N

N

In-plane thermal diffusivity measurement of thin plates
by the transient fin method

Yves Jannot, Alain Degiovanni, Arthur Aubert, Francois Lechleiter

» To cite this version:

Yves Jannot, Alain Degiovanni, Arthur Aubert, Francois Lechleiter. In-plane thermal diffusivity
measurement of thin plates by the transient fin method. Review of Scientific Instruments, 2018, 89
(10), 10.1063/1.5038401 . hal-01900573

HAL Id: hal-01900573
https://hal.univ-lorraine.fr /hal-01900573
Submitted on 22 Oct 2018

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.univ-lorraine.fr/hal-01900573
https://hal.archives-ouvertes.fr

IN-PLANE THERMAL DIFFUSIVITY MEASUREMENT OF THIN PLATES BY THE
TRANSIENT FIN METHOD

Yves Janndt Alain Degiovanni?, Arthur Aubert, Francois Lechleitér

! Université de Lorraine, CNRS, LEMTA, F-54000 NanEyance

2 Université Internationale de Rabat, LERMA, 111@0aSAl Jadida, Morocco
% ei.CESI, 54600 Villers-lés-Nancy, France

*CIMULEC, 57365 Ennery, France

ABSTRACT

The transient fin method has mainly be used for nieasurement of in-plane thermal

diffusivity of rather highly diffusive materials alable under the form thin plates. This

paper presents an extension of the method to |fwsdiity materials such as plastics. An

new analytical model is used in the real spacejdawp to make a Laplace transform of

experimental temperatures recordings that may aecurate. Experiments carried on two
materials under gas pressure varying frorif ibar to 1 bar shows the great influence of
heat conduction in the air surrounding the sanipljing to estimation errors that can reach
30% at atmospheric pressure. The experimental tsesalso shows that accurate

measurements can be achieved if the pressure & tvan 1G mbar.

INTRODUCTION

Knowledge of the thermal properties of materialailable and used in thin plates is
important in several fields including that of pedt circuits. The support of the printed
circuits is most often made of a plastic plate wattthickness of less than 1 mm. The
conductivity in the directio®z perpendicular to the plate is betwegn= 0.2 Wm™! K™!

andA, = 2W m~1 K~ with factors of anisotrop%E and 1—y that can be up to 2.

4

To predict and limit the heating of the supportad(aherefore of the circuits deposited
therein), it is necessary to know precisely thelame thermal conductivitiel,, 1, and the
normal thermal conductivity,.

The thermal conductivity, can be deduced from the thermal diffusivitymeasured by the
Flash methotf.

The measurement of the thermal conductivifigor A, is a bit more complicated. The hot
strip® and the hot disk are based on the hypothesis that the sample caorsidered as a
semi-infinite medium but the thickness of the sasapio be measured is less than 1 mm.
Even if the measurement was realized on a timecseritly short in order to respect the
semi-infinite medium hypothesis, the measured teatpee will be highly sensitive to the
normal conductivity and poorly sensitive to theplane one since the hot disk sensor is
several millimeters in diameter. Nevertheless, disk measurements have been already
performed with finite thickness samples sandwichetiveen two insulating sampfesbut
this method is valid only if heat loss in the ireulg samples is negligible compared with
the total input of power to the sensor. Thus itbdes thermal conductivity measurements of
thin high conductivity materials such as coppeasbrand aluminium, but it is not suited to
thin low conductivity materials.
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The hot wiré&’ method cannot measure separately the in-planéhenabrmal conductivities
in case of a thin plate.

The thermal conductivityl, can be deduced from the measurement of the thermal
diffusivity a, coupled with the measurement of the mass heatcitpplay differential
calorimetry.

Many measurement meth&d$ derived from flash method and using infrared thegraphy
were previously proposed to estimate in-plane thaémiffusivity of thin plates but they
were applied to medium to high thermal diffusivitaterials. The transient fin metH8¢has
already been used to measure the in-plane diftysofi thin plates but only for highly
conductive materials. The method is based on tberdeng of two temperatures and of the
estimation of the transfer function between therthaLaplace space. It needs to realize the
Laplace transformation of the experimental tempeestthat may be not easy nor accurate.
We will show that the in-plane thermal diffusivigstimation of thin anisotropic materials
may be biased by conduction heat transfer in theeosnding air for low diffusivity
materials. This effect was not investigated in ¢heferences.

The problem of a bias due to heat conduction inhais already been faced by other
author$®® Nevertheless, they only took into account thedcmtion in air in theOz
direction (normal direction, see figure 1) and diok investigate about the effect of the
conduction in air in thé@x direction.

In this work we will present an extension of thangient fin method to low diffusivity
materials such as plaster or resin based matdakisg into account the conduction heat
transfer occurring in the surrounding air. We wllow that in our device, the conduction in
air in theOz direction is quasi perfectly taken into accountthg convection heat transfer
coefficient and that the bias is only due to thedration in air in théx direction.

Moreover, a new analytical model enabling the esfiiom in the real space is developed: it
avoids to make a possibly inaccurate Laplace tomnsfof the experimental data as
previously don¥.

MODEL

The scheme of the sample used in the transienmfathod is given in figure 1. It is
considered that the sample is initially at a umfdemperature and equal to the temperature
T, of the ambient air. A heat flow raig,(t) is applied on one of its ends, the intensity and
the time variations of which are not required tokbewn. The temporal evolutions of the
temperature$; andT, are measured at respective distangeandx, of the heated edge by
electrical resistance variation of a metallic stiyy bonded thermocouples or by an IR
camera. These measurements, combined with a mgddliheat transfer, make it possible
to deduce the thermal diffusivity,.
This model is based on the following hypotheses:

- The thermal gradient in the direction of thickness negligible (thin system), which

is verified if Bi < 0.1 , whereBi = % is the Biot number.

- The plate is long enough so that it can be constlas a semi-infinite medium for the
duration of the measurement.
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- The plate is wide enough so that the edge effactisa directionrDy have no effect at
the center of the plate.

- Heat transfer by conduction in the air is negligibl

- The global heat transfer coefficient is the sam¢hertwo faces (upper and lower).

V4

Vy < d »le D
) e |
Flux .

) Ty (t)s A2()e .0 ¢ T €

x1 ,’, x2 ,’,

A 4

Figure 1: Diagram of the principle of the transidint method

It has been demonstrafédhat this last hypothesis has no influence oresstenation result
considering the flash method as an example.

With these hypotheses, the system of equationsibdegrthe transfer is written as:

92T hPe _ 1 9T

s T T =% 1)
With: T(x,t=0)=T, (2)

T(xl, t) = Tl (3)

T(x > oo,t) =T, (4)

And where: P, = 2(e + ¢) is the perimeter.
S = ef is area of the section associated to the heatrfbeyv

Given:T = T — T, and designating(x, p) the Laplace transform Gf(x, t), these equations
become:

2
z—;—(al;+%)9=o (5)
The general solution is written in the forei(x, p) = A exp(—qx) + B exp(gx) (6)
hP,

Where: g = a% +0 (7)
The semi-infinite medium hypothesis leadsBo= 0

The solution thus takes the forfx, p) = A exp(—qx) (8)
In particular :6; (p) = A exp(—qx,) and6,(p) = A exp(—qx;) 9
Hence:6,(p) = 6, (p) exp(—qd) (10)

Where:d = x, — x;

Thusé, depends only ofl; and the following parametem;j—i and %ﬁz

And we can write it in real space as:

T,(t) = T1(t) ® F(t) (11)
Where F(t) = L"1[H(p)] is the inverse Laplace transformifp).

With: H(p) = exp(—qd) (12)
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hP, 1 d?

Finally: F(t) = ;== exp (e 212 (13)

pcS 4 ay,t

PARAMETERSESTIMATION METHOD

This modeling of the system makes it possible ttaiobthe analytical expression of the
transfer function of the system(t) between the inpuf;(t) and the outpuf,(t). This
transfer function depends only ana, (thermal diffusivity) andh (convection-radiation
transfer coefficient).

The two parameters, and h are estimated by minimizing the sum of the quadrat
deviations between the experimental cufyg,,(t) and the model curve calculated by an
equation of typeT,moq(t) = Tiexp(t) ® F(t, ay, h) where Ty, (t) is considered as an
input data of the problem.

The functionF(t) is computed by equation (13). The minimizationtieé sum of the
quadratic deviations is performed by the Levenidegquart algorithrfr.

oT.
x
calculated the reduced sensitivitiesTo{t) to the parameters andh to verify that these
two parametersan be estimated simultaneously from a unique @xger.

The reduced sensitivity has been calculated nualbriby the approximatiofustified by
Maillet et af”:

L=T1(0) @5 (6,0, h) (14)

The calculation was realized numerically, for epéen

0Ty Tiexp(t) ®F(£,1.001Xax,h)~Tiexp(t) ® F(t,ayh)
Ax day Ax 0.001Xa, (15)

An example of the calculated sensitivities is repreged in figure 2. The two reduced
sensitivities are not proportional so one can amtelthat the two parametersandh can be
estimated separatéfy

a) b)

The reduced sensitivities df,(t) to a parameteX is defined b§>: X =2 We have

Temperatures (°C)

Reduced sensitivities (°C)

Figure 2: a) Temperature curvds(t) andT,(t); b) Reduced sensitivities % (t) to a,
and hforaresina, =3.2x107"m2s™1; h=7Wm™2K™; e = 0,8 mm.

The calculation of the reduced sensitivities faresal values of the heat transfer coefficient
h and of the sample thicknesdead to the following conclusions:

- The sensitivity toh decreases if the thicknessof the plate increases: it is therefore
not necessary to work with plates that are too, teépecially if the thermal diffusivity
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is low.

- The sensitivity tch decreases if the value bfdecreases: we will therefore work under
vacuum whenever possible, which will also makeasgible to limit the conductive
transfer in the air neglected in the model.

EXPERIMENTAL SETUP

The experiments were carried on two materials asdélCB’s support:

- Megtron (thicknesse = 0.8 mm)

- Arlon 35N (thicknesseg = 0.6 mm ande = 0.8 mm)
Samples with dimensions 100 x 100 fnere cut in the three plates and three coopesstri
were deposited on one of their surfaces. The tleis&mof the strips is J¥m and the width is
80 um.
A scheme and a view of a sample are presentedjumefi3 and a view of the experimental
setup is presented in figure 4. Starting from arntta equilibrium state, a heat flow rate
@, (t) is produced by passing a current with intengjtyhrough the resistive stripy.SThis
current is produced by a current generator. Tocenige effects, a rather large sample
(square of 10 cm side) was used in our experimdis.values of; andx, must be large
enough so that the uncertainty about their diffeeeth is small ; = 5mm and x, =
10 mm in our experiments). The distanBgsee Figure 1) must also be sufficiently large for
the semi-infinite medium hypothesis to remain vétida sufficiently long time, its value is
40 mm for our samples. An electrical current withoa and constant intensity = I, =
0.054 is produced by a current generator and passesghrtine two strips Sand $. The
transient values of their resistand®s and R, are deduced from the measurement of the
electrical tensiong/; andU, realized with a ALMEMO 2890-9 with a recording gnstep
of 0.1s (acquisition frequency of 10 Hz). The tenapares rised;(t) = T;(t) — T;(t = 0)
can then be deduced by:
T,(t) = L2O-Rit=0) (16)

a R;(t=0)

Uy
U,
S I
—-> L
S

Figure 3: Scheme of a sample and view of the vacrassel
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Tension recorder Current generatot{ = I,)

Vacuum pump | ,‘
| Current
generator Ij)

Figure 4 : View of the experimental set up

It should be noted that in this type of method, theasurement of two quantities
proportional to the temperatures (with the samdfictent of proportionality) is sufficient.
In our case, the two strips have the same temperatefficiente since they have the same
composition. Thus, it is not necessary to knowwvalkle ofa that is a key advantage. It is
not either necessary to know the transient valfi#seoheat flux that is another benefit.

The reduced sensitivity study showed that the &eitgito h decreases with the value lof
so it is advantageous to minimize this value. k@ teason the samples has been placed in a
vacuum vessel where the pressure can be contfodled10% mbar to 1 bar.

The mass thermal capacitiesf Arlon and Megtron have been measured with a/SEAM
ndSc3 differential calorimeter. The measured vabfas(J kg °C*) can be represented by
a precision better than 0.5% by the following fotasu

Carion = 124.16 + 2.614 T (17)
CMegtron = 216.92 + 2.462 T (18)
WhereT is the temperature (K)

Their densities have been deduced from measureoh¢iné dimensions and weighting, the
values for Arlon and Megtron are respectively 18§0n° and 1620 kg .

These values enable the calculation of the therowlductivity from the thermal
diffusivities by: 1, = a, pc .

RESULTS AND DISCUSSION

As an example, figure 5.a) presents two experinhenteves T;,,,(t) and T, (t) and
figure 5.b) presents the experimental and modeledesT,,,, (t) andT,,,,q(t) both with
the estimation residué®,.,, — Tomoa)-

Figures 6 presents the estimated values of thentleconductivities of Arlon for two

different plate thicknesses. The following remacks be made:
- It is first remarkable that at low pressure theried conductivities of the two plates are
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identical and equal to 0.6 WhK™

- The estimation error made with a measurement uadgs pressure greater than 1 mbar
is more than 50%

- This error increases if the plate thickness deei®as

16 1 ; ; ; 8 ; ‘ ;
U4--= Tlexp__L_____ : ********* = — T2exp : :
— L - — ,‘ ,,,,, | G |
e e I I g _ 6F - T2mod
: Residues-1°C :
0F-r————Z~———~ [ S - |
| 4 777777777777 - — o~ - — — - — — - — — — — —|
—~ Qv __ g _____ o _ — |
O 8 O |
< L |
,,,,,,,,,,,,,,,,,,,,,,,,, | [
~ 6 ",iﬂ"" o : 77777 |
. 3/,{‘, ,,,,,,,,, _

Figure 5: a) Experimental temperaturég,,,, andT,,,,0btained with Arlon; b)
experimental and model temperatlTEpr andT,.,,4 With estimation residues (-1°C)

® Arlon 35Ne=0.6mm @ Arlon 35N e=0.8mm —Cond. 5 cm air x 10

1.2
1 ° .7477";*77””.;*,, ,,,,,
® e ‘e b 2
o 4 ¢ 4 3
_ 0.8 ;0
A °
E 06 8
2
< 04
0.2
O T T T T
0.001 0.01 0.1 1 10 100 1000
P (mbar)

Figure 6: Thermal conductivity of Arlon at 24°C fwvo different plate thicknesses and
thermal conductivity of aix 10 (5 cm thickness)

To support further explanations to these obsematiove have schematically represented in

figure 7 all the heat transfers occurring in theagke:

- A conduction heat flux from the heating elementht® measuring strips

A radiation heat flux with a coefficienk, from the surface of the sample to the

environment

- A convection heat flux (normal to the surface) watlsoefficienth, that can be seen as a
conduction heat flux through the air boundary layetween the surface of the sample
and the isothermal surfacé =T,

- A conduction heat flux (parallel to the surfaceptigh the same air boundary layer.
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IsothermT =T,

Radiation h, Convectionh,
Insulating materia

: i i
v

Parallel conduction in a

Figure 7: Schematic representation of the heateffux

The developed model takes into account radiati@hcamvection with a global heat transfer
coefficienth = h, + h,. but the conduction parallel to the surface inahds not taken into
account.

The thermal conductivity of a layer with a charaste lengthL (thickness or diameter) can

been calculated B%:
4o
6.81x10~5 T,
a7 a

(19)

Aair =

With :

Ao =0.026 Wm~1 K1

T, air temperature (K)

P air pressure (Pa)

L characteristic length (m)

As an example, the thermal conductivity of air (% cm thickness layer, corresponding to
the magnitude order of the distance between thelgaamd the wall of the enclosure) as a
function of the pressure has been represented gumefi6. At low pressure the thermal
conductivity of air decreases so that the heat fhyxpassing by conduction in the
surrounding air becomes negligible. Moreover, cere gee on figure 6 that the decreasing of
the estimated thermal conductivity of the sampleé @@ thermal conductivity of air exhibit
the same pattern. Especially between 1 and 100,ntHmarthermal conductivity of air no
longer varies so that the by-passing parallel Hea¢ remains constant and thus the
estimated value of the sample thermal conductidibes not vary. Nevertheless, the
decreasing of the sample thermal conductivity asgure greater that 100 mbar cannot be
explained by the variation of the thermal conduttiof air.

The increasing of the estimation error on thermahductivity if the plate thickness
decreases can be explained by comparing the heapéissing through the sample and the
heat flux by-passing by the surrounding air. Theosd one does not depend on the plate
thickness since the first one decreases if the platkness decreases. The estimation of the
thermal conductivity is more accurate if the secone is low compared to the first one,
thus it is better to use a thicker plate if possibl

Figure 8 represents the estimated conductivitiddledtron at respectively 24°C and 60°C.
It shows that the thermal conductivity of Megtranquite independent on temperature in
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this interval. The decreasing of the estimatedntiaéconductivity for pressure greater than
100 mbar may be explained by the increasing ofctirevection heat transfer coefficient,
reducing the boundary layer thickness in which aalpg heat flux is transferred by

conduction in the surrounding air, as illustratedigure 7.

¢ Megtron T=24°C ® MegtronT=60°C

0.9

°
0.85 L
0.8 * L X3 LI " *>
» * ig
0.75 .
—_ *
T o7 .
£0.65 0
E 0.6
<
0.55 *
9
0.5 *
* ‘,.
0.45 L
0.4 T T T T 1
0.001 0.01 0.1 1 10 100 1000
P (mbar)

Figure 8: Thermal conductivity, of Megtron for two different temperatures

Figure 9 represents the estimated heat transféiiaest at respectively 24°C and 60°C for
measurements realized on a Megtron plate. Thereifte between the values can be
explained considering the radiation heat transfer.

@ h_exp_24°C @h_exp_60°C —h_th_60°C —h_th_24°C
10

h(W m2K?)
~N (o)

—@ — @
5 L1 S
o o * ’0 o oy o of ¢
4 O
0.001 0.01 0.1 1 10 100 1000
P (mbar)

Figure 9: Experimental and theoretical heat tramsteefficient for Megtron at two different
temperatures.

The convection heat transfer coefficidntin laminar regime can be calculated uéing

Nu, = 0.53 (Gr Pr)V/* (20)
Where:Gr pr = PC9 BATE (21)
; "
L _ P
With: p = Py (22)
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T sample temperature (K)
c=1000] kg 1 K?
1 given by the curve on figure 10 from Schaller andf&*
AT =T —T, , whereT, is the ambient air temperature.
The valueAT = 2 °C has been used for the curve represented in fyure

2.0E-05

i
1.8E-05 /
1.6E-05 /
1.4E-05 /
—~ L2E05 /
o 1.0E-05
S soeoe /
g . /
S 6.0E-06 /
4.0E-06 /
2.0E-06 __/
0.0E+00 ‘ . | | | | |
00001 0001 001 01 1 10 100 1000
P (mbar)

Figure 10: Air viscosity as a function of pressire

Concerning the radiation heat transfer, the HaatWas linearized as:

¢ =ea(T*—T,*) ~ 4ea T3(T — T,) (23)
With:

€ emissivity

o Stephan-Boltzmann constant

The radiation heat transfer coefficient can be esged ash, = 4¢0 T3 (24)

And the global heat transfer coefficigntmay be finally calculated byh: = h, + h,.  (25)
Using a realistic value = 0.7 in relation (24), one can notice in figure 9 a g@gyreement
between the experimental and the theoretical curiregarticular, the convective heat
transfer coefficient becomes negligible if the gres is lower than 100 mbar (contrarily to
the thermal conductivity of air that is negligilgaly if the pressure is lower thandénbar
for a millimetric thickness air layer).

The experimental results indicates an estimatias due to conduction in the surrounding
air. According to several previous pagérs this bias may be due to conduction in air in the
normal Oz) direction but we think that it is mainly due teetconduction in air but in the

Ox direction. To study the effect of conduction iniaithe two directions on the estimated
values of the thermal diffusivity of the sampleb®characterized, we have realized a 2D
simulation with COMSOL considering that the surfaeenple is surrounded by an air layer
with a thicknes#_air and also exchange by radiation with a coefficigntas represented

on the figure 11.

To be more realistic, the air boundary layer thedse_air (in which conduction heat
transfer occurs) has be chosen as the minimum ‘etvecen:

airy

- The limit layer thickness calculated bye_air;,, ='1‘h— where h, has been

calculated as previously explained in our paper.
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- A maximum valuee_air,,, depending on vessel dimension.
The following values of the parameters have be@sidered for the simulations:
- h,=4Wm2K!
- A4, =05Wm K pc=15%x10°]m3K?
- A_air, =0.026 Wm™1 K1

e_air

O

N

e_ailmax

Figure 11 : Schematic representation of the systerdeled with COMSOL

The air pressure have been varied betweé&hitfar and 1 bar. The thermal conductivity of
air inside the vessel has been calculated by oeldfi9) withL = e_air;, 4
For each pressure two simulations were realizevatuate separately the influence of the
conduction in air in thé@x direction and in th@z direction:

- one withA_air, = 0.026 Wm~1 K1

- another one with_air, = 0Wm™1 K1

Then these simulated curves were considered asrinatnexperiments and the estimation
process was applied to estimate the values ofhtiental conductivityl,, and of the global
heat transfer coefficienk. The estimated values of the thermal conductivityof the
sample and of the global heat transfer coeffickeate reported on figure 12 and figure 13.
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Figure 12 : Estimated values of the sample therroalductivityA, using a COMSOL
simulation taking into account conduction in air

8 | | |
7.5 +— M e_air max=2cm; ax=az *
7 .
6.5

6 v

> e ¥ % ®
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- #e_airmax=2cm; ax=0
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Figure 13 : Estimated values of the global heahsfer coefficienh using a COMSOL
simulation taking into account conduction in air

Figure 12 shows that the estimation bias is onlg thuthe conductivity in air in th@x
direction since the estimated value Afis constant and equal to the value used for the
simulation if the conduction in thgx direction is not taken into account (case= 1, =

0). It is also remarkable that the variations of ¢#isémated values df, as a function of the
pressure are quite similar to those obtained frarex@erimental curve in the cagerir, =
A_air, ( cf. figure 6 and 8).

The values of the heat transfer coefficient estidtom data simulated with or without
conduction in air in th@x direction are rather identical (cf. figure 13).dath cases it has

A_air,

been verified for all the pressures that the ed@thgalue is very close ta; +

e air”

This mean that the conduction in air in e direction is perfectly taken into account by a
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convective heat transfer coefficignt= %

e air

Considering that:

- the estimated value afis very closed to the value calculatedhoy h, + 222

e_air
- the estimation residues are very low and centeredepo value as shown in figure
(14),

one can say that the effect of the conductionrimnaiheOx direction is perfectly correlated
to the effect ofd,. Thus this last parameter could not be estimaghrately even if a
model taking into account the conduction in airtire Ox direction is used for the
estimation. The only way to realize an unbiasedmedion is thus to realize the
measurement under a low air pressure so that timuction in air becomes negligible.

14 \ \

I
12| =——=T2exp |-———-F--—-——2 - __ -

== T2mod i
Residues |~ rooToTTrT T o

l,,

0.8F------r---—--pf -

0.6F------r---fr---

T(°C)

04— S . — i

t(s)
Figure 14: Temperatures simulated with COMSOL tgkirto account conductivity in air in
the two directions, simulated curves with the estgd parameters and estimation residues.

Pressure increasing could be considered as a giotibs since it decreases the influence
of the conduction in the air. Nevertheless, pressocreasing make the heat transfer
coefficient h increasing so that the sensitivity @ to h can become greater than the
sensitivity to the sample thermal conductivity. Mover the two sensitivities are also more
correlated whenh increases. In conclusion, pressure increasing dvawt lead to an
accurate estimation of the sample thermal condittiy.

CONCLUSION

The transient fin method previously used for inAgldnigh thermal diffusivity measurement
has been extended to low diffusivity measuremerghsas resins for PCB support.
Numerical simulation have shown that the conduchieat transfer in the air in the direction
parallel to the plate heat leads to a biased estmaf the in-plane thermal diffusivity, of
the plate. It has also been shown that accurateesabfa, can be estimated if the
measurement are carried on in a vacuum enclostheanpressure lower than d@nbar. A
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new analytical expression of the transfer functlmetween two temperatures has been
established in the real time space, it is thus ongér necessary to realize a Laplace
transform of the experimental temperatures as pusly requested.

NOMENCLATURE

ay, In-plane thermal diffusivity frs’

Bi Biot number

c Specific heat J Kt
d Distance between the two measuring strips m

e Sample thickness m

F Transfer function in the real space

H Transfer function in the Laplace space

h Global heat transfer coefficient WAK?
h,  Convection heat transfer coefficient W Kt
h,  Radiation heat transfer coefficient Wit
I; Electrical current intensity in th® strip A

L Characteristic length m

' Sample width m

Nu  Nusselt number

P, Perimeter m

P Air pressure Pa

Pr Prandtl number

p Laplace parameter s

R; Electrical resistance of th® strip Q

S Sample section m

T, Air temperature K

T; Plate temperature at a distangdrom the heating strip K

T; Reduced temperaturg — T,

X; Distance from the heating strip m

U; Electrical tension on th& istrip \Y

a Temperature coefficient of the electrical resis@a K

€ Emissivity

Po Heat flow rate w

Agir  Thermal conductivity of & thickness air layer W hK*
lo  Thermal conductivity of an unlimited air layer W mtK?
A,  In-plane thermal conductivity in the direction W m* K?
1,  Normal thermal conductivity WhK?
1 Viscosity kg il s*
o Stephan-Boltzmann constant

p Sample density kgt
0; Laplace transform of the temperat@ye
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