDURE Cedex - France,

Abstract

A new thermal conductivity and thermal resistancgasurement method is presented. This
stationary method is dedicated to heterogeneousrmalgt and systems to which transient
measurement methods cannot be applied. The expedhaevice is detailed and an exact
heat transfer model based on integral transforntei®eloped. The estimation method both
with the uncertainty evaluation process is presenixperimental results obtained with

materials which thermal conductivities are knowhdate the method. An application to the

measurement of the thermal resistance of a heteeogs material (double glazing insert) is
presented.

Keywords: measurement technique, thermal condgtigtationary hot plate, quadrupolar
model
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NOMENCLATURE

e Sample thickness

h Lateral heat transfer coefficient

J Bessel function of first kind and order O

J Bessel function of first kind and order 1

Nr Norm of the integral transform

M Quadrupolar matrix

P Perimeter

R Equivalent sample radius

rc Thermal contact resistance per surface unit
rm  Measured thermal resistance per surface unit
rne  Calculated thermal resistance per surface unit
Rc Thermal contact resistance

Re Electric resistance

RC  Quadrupolar matrix of a contact resistance
Ry  Thermal resistance

S Cross section

T Temperature

U Electric tension applied to the heating element
X Space variable

z Space variable

@ Heat flux

A Thermal conductivity

0 Temperature

[} Mean temperature

Or Lateral temperature

W Eigen values of the integral transform
Subscripts

Cu Cuivre

T Upper

! Lower
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Introduction

Energy control requires to the development of naoreé more complex materials and systems
which are difficult to characterize. It may concehin thermal insulating materials for
buildings, porous membranes for fuel cells or spader double-glazing. In all these
applications concerning heterogeneous materiassidal transient techniques (flash method
[1], hot wire [2], hot strip [3], or hot disc [4Pannot be successfully used. This is particularly
the case with materials for which it is not possibd define an equivalent homogeneous
material and thus a thermal diffusivity. The guardmt plate method [5] needs quite large
samples that may be difficult to obtain for somecsfic materials. It is thus necessary to
consider another approaches, less precise butiatioa thermal characterization for these
types of materials.

Among these approaches, a Tiny Hot Plate deviocgyus Peltier element as a fluxmeter is
proposed. The development of this technique isbasehe works performed by Batsale and
Degiovanni [6]. An application for the measuremehthe thermal resistance of spacers for
double glazing will be presented.

1. Principle and experimental device

Figure 1 describes the principle of the experim&he heating element is composed of a 39 x
39 x 0.16 mm plane resistance inserted between two Kapton fsl®lectric resistance is Re

=40,5Q. All others elements exhibit a square geometry 48 mm).
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Figure 1 : Schema of the experimental device

Temperatures of Ts and T, are measured through K-type thermocouples with0230K
resolution. Standard deviations in the temperatueasurement can be reduced in steady-state
regime by increasing the number of measurementssidie applied through the heating
element is measured with a 0.01 V accuracy. Contasistances between the different
elements are reduced using a thermoconductive greasl a loading system. The
experimental device is presented in Figure 2

The principle of the experiment is to apply a tensU through the heating element to obtain
Ts =T, - This allows us to get rid of the lateral heaskssin the two copper elements above

the sample. The dissipated fldx; on the upper part of the heating element is medsur
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through a Peltier element, which is used and catilol as a fluxmeter. It allows an estimation
of the value of the dissipatdzh, on its bottom face through the following relation:

o1 =@ — Qo (1)
With : g =2
- G “Re
Pressurizing device
Thin heating
element
Peltier module
Copper plates (fluxmeter mode)
Thermocouple Ts Sample
Copper plates
Thermocouple To Peltier module

(refrigerating mode)

Figure 2 - View of the experimental device

TemperatureT, is fixed through a thermostat or a Peltier elem@&hts device measures the
thermal resistance between the thermocoupeand Ts:

e
Rth =2RthCu +2RC+)\_S (2)

The measurement of the thermal conductivity is onppssible in the case
)\_eS > 2Ry cut 2 Rc and is given by:
__ &%
S(Ts5 —To) ®)

The different contact resistances have been estdrat applying a tension of 10V through
the heating element and by measuring the tempesmatly and T without any sample.
Considering\copper= 400 W.n.K™, we obtain ¢ = 10 K.W.m™ Thus, this method can be
only applied for samples with e > 0,@1 in order to limit the errors caused by the contac
resistance to a value lower than 2%. This limits tising of this method to low or middle
conductivity materials (see § 4.2). Another methiodget free of the contact resistances
consists in making two measurements on the sameriala{l and 2) with two different
thicknesses:

Rth1=2RthCu+2Rc+)\iS @)
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e
Rinz =2Rine, +2RC+}\—ZS ()

A\ = €& ~&
S(R ~Rhz)

T T -
Where:Rch:( S OJ and Rth1=(T5 TOJ
(DQL 2 q)9l 1

This method is particularly interesting for thimgales (see § 4.2). Even though this condition
is checked, the value given by relations (3) ong@ffected by convective effects through the
lateral faces of the sample that may affect theutirgr output fluxes through the sample,
which are different from th&g, value used for the estimation af. A modelling of the
system taking into account these heat losses allevis reduce the estimation errors.

It can be deduced:

(6)

2. Quadrupolar model

The system can be modelled through the quadrupolanique [7] by taking into account the
lateral heat losses with a fin's model. The tenpegan each stack element can be obtained
by solving the following equation:

3°T hP
ax_Z_E(T_Tair)_o (7)
Where:
h global heat transfer coefficient
P perimeter
A thermal conductivity
S Cross section

Front and Back faces temperatures of each elemerinaarly linked in the Laplace domain
through the following quadrupole relation:

F—iﬂ _Tair} ={A B} [Ti _Tair} (8)
Qj+1 CcC D G

Ssh(O( e) with a2 ::—Z and e = element thickness

A =ch(ae)=D

where : B = L
A

C=Aa Ssh(ae)
The measured parameters arg: Tk, @ et @;.
Settingd = T — Ty, one can write (cf. electric schemes in figure 3)

Lf } - sl [red](wal (R wd Rzl w2l (e | 2 = 020 Po0 [ %0 g

and: { % } - [M5] [Rc4] M4 RG] F‘ﬂ - {A% 895} {95} (10
@9, @5| [Cos Dogs| 95

The quadrupolar matrices correspond to the follgvalements:

M1  Lower copper element maintained at T

M2  Unknown sample

M3  Copper element above the sample

M4  Copper element under the sample

M5  Half-thickness of the heating element (Kapton)
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RC1 Thermal contact resistance at M1/M2 contact
RC2 Thermal contact resistance at M2/M3 contact
RC3 Thermal contact resistance at M3/M4 contact
RC4 Thermal contact resistance at M4/M5 contact

Heating element

Insulating Peltier
Convection material Res module

iy

—~ 4 Copper Reo Sample Ra Copper —— &

s

Figure 3 : Equivalent electrical diagram of the experimental device

It can be deduced from matrix relations (9) et (10)
Dgo 69 ~Bgo @9, ~(Ago Dgo ~Bgo Cgp) B9 =0 (11)
Dgs 69 ~Bgs ¥9, = (Ags Dgs ~Bgs Cgs) 65 =0 (12)

g, can be removed from these two equations to ledldetéollowing equation where the only

unknown quantities are the sample thermal conditictiv, the heat transfer coefficieht and
the copper-sample contact resistances. Indegd, is a known quantity that can be obtained

from the flux ®4. given by the Peltier element (used as a fluxmeted) the relation (1). If
temperaturesTs and a Ty, are closed then the fluy, is always very low and the
fluxmeter calibration has no significant influenwe the measuremen®y, appears as being
a small corrective term compareddy .

We finally obtain

Bgs §9, ~(Ags Dgs ~Bgs Cos) 05 _
Dos ~Bgo ¥9, ~(Ago Dgo ~Bgo Coo) € =0 (13)

The accuracy ofd obtained from this equation is better than theragmated value given
by relation (3).

90

3. Validation of the lateral heat losses calculatioby the fin model

In the proposed model, the fin's approximationpgliad to take into account the lateral heat
exchanges. Under this condition, no 3D resoluti@thods are required to solve the problem.
Before validating this approximation, we will firshow that it is an important point to take
into account the lateral exchanges in the condiiz@stimation.
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3.1 Error caused by neglecting the lateral heat losses

To show the significant effect of the lateral exufpes in the thermal conductivity
measurement, the lower part of the apparatus hes thermally simulated with the help of
the software COMSOL (see Figure 4). To simplify #relysis, thermal contact resistances
have been neglected. Table 1 give the charactsisfithe whole stack elements. To neglect
the contact resistances, thicknesses have beearchath ek > 0.01.

D

Figure 4 : Schema of the device simulated with FEMLAB

Table 1: Details of the simulated device

Thermal Lateral dimensions
Material conductivity | Thickness (mm
(W.mK? (mm)
Copper 400 4 40 x 40
Sample 0.05t0 2.0 1t0 40 40 x 40

TemperatureT, is fixed to T, -5°C and the heat flux valu& is controlled so that
Ts =T, . For different values of the heat reansfer coeffith, the conducitivity valueh
has been calculated from the classical relation:
eq
Nestimated™ o= =+ (14)
S(T5 = Top)
The results are represented in figure 5. We caitentitat the lateral heat losses lead to an

under-estimation of the thermal conductivky The error, which can be larger than 10%,
2
mainly depends on the ratig;—.

This result can be easily explained. Indeed, tterdaheat flux @, at a given location z can
be written as:

dop = hP[Ts(z) - Tair] dz (15)
T«(z) being the surface temperature of the sample.
As a consequence, the temperature difference thraugven element dz’ at location z’is:

_dzf %
dT = )\S{(p gd(pp} (16)
or for a sample with a thickness
AT =192 - T4 17
kel )
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Assuming in first approximation Ts(ap being linear:

To(z)=10"T5 ;4 7, (18)
€
and taking into account the fact that3 Ty, we find:
2
aT=89, P et i (19)
AS AS 6
The imposed flux allowing to ke€pl constant is:
2
SN (1—E e—] (20)
e AS 6
2
And consequently, relation (14) becomeS;imated= A real (1—% %J (22)
By taking into account the geometry of our staciS(P00 n'):
he?
A estimated™ A real (1_ 167 T] (22)

Figure 5 clearly shows that the approximating refat(22) is not precise enough for
particular cases.

A estimated IA real

0.95 -

0.9 %
0.85 *

] \\
- L ]
08 7 . . 5
& Simulation . .\ *
075 + =

- - =Relation (22) " . e
077 Relation (31) N
0.65 T T T T
0 0.005 0.01 0.015 0.02 0.025
he?

a

Figure 5 : Ratio of estimated and real values efttfermal conductivity

3.2 Fin's Model

For simplifying the calculations, an axial symmeisyassumed in our system. The square
section can be viewed as a circular section byikgepe P/S ratio as constant and fixing the
radiusR of the circular section equal to a half-side d@/2he square section. In that case, the
axisymetric 2D heat transfer equation is written:

2
S (LA 23)
ror\ or) gz2
—)\%—Tzh(T—Tair)ifr:R (24)
r

Jannot Y., Rémy B., Degiovanni A., Measurementhefrriial Conductivity and Contact Resistance Throagfiny Hot-Plate
Experiment, High Temperatures High Pressures, 32@)0.



oT

~—=0ifr=0 (25)
or
_ 2R
Let: 8=T-Ty, and 8=— [T(r)rdr
R* o
Integrating relation (23) over [0, R] and usingat&ins (24) and (25) yields:
d_zé _2_h 0o =0 (26)
d22 AR R

Br being the surface temperature inr = R.
The classical fin’s approximation consists in wakthe mean radial temperatg = 0:
-
iﬁ_zﬂézo (27)
d22 AR

We find again the equation (7).
The solution of equation (27) (or (7)) can be repreed (cf.[5]) by:

e ol i
@0 C D]l

8y and 6., Py and Prepresent the mean temperatures and heat fluxes=i® and in
z = e, respectively.

More particularly: @ =%§0 —%Ge (29)
Applying this result to relation (14) :
b= (DO

Ts—Tg =8y -6, (temperature difference at the sample boundaries)
with Ts = T4, So that:85 =0

e( © ~
and: A esti =—|-=1/(-98 30
estimated S( B j/( e) (30)
with B = 1 sh(a e) wherea? :E
AaS AS
Finally: Mestimated_ 9 @ (31)

)‘real B Sh(q e)
After a second order asymptotic expansion ofis#)( equation (31) exhibits the same form as
equation (21), which thus appears to be a simplgfyform of equation (31). Nevertheless, let
notice that the relation (31) is only valid undee assumptio®g =6 . In particular, Figure 5

showed that this approximation is not always trueur facility.
3.3 Exact Solution through integral transforms
To obtain the exact solution of the set of equati(#8), (24) and (25), integral transforms can

be used. In our case, the adapted integral trams®the Hankel transform withJO(con %)

being the eigenfunctions and,, the eigenfunctions defined as the roots of thHewang
equation:
wnJ1 (o) = Bi Jo(wn) (32)
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with J and Jbeing the zeroth and first order Bessel functidrthe first kind andBi = h}\—R

- R
The integral transform is defined I8/= [r 6 Jo(wlj dr (33)
0 R
- - . 2 r _R%[. 5 2
with the associated norm;, = [r 8 J5°| w, = dr == Jo< (wn )+ 37 (wp) (34)
0
Applying the integral transform, equation (23) bees:
23 2 _
d—ze -2 8=0 (35)
dz R
(same form as the fin’s equation)
The solution is given byB(w;,,z) = A ch(oon %) + Bsr(oon %) (36)
with 90 = TO - Tair ifz=0
B =T —Ty, ifz=e
.oz _R r _ > Jlwn)
so:  Bp=[0g rdy w,— |dr=0g R“ —— ifz=0 (37)
0 R Wn
- R
B = [0, rJo(wnLjdr:GeRZM ifz=e (38)
0 R Wn
Constants A and B can be determined from boundamgitons (37-38):
(%)
S LI
8w, .2) = R2 21(@n) (ee ~8g ch(w”eD R+, ch(“)”zj (39)
Wn R R

o4

Finally, the solution is given by:

8(rz)=x Plon JO((LRMJ

n Nn
As the eigenvalues are function of the Biot numlieey are different for each layer of the
stack and require the computation of a large nunabezigenvalues at each simulation for
solving the heat transfer through the whole statke fin’s approximation already gives quite
satisfactory results. Thus, the idea in the folloyvsection will consist in using a simplifying
solution to improve the classical fin’s approxinoati

(40)

3.4 Fin model correction

Equation (26) that can be also written as:
-
d76 _ 2h Br 8=0 (41)
d22 AR ©
The classical fin's approximation yield8g /6 =1
Let evaluate now thég /8 ratio from the exact solution given by (40):
8(2)=x 8(wn,2)) 23 (wn)
n Np Wn
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o (2)=3 20D 3 () @3
n n

In the more general case, the difficulty of thigreotion comes from the fact that it is a
function of thez coordinate. To validate the proposed method, @he'® ratio will be

calculated in z = e/2 by keeping either 6 termd@0 terms in the series. Conversely, if we

consider only the first term of the series, we find
Or _ wo”
8 2Bi

The main interest of this correction is that it &yeasy to implement in practice substituting

2
% by %in the fin's equation, withwgy being the first root of equation (32). Another
R
approximations have been also proposed by diffexetitors (an expression better than 1% is
proposed in Appendix I).

(44)

The estimated value of the thermal conductiviMy;imeq Can be then calculated from the
relation:

A estimated _ g € (45)
Areal R S’,((*)Oej
R

Relative difference (%) between Acstimated FemLas @3N Aestimated (45)

4
2] A
0 A *
S
2 - O 5( X
4
*Bi=0.1 Bi=0.5 -
© 1 aBiz1 xBi=2
8 1 oBi=4 O
-10 ‘ ‘ ‘ ‘
0 0.005 0.01 0.015 0.02 0.025
he?
B

Figure 6 : Relative difference between the valdes@mateq Obtained by simulation
with FEMLAB and calculated with relation (45)

We can notice as shown in Figure 6 that for Bianbars lower than or equal to 2, the values
of the ratioAcsimedAreal Calculated from relation (45) exhibit a differenlmaver than 2%
compared to the values obtained from COMSOL compgutiesults.More generally,
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(V) 2

substituting%by 5 in the fin’s relation, this approximation is valfdr large Biot
R

values, up to 2 (compared to the classical appraton that is only valid for Biot numbers
lower than 0.1).
3.5 Validation of the quadrupolar model with the orrected fin model

Table 2: Values of the thermal conductivity estiatatvith COMSOL and with the fin model
considering different corrections.

h w.m?ZK? 5 10 5 10

Area = 0,1 w.mtK* Areas = 0,1 w.mt.K?!

e=1mm e=5mm

DcomsoL Ww.m? 498.1 497.0 98.0 96.4

Awithout convection 0.0996 0.0995 0.0980 0.0965
Nin 0.0999 0.0999 0.1001 0.1005
Nfin corr. 1 term w.m?K?* | 0.0999 0.0998 0.0997 0.0991
Nfin corr. 6 terms 0.0999 0.0999 0.0999 0.1000
Nfin corr. 100 terms 0.0999 0.0999 0.0999 0.1000
Area = 0.LW.MK" | Aea=01W.miK?

e =10mm e =20mm
DcomsoL w.m? 46.53 44.07 19.32 16.44
Awithout convection 0.0931 0.0882 0.0773 0.0654
Niin 0.1010 0.1031 0.1046 0.1123
Nfin corr. 1 term w.m?K?* | 0.0993 0.0980 0.0995 0.0981
Afin corr. 6 terms 0.1000 0.1000 0.1004 0.1006
Nfin corr. 100 terms 0.1000 0.1000 0.1004 0.1005
Area = 0.2 W.m™K™* Aieat = 0.5 W.mK?

e =4mm e =10mm
DeomsoL Ww.m? 248.0 246.5 245.6 241.9
Awithout car?@en 0.1984 0.1972 0.4912 0.4838
Niin 0.1999 0.2000 0.4999 0.5006
X0 Brerm wW.m?K?* | 0.1998 0.1995 0.4995 0.4991
)\fin corr. 6 terms 0.1999 0.1999 0.4997 0.4997
)\fin corr. 100 terms 0.1999 0.1999 0.4998 0.4997
Area = L W.m™K? Arear = 2 W.m ™ K™?

e =20mm e = 40mm
DcomsoL w.m? 241.6 243.3 233.9 219.9
Awithout convection 0.9664 0.9372 1.8712 1.7592
Niin 1.0000 1.0020 2.007 2.0052
Nfin corr. 1 term w.m?K?* | 0.9992 0.9990 1.9992 1.9997
Nfin corr. 6 terms 0.9993 0.9995 1.9992 1.9998
Nfin corr. 100 terms 0.9993 0.9995 1.9992 1.9998

To validate this method, the values of the impdbed ® determined by COMSOL and the
temperature differencesF Tp = 5 °C have been considered as experimental seguits data
are then been used to estimate the conductivityy an inverse method based on the
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guadrupole model taking into account the fin's effeThe estimated value are finally
compared with the nominal values used in COMSOLutations. The obtaining results for
different values of the thermal conducitiky thickness e and heat transfer coefficient h are
given in Table 2.

We can notice that the modified model using thet frterms of the series calculated with the
approached function given in Appendix, allow usalhcases an estimation of the thermal
conductivityA better than 1% compared to its nominal value. Tieeterm model is of course
less precise but also very easy to use and giviés satisfactory results (maximum error of
about 2%). These results must be compared witletbbsained by the classical fin’s model
that yields to large errors (> 10 %) in differeates.

4. Estimation errors on the thermal conductivity

In practice, it is difficult to precisely evaluatiee heat transfer coefficient h and the contact
resistances Rc between the sample and copper dkenirethe next sections, we are going to
give an estimation of the uncertainties causedbyd ill-known parameters.

4.1 Experiment with a single sample

The assumption of a convective heat transfer amefft included between 5 and 10 WAniK
! and contact resistances Rc between st K.W* and 2.1 m?. K. W is made.
Through the quadrupole model taking into accouatlgéiteral heat losses (100 terms), tension
required to obtain 4 = T4 is calculated for each configuration and the twéofaing
“extreme” conditions:

1. h=10 W.nf.K" et rc= 2.1¢ nf.K.W™

2. h=5W.n*.K"* et rc = 5.10 m>K.w*

Precision of the themrmal conductivity estimation
j:& \ \- 3 \ Xa E /!{X } / X j —-—0.025
NEREREET 00 pew
) NPT F g o
&0 \‘ \\ l\ \ \ \ ;'//Y\(( ;E."II / // ——0.25
50 | \ \ \\ﬁ \ \ //\\/l} / ! i/_ —&—0.5
40 .\ \ \\ K \ \\ 1
30 \\ .\ \ ﬁ\ \ ' 28
2o [ BT =
10 \\- % L 26

Estimation precision (%)

0.1 1 0 100

Sample thickness (mm)

Figure 7 : Precision (%) of the estimation of the thermal conductivity as a function of the
sample thickness (mm)

We perform for each values two estimationa ofA; andA;) by an inverse method based on
the quadrupole model (relation (13)) with a conacof the lateral heat losses (6 terms) and

using a fixed (mean) values for h = 7.5 WAnK™* and rc = 1d m%. K.W™. The error on the
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estimated value oA caused by uncertainties on h and rc is then defineth the two
differences) - A1 et N - A|. The corresponding results are represented ifighee 7.

4.2 Precision improvement with two samples of differenthickness

It is possible to get rid of the uncertainties onrhrc by making two experiments with two
different thicknesses samples. The 3 unknown pasmsig, h and rc are obtained using
relation (13) (in the single sample experimengnd rc values are fixed to mean nominal
values in the estimation aj.

* Case of conducting materiald\ (> 2 W.m*.K™)

In this case, errors introduced by contact restg&taand the heat transfer coefficient (h value
between 5-10 W.fiK™) has no effect on the estimation (see Table 2§ fivalue is then
fixed to a mean value (h = 7.5 WaK™) andA and rc are estimated by an inverse method
from relation (13) written for each measurement.

* Case of insulating materials ke# 0.1 nf.K.W?)

In this case, contact resistance errors can besctegl (lower than 1%) and rc is fixed to a
mean value (rc = IOm>K.W™). A and h are estimated by an inverse method from two
equations given by relation (13) written for eagperiment.

* Simulation results

For a conducting material with= 10 W.m".K™* , h = 10 W.nf.K™* and rc = 2.1d m>.K.W™*

and for two different thicknesses ® 1 cm and £= 2 cm. The results obtained from each
simulation (setting h = 7.5 WAK™ and rc = 1d m>.K.W?) arer; =8.33 w.m".K™* and

A2 = 9.07 W.m".K™%. Using the two experiments simultaneously andregtt = 7.5 W.rf.K™,

we obtainA, = 9.91 W.nm".K* and rc = 1.96 mK.W™,

For an insulating material with = 0.025 W.rit.K™*, h = 5 W.n¥.K* and rc = 2.10 m>.K.W™*
and for two different thicknesses ® 2 cm and £= 5 cm. The results obtained for each
independent experiment (setting h = 7.5 Wk and rc = 1 mKW? are
A1 =0.0272 W.rit.K™* and A, = 0.0298 W.rit.K™ respectively. Using the two experiments
simultanesously and setting rc =10n.K.W* we obtain: A;> = 0.0250 W.rit.K* and

h =5.00 W.rif.K™,

4.3 Experimental results

Using relation (13)A\; has been estimated setting h = 5 ., rc = 5.1 m>K.W™* and
A2 has been obtained setting h = 10 W.ig* , rc = 2.1 m2K.W™
Glass Sample:
Experiment 1: e = 5.92 mm\; = 1.013 W.rm.K™
A2 =1.075 W.rit.K™*
Experiment 2: e = 2.07 mm\; = 1.008 W.nt.K*
A2 =1.185 W.rit. K™
Experiment 1 + Experiment &:= 1.015 W.n.K™* | rc = 5.01.10 m>.K.w*
The result does not depend on h for values includéoe range
5W.m%K! <h <10 W.nf.K™.
An independant measurement obtained from a diffederalorimeter and a flash
experiment gives:
a =5.00.10 m*s?, pc = 2.00.16 J.kg* leading toA = 1.00 W.n.K™
The difference between the two results is about, %.
Titanium Sample:
e =3.10 mm A; = 4.84 W.m".K™*
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A2 =9.15 W.mh K™
The Hot-disk and Hot plane probe lead ®ftllowing valueA = 6.60 W.nt.K™
High density Polyethylene Sample:
e =7.88 mm A1=0396 W.itK?!
A2=0.407 W.itK?
The manufacturer value i5:= 0.42 W.mt.K™
Expended Polystyrene sample with 38 kg density:
e = 18.00 mm A1 =0.0334 W.rit.K™*
A2 = 0.0367 W.rit.K™
PVC Sample:
e =5.88 mm A, = 0.1808 W.rit.K™
A2 = 0.1858 W.rit.K™

4.4 Double glass window spacers

Working in a steady-state regime allows us to measihe thermal resistances of
heterogeneous materials. An example is given byhéenal characterization of double glass
window spacers (see Figure 8).

Figure 8 : View of the characterized spacers

To perform this measurement, the spacers havedpieimto six 40 mm long pieces gathered
to obtain a 40 mm x 40 mm sample with thicknessetuded between 15 and 20 mm (air
layer thickness of the double glass). Table 3 gives spacers properties and the thermal
resistance by unit lengthyr in m.K.W?).

Table 3: Spacers characteristics

Samplel Sample 2 Sample|3

Layer 1 Aluminium Plastics Plastics

e=0.3mm e=1mm | e=1mm
Layer 2 Air Air Air

E=6mm E=445mm e=5mm
Layer 3 Aluminium Plastics Plastics

e=0.3mm e=1mm | e=1mm
Layer 4 Aluminium | Steel (inox

e =0.04 mme =0.1 mm

Fthm (MKW 0.126 2.32 6.37
Fihe (M.K.WY) 0.129 2.01 7.12
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For comparison, a theoretical valug(in m.K.W?) obtained from a parallel model is given.
As properties of each layek @nd e) are badly known (see Table 4), this laktevenust be
considered as a simple order of magnitude.

Table 4: Thermal conductivity of the layers

Material Aluminium Air Plastics Steel (inox)
A (W.mit KD 200 0.025 0.3 20
Conclusion

A simple and easy to use apparatus allowing thesarement of the thermal conductivity of
insulators or low conductivity materials (thermainductivity included between 0.025 down
to 5 W.m%. K™) as well as the thermal resistance of heterogenggstems (from 2.10to 10

3 m?.K.W™) has been presented. The main interest of thityastays in its ability to perform
measurement on sample with small dimensions (40x0 mm width and 1 to 30 mm
height). A precise and theoretical study has beened out on the effects of the lateral heat
losses (heat transfer coefficient h) and thermataxd resistance rc and allowed us to set up
an optimal estimation procedure taking into accotnair effects. The theoretical model
proposed in this study is based on the fin's appratton but has been extended in the cases
of large Biot number (>2), which allows us to kebp quadrupole approach and to develop a
accurate and simple estimation procedure. Nevexdkelwhen the sample is available with a
single thickness, it is not possible to get totdtge from h and rc parameters (the thermal
conductivity being correlated to heat losses anutamt resistances). We have given in this
study the resulting uncertainties versus the themoaductivity and the thickness of the
sample. In the case of double thicknesses sanipisgossible to get almost totally free from

h and rc values by making two different experimesmstwo different thicknesses samples.
Finally, different experimental results have beegspnted.
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Appendix 1

Approximate relations for the roots of the equati@rn, (8) = Bi J,(B)

Bi%(Bi)=p;*(Bi =0)+ %; B +(Bi2(Bi = ) - B;*(Bi =0))Bi2 (1)

by + by Bi+ Bi?

Table 1: Coefficients in relation (1) for the figk roots.

[ 1 2 3 4 5 6
Bi (Bi = 0) 0 3.8317 | 7.0156 | 10.1735 | 13.3237 | 16.4706
Bi (Bi = ») 2.4048| 55201 | 8.6537 | 11.7915 | 14.9309 | 18.0711
ay; 18.3237| 52.7206 | 135.9384 | 273.2410| 429.5111 | 639.8128
by 9.1714| 26.8437 | 70.0034 | 140.0121| 223.1145| 332.8289
by 5.1080| 7.1083 | 10.9044 | 15.0738 | 18.6848 | 22.5854
Maximum
deviation (%) | 0.069 | 0.021 0.027 0.028 0.020 0.016
0.01 <Bi <100
Appendix 2

Relation between kdiierand (T - Tai)

In practice, it is difficult to precisely measureettemperature 5§ in a location where
convection is weak (low heat transfer coefficiertvieen air and thermocouple) and where
radiation takes place between one side of the thewople and walls submitted to large
temperature gradients and in the other side witbaing surface. A more precise estimation
of Taircan be obtained through the measurement of theotenfthe Peltier element.

Po =g, g,
%0, = Tg-Ts _To-Ts
RectRcu t 2 R contact Ros
Py, = Tg — Tair — Tg — Tair
Rec * Rpettier * Rinsulation * Rconvectiont 2 Rcontact Ra
9, = T1-To
R peltier
Pg + Ts 4_air
_To~-Ts  Tg~Taj To = Ros Rg
Ros Ra 1,1
Ros R
T11=T12 = @9, Rpettier = Rpeltier R95R(p9 ++T§ ~ Tair
% 95
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Ros @9 + Ts — Tair .

: _ YUpeltier _ T11~T12 : _
S0: Ppeltier = E el = Rpar and:  Upgtier =K Ro, + Ros
eltier

_ Upetti
Ts = Tair —(R%+R95)%—R95¢9

Application in our facility:
Heating element: two Kapton layers, thickness Onm5Q ~ 0.2 W.nmi*.K™)
Insulating material: Polyurethan foam, thicknessr2(A ~ 0.04 W.m".K™)
k =0.155 mV.MAW™ ; Reontacr= 10% m*.K.W™
(o = 0.000075+ 0004+ 002 N 0004+ 0'0002+} —0.705 .K W
0.2 1 0.04 40C 5
s0: Ra = 440 K.W*
_ 0.000075+ 0004
0.2 40C

fog = 0'0820754 3%24+ 0.0004= 0.000785M2K.W™? if 1, = 2.10* mEK.W™

The mean value is:dg= 0,397 K.W*

After calculation, to obtainsl- Ta= 0°C, U pgpier = 0.0873®¢ must be imposed.
Example:

Consideringg=01W, we must take: klier= 0.0873p = 0.00873 mV

If Reontact= 5.10° m2K.W™, Tg = T, = 0027K

If Reontact= 2.10* m2.K.W™, T — T, = 0036K

The error on the difference; F Ty is less than 0.036K that is more precise thamexdi
measurement of the temperature in a motionless air.

+0.0001= 0.000485m>.K.W? if r.=5.10° m2.K.W*

fos
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