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Preface

Why write a book on thermal metrology and more specifically on the
measurement of the thermal properties of materials?

The answer to this question is twofold:

— to know and improve materials;

— to have an input for calculating the modeling of complex systems.

Specialists in materials engineering are capable of manufacturing new materials

with specific properties on demand, making it imperative to be able to characterize
them as precisely as possible, and thus to guide new research.

The second challenge is to have an input for the calculation codes under good
conditions. Indeed, the latter, by becoming more and more efficient, demand more
and more precise parameter values; at each improvement of the codes,
measurements need to be improved.

We could add a more societal reason to these two technical reasons: the control of
energy, which goes through the use of efficient insulating materials in particular. The
latter is of the utmost importance in highly energy-intensive sectors, in particular:

—industries that are very energy-intensive, such as glass furnaces, cement
factories or the steel industry;

— buildings that need to develop more efficient thermal insulation;
— transport with reduced structures.
This book is therefore accessible to all, heat transfer specialists and non-

specialists, who need to measure the thermal properties of a material. The objective
is to allow them to choose the measurement method best suited to the material to be
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characterized and to transmit to them all the information allowing the
implementation of the measurement method with maximum precision.

The first chapter presents the different modes of heat transfer and the thermal
properties of materials. Heat transfer equations are solved for a number of cases
which will appear later in the presented characterization methods.

The second chapter describes the tools and methods of thermal metrology,
beginning with the often underestimated problem of temperature measurement.
Theoretical tools such as the study of reduced sensitivities and methods of parameter
estimation are then presented.

The following three chapters describe the main thermal characterization methods
classified into three main families, each method being presented at two levels:

— The first part describes the theoretical aspects of the method with a modeling
of the heat transfer in the measuring device. This theoretical study most often makes
it possible to determine the limits of the method’s application in terms of values of
the thermal properties and dimensions of the materials to be characterized on the one
hand and of measurement duration in the case of a transient method on the other
hand.

— The second part describes the experimental device, the measurement procedure
and the mode of exploitation of the results in detail. This second part, being practical
in nature, is intended for heat transfer non-specialists and can be approached
independently from the first part. The application conditions set by the theoretical
study will be systematically recalled in a simple manner.

Then, we present a synthesis chapter summarizing the fields of application of
each of the methods presented and proposing the choice of the most adapted
methods for different materials and dimensions. Finally, the strong analogy between
heat transfer equations and equations governing other types of transfer is shown: for
the case of mass transfer and flow of a fluid in a porous medium, for example. This
allows a transposition of the thermal characterization methods to the estimation of
other characteristic quantities and an application to the measurement of the
permeability of a porous medium will be presented.

Happy measuring!

Yves Jannot
Alain Degiovanni
November 2017
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Modeling of Heat Transfer

This chapter presents a reminder of courses on heat transfer limited to what is
necessary to understand and master the methods of measuring the thermal properties
of materials which will be described in the rest of this book.

1.1. The different modes of heat transfer
1.1.1. Introduction and definitions

We will first define the main quantities involved in solving a heat transfer
problem.

1.1.1.1. Temperature field

Energy transfers are determined from the evolution of the temperature in space
and time: T = f'(x, y, z, ¢). The instantaneous value of the temperature at any point of
space is a scalar quantity called a temperature field. We will distinguish two cases:

— time-independent temperature field: the regime is called steady state or
stationary;

—evolution of the temperature field over time: the regime is called variable,
unsteady or transient.
1.1.1.2. Temperature gradient

If all the points of space which have the same temperature are combined, an
isothermal surface is obtained. The temperature variation per unit length is maximal

Thermal Properties Measurement of Materials, First Edition.
Yves Jannot and Alain Degiovanni.
© ISTE Ltd 2018. Published by ISTE Ltd and John Wiley & Sons, Inc.



2  Thermal Properties Measurement of Materials

in the direction normal to the isothermal surface. This variation is characterized by
the temperature gradient:

— L aT
grad(T) =n o [1.1]

where: 7 is the normal unit vector;
aT . o o
% is the derivative of the temperature along the normal direction.
Isothermal

surface 1y

_>
grad (T)

Figure 1.1. Isothermal surface and thermal gradient

1.1.1.3. Heat flux

Heat flows under the influence of a temperature gradient from high to low
temperatures. The quantity of heat transmitted per unit time and per unit area of the
isothermal surface is called the heat flux ¢ (W m):

1 dQ

p=:2 [12]

S dt

where S is the surface area (m?).

@ (W) is called the heat flow rate and is the quantity of heat transmitted to the
surface S per unit time:

aQ
p=12 [1.3]

1.1.1.4. Energy balance

The determination of the temperature field involves the writing of one or more
energy balances. First, a system (S) must be defined by its limits in space and the
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different heat flow rates that influence the state of the system must be established
and they can be:

(S)

@, stored heat flow rate

Pe Ps @y generated heat flow rate
@, input heat flow rate
@ outputheat flow rate

in the system (S)

Figure 1.2. System and energy balance

The first principle of thermodynamics is then applied to establish the energy
balance of the system (S):

Pt Py =05 + Py [1.4]

After having replaced each of the terms by its expression as a function of the
temperature, we obtain a differential equation whose resolution, taking into account
the boundary conditions of the system, makes it possible to establish the temperature
field. We will first give the possible expressions of the heat flow rates that can enter
or exit a system by conduction, convection or radiation before giving an expression
of the flux stored by sensible heat.

1.1.2. Conduction

Conduction is the transfer of heat within an opaque medium, without
displacement of matter, under the influence of a temperature difference. The transfer
of heat via conduction within a body takes place according to two distinct
mechanisms: transmission via atomic or molecular vibrations and transmission via
free electrons.

T, T, >T, T, » V= Ix

Figure 1.3. Conductive heat transfer scheme
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The theory of conduction is based on the Fourier hypothesis: the heat flux ¢ is
proportional to the temperature gradient:

¢ = —A grad(T) [1.5]

The heat flow rate transmitted by conduction in the direction Ox can therefore be
written in algebraic form:

p=-152 [1.6]
where: ¢ is the conductive heat flux (W m?);
@ is the conductive heat flow rate (W);
A is the thermal conductivity of the medium (W m™' K™);
x is the space variable in the heat flow’s direction (m);
S is the surface area of the passage of the heat flux (m?).

The values of the thermal conductivity A of some of the most common materials
are given in Table 1.1. A more complete table is given in Appendices A.1 and A.2.

Material A(Wm'K") Material A(Wm'K")
Silver 419 Plaster 0.48
Copper 386 Asbestos 0.16
Aluminum 204 Wood (hard, soft wood) 0.12-0.23
Mild steel 45 Cork 0.044-0.049
Stainless steel 15 Stone wool 0.038-0.041
Ice 1.9 Glass wool 0.035-0.051
Concrete 1.4 Expanded polystyrene 0.036-0.047
Clay brick 1.1 Polyurethane (foam) 0.030-0.045
Glass 1.0 Extruded polystyrene 0.028
Water 0.60 Air 0.026

Table 1.1. Thermal conductivity of certain materials at room temperature
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1.1.3. Convection

Here, we will only consider the heat transfer between a solid and a fluid, the
energy being transmitted by the fluid’s displacement. A good representation of this
transfer mechanism is given by Newton’s law:

1
Fluid at T,

Figure 1.4. Convective heat transfer scheme

¢=h.S(T,—Ts) [1.7]
where: ¢ is the heat flow rate transmitted by convection (W);
h. is the convective heat transfer coefficient (Wm?2K™");
T, is the solid’s surface temperature (K);
T, is the temperature of fluid away from solid surface (K);
S is the area of solid/fluid contact surface (m?).

The value of the convective heat transfer coefficient /. is a function of the fluid’s
nature, temperature, velocity or the temperature difference and the geometrical
characteristics of the solid/fluid contact surface. The correlations in the most
common cases of natural convection are given in Appendix 3, i.e. when the fluid’s
movement is due to temperature differences (no pump or fan).

Thermal characterization aims to measure the conductive and diffusing
properties of a material. Convection most often occurs as a mode of “parasitic”
transfer on the boundaries of the system by influencing the internal temperature
field. We therefore have to take this into account. The correlations presented in
Appendix 3 show that the coefficient of heat transfer by natural convection depends
on the temperature difference between the surface and the surrounding fluid. Most
often this difference is not perfectly uniform on surfaces and varies over time. It is
therefore not possible to calculate it precisely and it will most often have to be
estimated.
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In natural convection, its value is generally between 2 and 5 W m > K. The
radiation heat transfer coefficient that will be defined below is of the same order of
magnitude. It will therefore be noted that placing a device under vacuum makes it
possible to reduce losses by decreasing convective transfers but not canceling them,
because radiation transfer is not affected by pressure.

1.1.4. Radiation

Radiation is a transfer of energy by electromagnetic waves (it does not need
material support and even exists in a vacuum). We will only focus here on the transfer
between two surfaces. In conduction problems, we take into account the radiation
between a solid (whose surface is assumed to be gray and diffusing) and the
surrounding environment (of large dimensions). In this case, we have the equation:

p=0¢,S (T, —Ts") [1.8]
where: ¢ is the radiation heat flow rate (W);
o is Stefan’s constant (5,67.10° W m™ K4);

&p is the surface emission factor;
T, is the surface temperature (K);
T, is the temperature of the medium surrounding the surface (K);

S is the area of surface (m?).

Surrounding environment at T,

Figure 1.5. Radiation heat transfer scheme

NOTE.— In equations [1.6] and [1.7], temperatures can be expressed either in °C or K
because they appear only in the form of differences. On the contrary, in equation
[1.8], the temperature must be expressed in K.
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1.1.4.1. Linearization of the radiation flux

In the case where the fluid in contact with the surface is a gas and where the
convection is natural, the radiation heat transfer with the walls (at the average
temperature 7,) surrounding the surface can become of the same order of magnitude
as the convective heat transfer with the gas (at temperature 7)) at the contact with the
surface and can no longer be neglected. The heat flow rate transferred by radiation is
written according to equation [1.8]:

@, = 0eS(T,* = T,,*)

It can take the form: @, = h,.S(T, — T, )

where h,. is called the radiation transfer coefficient:
h, = 0&(T,> + To,*) (T, + Ty) [1.9]

The radiation transfer coefficient h, varies very slightly for limited variations of
the temperatures 7, and 7= and can be regarded as constant for a first simplified
calculation. For example, with € = 0.9, 7,= 60°C and 7= 20°C, the exact value is
h, =628 Wm* K. If 7, becomes equal to 50°C (instead of 60°C), the value of h,
becomes equal to 5.98 W m > K', we get a variation of only 5%. When 7, is close
to T, we can consider: h, ~40e T.>. It is also noted that the calculated values are
of the order of magnitude of a natural convection coefficient in air.

It is to be remembered that when the convection exchange of a surface with its
environment takes place by natural convection, we write the global heat flow rate
(convection + radiation) exchanged by the surface in the form of:

@ =hS(T, — T.,)
where h = h, + h,

1.1.4.2. Case of a high-temperature source

The radiation transfer also occurs in the exchange of a wall with temperature 7,
with a high-temperature heat source 75, for example, the Sun (= black body at 5760
K). In this case, equation [1.8] becomes:

o =KS(T,* - T,*) [1.10]
where K is a constant taking into account the surface and source emissivities as well

as the geometric shape factor between the surface and the source.

Then equation [1.10] becomes: ¢ = -K S T&* = -y and the radiation source is
modeled by a constant heat flow rate ¢y imposed on the wall (this is, for example,
the case of a thermal sensor exposed to the Sun).
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1.1.5. Heat storage
The storage of energy in sensitive form in a body corresponds to an increase of

its enthalpy in the course of time from which (at constant pressure and in the
absence of change of state):

Pst =pVe 5, [1.11]

where: @, is the stored heat flow rate (W);

p is density (kg m™);

V is volume (m’);

c is specific heat (Jkg'K™);
T is temperature (K);

t is time (s).

The product pVc (J K™) is called the thermal capacitance of the body.

1.2. Modeling heat transfer by conduction
1.2.1. The heat equation

In its mono-dimensional form, this equation describes the one-directional
transfer of heat through a flat wall (see Figure 1.6).

L»e

Y

Figure 1.6. Thermal balance of an elementary system
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Consider a system of thickness dx in the direction x and of section of area S
normal to direction Ox. The energy balance of this system is written as:

Px T Pg = Pxrax + Pst
) - _ ary |
where: ¢, = (/15 Ox)x'

Px+ax = — (A S g_z)xﬂlx;

®g = qSdx;
aT
Qst = pcS dxa.

By plotting in the energy balance and dividing by dx, we obtain:

(A5 50) e (A55%)

dx

£+ qS = pcS Z—:
a aT . aT
or: a(/ls a)‘}-q.s:pCSE

and in the three-dimensional case, we obtain the heat equation in the most general
case:

a aT a aT a aT . T
S+ s () 45 (2 5) +a=pcdt [1.12]
This equation can be simplified in a number of cases:
a) if the medium is isotropic: 1, = 4, = 1, = A;
b) if there is no generation of energy inside the system: ¢ = 0;

c) if the medium is homogeneous, 4 is only a function of T.

The hypotheses a) + b) + ¢) make it possible to write:

e I (GRIRIC ) S
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d)If 4 is constant (moderate temperature deviation), we obtain the Poisson
equation:

82T | 92T | 9%T _ 10T

Vo o “aar [1.14]

The ratio a = ﬁis called thermal diffusivity (m”> s'), it characterizes the
propagation velocity of a heat flux through a material. Values can be found in
Appendix 1.

e) In steady state, we obtain Laplace’s equation:

62 2T

ZT =27 o-r
v 6y2 9z2

=0 [1.15]

Moreover, hypotheses a), ¢) and d) make it possible to write:

— heat equation in cylindrical coordinates (7, 6, z):

82T 19T , 19%T | @%T , ¢ _ 19T
v e TR Y T ua [1.16]
In the case of a cylindrical symmetry problem where the temperature depends
only on r and t, equation [1.16] can be written in simplified form:
12 (p 20y 410
ror\ or 1 aat
— heat equation in spherical coordinates (r,0,¢):

1
r25in2(0) 6(p

1BT
aat

ror 2( ) rzsm(e)ae[ ln(e) ]+ +% [1.17]

1.2.2. Steady-state conduction

1.2.2.1. Simple wall

We will place ourselves in the situation where the heat transfer is one directional
and where there is no energy generation or storage.

We consider a wall of thickness e, thermal conductivity A and large transverse
dimensions whose extreme faces are at temperatures T; and T, (see Figure 1.7).

By carrying out a thermal balance on the system (S) constituted by the wall slice
comprised between the abscissae x and x + dx, we obtain:

(Px = (Px+dx = (AS %)x - (AS Z_i)x+dx
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/%/,"‘, -
n
Py Pretdx
Cross section
area S
1T
- ‘,; =_
0 x x+dx e

Figure 1.7. Basic thermal balance on a simple wall

where: % =Aand T(x) =Ax+B
with boundary conditions: T(x =0) =T, et T(x =e) =T,
Thus: T(x) =Ty == (T, = Ty ) [1.18]

The temperature profile is therefore linear. The heat flux passing through the
wall is deduced by equation: ¢ = —4 Z—z

Thus:¢=§ (T, —T,) [1.19]

Equation [1.19] can also be written as: ¢ = o=, this equation is analogous to

25
Ohm’s law in electricity which defines the intensity of the current as the ratio of the
electrical potential difference on the electrical resistance. The temperature T thus

appears as a thermal potential and the term % appears as the thermal resistance of a

plane wall of thickness e, thermal conductivity A and lateral surface S. We thus get
the equivalent network represented in Figure 1.8.

Figure 1.8. Equivalent electrical network of a single wall
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NOTE.— The flux is constant, it is a general result for any tube of flux in steady state
(system with conservative flux).

1.2.2.2. Multilayer wall

This is the case for real walls (described in Figure 1.9) made up of several layers
of different materials and where only the temperatures T¢; and Ty, of the fluids that
are in contact with the two faces of the lateral surface wall S are known.

In steady state, the heat flow rate is preserved when the wall is crossed and is
written as:

o= hls(Tfl _ Tl) _ 2aS(i—Ty) _ ApS(T2—T3) _ AcS(T3-Ta) hZS(T4 sz)

ea ep ec

where: ¢ = eATfle;szgc T [1.20]

1S T Tps Y Aps T Acs T s
It was considered that the contacts between the layers of different natures were
perfect and that there was no temperature discontinuity at the interfaces. In reality,
given the roughness of the surfaces, a micro-layer of air exists between the surface
hollows contributing to the creation of a thermal resistance (the air is an insulator)
called thermal contact resistance. The previous formula is then written as:

el [1.21]

Q=T T
/15 h2S

+Rgp +5—¢ +RBC+

nis As AS

Tf 1

Fluid 1 #a

conveclion

convection .
coefficient h,

coefficient hy

€4 €p €c

Figure 1.9. Schematic representation of heat
flow and temperatures in a multilayer wall
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The equivalent electrical diagram is shown in Figure 1.10.

¢ T
_— f2
fl ._J\v’VI\W*h"\r'"‘r’A\r'A\'A+‘\"“-"V"\"\-'A‘f'\l"\f_._”‘\l\hn'\".\"w‘ﬂ v"V’_._f‘1"‘n'n\‘ﬁ‘-"."\vﬁ\’.'n’h_‘_’"\"v‘f\i 'l,‘;\.A.‘-’\_._-\vA,’F\/’\J‘,‘H\‘,‘\.,"\;\_._r\i‘*\.‘*\'ﬁ.‘,'.‘i\m'v'\_.
2 fa R e R Lo 1
[ S 4B AgS BC AcS ms

Figure 1.10. Equivalent electrical network of a multilayer wall

NOTES.—

— Thermal resistance can only be defined on a flux tube.

— The thermal contact resistance between two layers is neglected if one layer is
an insulating material or if the layers are joined by welding.

1.2.2.3. Composite wall

This is the case most commonly encountered in reality where the walls are not
homogeneous. Let us consider, by way of example, a wall of width L consisting of
hollow agglomerates (Figure 1.11).

Considering the symmetries, the calculation of the wall’s thermal resistance can
be reduced to that of a unit cell defined by the diagram in Figure 2.6. This unit cell is
a flux tube (isotherm at x = 0 and x = e; + e, + e3, and adiabatic at y = 0 and
y = {1 + {, + {3) and can therefore be represented by a resistance R.

The exact calculation of this resistance is complex because each medium does
not constitute a flux tube. If there is no need for high accuracy, several approximate
calculations are possible by making assumptions on isothermal and adiabatic
surfaces.

For example, assuming the surfaces at x = e; and x = e; + e, to be isothermal
and the surfaces at y = {3 and y = {, + {3 adiabatic and by using the laws of
association of the resistors in series and in parallel, we obtain:

R=R, +R,++————+R,+R,

R3 R4+R5
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where:

=t .p 4 .p__%2 .p__%2 .p__%2 .p_%.p __1
L7 paer” 72 T a0’ U3 T 0L’ T T AL’ S T Ag8aL’ 0 T 0L’ 7 T hgeL

which can be represented by the equivalent electrical network shown in Figure 1.12.

€ € €3
Hollow

concrete wall
/ £
—— == Medium 1 £,

Convection
hy | — |

Convection
hy

Medium 2

3

Figure 1.12. Electrical equivalent network of a composite wall

It will be noted that this solution is only approximate since the real transfer is 2D
because of the differences between the thermal conductivities 4, and A,.

1.2.2.4. Long hollow cylinder (tube)

We consider a hollow cylinder with a thermal conductivity A, internal radius 7y,
external radius r,, length L, and with internal and external face temperatures being
T, and T,, respectively (see Figure 1.13). It is assumed that the longitudinal
temperature gradient is negligible compared to the radial gradient.

Let us carry out the thermal balance of the system constituted by the part of the
cylinder comprised between radii r and v + dr : @ = Qrigr
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ar ar
where: @, = —2nrLA (E)r and: Oryar = —21(r +dr)LA (E)r+dr
. ary _ _ ar -
Thus: —2nrLA (dr)r = =2n(r +dr)LA (dr)ﬂdrwhere. r—= C

with boundary conditions: T(r;) =T; and T(r,) =T,

T(r)-Ty in (L)

where: ——* = —22 [1.22]
=Ty ln(:—i)
Pr+ar -
Figure 1.13. Diagram of transfers in a hollow cylinder
. . dr .
and by applying equation ¢ = —2nrLA (E)’ we obtain:
_ 2mAL(Ty—T?)
= —ln(:—i) [1.23]
) . . T-T, . ’n(:_i)
This equation can also be written as: ¢ = ——= with Ry, = and can be
Riz 2mAL

represented by the equivalent electrical network of Figure 1.14.

Figure 1.14. Equivalent electrical network of a hollow cylinder
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1.2.2.5. Multilayer hollow cylinder

This is the practical case of a tube covered with one or more layers of different
materials and where only temperatures Tr; and Ty, of the fluids in contact with

the inner and outer faces of the cylinder are known; h; and h, are the global
(convection + radiation) heat transfer coefficients between the fluids and the internal
and external faces (see Figure 1.15).

Fluid 2 Ttz
ha

T,

_Ewidd T o ___1

Figure 1.15. Diagram of heat transfers in a multilayer hollow cylinder

In steady-state conditions, the heat flow rate ¢ is conserved when passing
through the different layers and is written as:

2mA4L(Ti—T2) _ 2mABL(Ty—Ts) _

C = Tr1-Tre
Hence: ¢ = - ,’"(%),l"(%), - [1.24]

hi2mriL” 2mA4L" 2mAgL" hp2mr3l

Q= h121TT'1L(Tf1 - Tl) =

which can be represented by the equivalent electrical network of Figure 1.16.

¢
—_—
Trs e AV — VWA —— A — AW 72
L} 3
1 In ('rl) . (rz) 1
hl 2111‘11, ZJTAAL ZR'ABL hz 27{]’31{4

Figure 1.16. Equivalent electrical network of a multilayer hollow cylinder
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1.2.2.6. General case

We have just given the value of the thermal resistance for some particular
cases of practical interest. More generally, the thermal resistance of a flux tube (see
Figure 1.17) is written as:

_ (T2 ar
- fﬁ A() S(r) [1.25]

Isothermal
surface T,

Isothermal
surface T}

Flux tube

Figure 1.17. Diagram of a flux tube

1.2.3. Conduction in unsteady state

1.2.3.1. Medium at uniform temperature

We will study the transfer of heat to a medium at a uniform temperature (“small
body” hypothesis), which is a priori contradictory because it is necessary that there
is a thermal gradient for heat transfer to occur. This approximation of the medium at
uniform temperature may nevertheless be justified in certain cases which will be
specified. For example, the quenching of a metal ball which consists of immersing a
ball initially at the temperature T; in a bath of constant temperature T,. Assuming
that the temperature inside the ball is uniform, which will be all the more true as its
size is small and its thermal conductivity is high, we can write the thermal balance
of this ball between two points in time as t and t + dt:

—hS(T —T,) = pcVZ—: or L =_18

T—-To pcv

3 T-To _ _E
Hence: = = exp( = t) [1.26]
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This solution is shown in Figure 1.18. We note that the grouping % is

homogeneous at a time which will be called T and is the system’s time constant:

=22 [1.27]

This quantity is fundamental insofar as it gives the order of magnitude of the
physical phenomenon at that point in time; we have in fact: TT_TTO = exp (— E)
i=To

Figure 1.18. Evolution of the temperature of a medium at uniform temperature

It is always interesting in physics to present the results in dimensionless form.
Two dimensionless numbers are particularly important in variable regimes:

3

. . Internal thermal resistance 1S . .
—The Biot number: Bi = =45 ¢ is the medium’s

External thermal resistance

hS
characteristic dimension, £ = R for a sphere.
Or: Bi == [1.28]
— The Fourier number:
at
Fo =2 [1.29]

The Fourier number characterizes heat penetration in a variable regime.

The definition of these two dimensionless numbers makes it possible to write the
equation of the temperature of the ball in the form:

T—-T

0 __ _n;
o exp(—Bi Fo) [1.30]
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Knowing the product of the Biot and Fourier numbers makes it possible to
determine the evolution of the sphere’s temperature. It is generally considered that a
system such as Bi < 0.1 can be considered to be at a uniform temperature; the
criterion Bi < 0.1 is called the criterion of “thermal accommodation”.

1.2.3.2. Semi-infinite medium

A semi-infinite medium is a wall of sufficiently large thickness so that the
perturbation applied to one face is not felt by the other face. Such a system
represents the evolution of a wall of finite thickness for a sufficiently short time so
that the disturbance created on one face has not reached the other side (true for the
point in time that the temperature of the other face does not vary). We will consider,
for example, a layer of thickness 1 pm as a semi-infinite medium in the 3® method!

EXAMPLE.— Imposed surface temperature.
Method: integral Laplace transform in time and inversion by tables.
The semi-infinite medium is initially at the uniform temperature T; (see

Figure 1.19). The surface temperature is suddenly maintained at a temperature Ty;
this boundary condition is called the Dirichlet condition.

T(x,t=0)=T;

T(x=0,t) =T,

0 » X

Figure 1.19. Diagram of semi-infinite medium with imposed surface temperature

92T 1 0T

The heat equation is written as: Py ialeve [1.31]
T(x,0)=T; [1.32]
with boundary conditions: T(0,t) =T, [1.33]

T(x,t) > T; whenx - o [1.34]
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The following variable change is made: T =T — T;

Hence: T _ 8T 8T _ a°T an aT _ aT
Tox 9x’ax? ax? at ot

. . 3°T 1 9T

The equation [1.30] can thus be written as: Py ialelew

T(x,0)=0
The boundary conditions become: T(0,t) =T, — T;

T(x,t) >0 whenx —

[1.35]

[1.36]
[1.37]

[1.38]

The Laplace transform of T (x, t) with respect to time is written as (see Appendix
4 on integral transformations): 8(x, p) = L[T(x,t)] = fow exp(—pt)T(x,t) dt .

2
The Laplace transform of equation [1.35] leads to: % - %
with: T(x,0) = 0 (which justifies the change of variable).

p

2
This equation is therefore of the form: Z—xz —q?0=0 with: g= |-

a
Hence: 6(x,p) = A exp(—qx) + B exp(gx).
The temperature keeps a finite value when x — oo, thus B = 0 and:

8(x,p) = A exp(—qx).

To-T;
b

The Laplace transform of equation [1.37] leads to: (0,p) = >

To—T;

hence: A =

To-T;

and: 9(x,p) = >

exp(—qx).

[p6 —T(x,0)] =0

Using the inverse Laplace transform tables presented in Appendix 5 leads to the

following result:

T(x,t)-Ty __ ( x )
Ti-To erf 2+at

where: erf(u) = \/i; f(;‘ exp(—t?)dt.

[1.39]
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The function erf is called the error function (see values in Appendix 6).
EXAMPLE.— Imposed heat flux at the surface.
Method: integral Laplace transform in time and inversion by tables.

Consider the same configuration but instead by brutally imposing a heat flux

density on the surface of the semi-infinite medium (see Figure 1.20); this boundary
condition is called the Neumann condition.

T
$o > > —A 7 (0,t)  Semi-infinite medium

T(x,t=0)=T;

0" > x

Figure 1.20. Diagram of the semi-infinite medium with imposed surface flux

.. . 3%T _ 10T
The heat equation is written as: Pyl [1.40]
T(x,0)=T; [1.41]
with the boundary conditions: —A2 Z—i 0,t) = ¢ [1.42]
T(x,t) » T; whenx - o [1.43]

Condition [1.42] expresses the conservation of heat flux at the surface of the
semi-infinite medium.

The following change of variable is made: T = T — T;.

. . . 9% _ 19T
Equation [1.40] can then be written as: = 2o [1.44]
T(x,0)=0 [1.45]
The boundary conditions become: —A g 0,t) = ¢ [1.46]

T(x,t) > 0 whenx —» o [1.47]
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2
The Laplace transform of equation [1.44] leads to: % — %0 = 0 with: g = \/%.
hence: 8(x, p) = Aexp(—qx) + Bexp(gx).

The temperature keeps a finite value when x - oo, thus B = 0 and 08(x,p) =
Aexp(—qx).

The Laplace transform of equation [1.46] leads to: % = —/1% (0,p).

a4 _ %o _ $oexp(=qx)
Hence: A =" and 6(x,p) == p—

Using the inverse Laplace transform tables presented in Appendix 5 leads to the
following result:

_ 2¢o . x
T(x,t)—T; = T\/E ierfc (2_\/3) [1.48]

where: ierfc(u) = \/%exp(—uz) —u[l —erf(u)], this function is tabulated in

Appendix 6.
EXAMPLE.— Imposed heat transfer coefficient.
Method: integral Laplace transform in time and inversion by tables.
We consider the case where the convective heat transfer coefficient h between

the semi-infinite medium and the ambient medium is imposed (see Figure 1.21).
This boundary condition is called Newton’s condition:

T(x,t=0)=T,

Ambient medium at T,

aT
hll =T =0, t)]__ —Aa ©, t)L Semi-infinite medium

\ 4

0 x

Figure 1.21. Diagram of the semi-infinite medium
with imposed convective transfer coefficient
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.. . 9%T _ 1 9T
The heat equation is written as: — = - —
oxZ a ot

T(x,0)=T;
with the boundary conditions: —Ag—i (0,t) =h|[To, —T(x =0,t)]
T(x,t) » T; whenx - o
The following change of variable is made: T = T — T;.

. . 92T 1 9T
Equation [1.49] can then be written as: ry Rl

T(x,0)=0

The boundary conditions become: Ag—i 0,t) =h[T(x =0,t) — (T,, —

T(x,t) > 0 whenx — o

2
The Laplace transform of equation [1.53] leads to: % - q%6

q= |5

a

Hence: 6(x,p) = A exp(—qx) + B exp(gx).

The temperature keeps a finite value when x — oo, thus B = 0 and:

0(x,p) = A exp(—qx).

The Laplace transform of equation [1.55] is written as:
dao _ Ti—Teo
A Too-T7)

p(3+0)

or: —A Aq = hA + h% hence: A =

and: 6(x,p) =2 (T, - T,) 222,

p(a+7)

T;)]

[1.49]
[1.50]
[1.51]
[1.52]

[1.53]
[1.54]
[1.55]
[1.56]

with

Using the inverse Laplace transform tables presented in Appendix 5 leads to the

following result:

T(x,t)~Too

e = et () +ew (5 + ) erre (5 +47)

[1.57]
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EXAMPLE.— Sinusoidal surface temperature, established periodic regime (see
Figure 1.22).

Method: search for a solution with the same frequency as the excitation

T(x,t=0)=T,

T(x =0,t) = T; + Tycos (wt) Semi-infinite medium

v

Figure 1.22. Diagram of a semi-infinite medium
with surface-imposed sinusoidal temperature

S . 2T 10T
The heat equation is written as: — = -—
dx2  aodt

with the boundary conditions: T (x = 0,t) = T; + Tycos(wt)
T(x,t) » T; whenx - o

A steady-state solution is sought for which the temperature field of the medium
evolves as follows:

T(x,t) =T, + f(x)exp(iwt)

The problem, being linear, makes us consider either the real part or the
imaginary part of the solution depending on whether the temperature varies as
cos(wt) or sin(wt). The complex function /" is a solution of:

Cf ¢ — 0with £(0)=T,

dx? a

f(x) = Aexp (—\/%x) + Bexp (\/%x) with: \/% = \/g(l +1)

The function f must remain finite when x — oo, thus B =0 and f(0) =T,
leading to A = T,.

Hence:

T(x,t) —T; = Toexp [—\/g A+dx+ i(ut] = Toexp (—\/%x) exp [i ((ut - \/gx)]
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or by taking the real part of the solution:

T(x,t) =T, + T, exp (—\/gx) cos <wt - \/%x) [1.58]

NOTES.—

— The amplitude of the oscillations decreases rapidly when moving away from
the interface.

— The amplitude of the oscillations also decreases rapidly when the excitation
frequency increases: a high frequency excitation applied to the surface of a solid will
only change its temperature at a shallow depth.

— Between temperatures T; and T, of two points with a distance respectively of
x; and x, from the surface, there exists a phase shift equal to /% (%, — x). The

knowledge of w and the temperature measurement within the medium at two points
located at known distances x; and x, from the surface can make it possible to
evaluate the thermal diffusivity a.

1.2.4. The quadrupole method

In the following, we will note:

— 6(x, p) the Laplace transform of the temperature T(x,t) (see Appendix 4).

— @ (x,p) the Laplace transform of the heat flow rate ¢ (x, t).

In the following, we will explain the principle of quadrupole modeling and
demonstrate the expressions of the most common quadrupole matrices. The
expressions of these matrices for other configurations of interest are given in
Appendix 7 and [MAI 00].
1.2.4.1. Unidirectional transfer in plane walls
1.2.4.1.1. Single wall

We consider the case of a unidirectional heat transfer in a wall of thickness e,
with zero initial temperature: T'(x,0) = 0.
s . . a?t 10T
The temperature T (x, t) within the wall satisfied the equation: —; = o [1.59]

0x2
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By applying the Laplace transformation to equation [1.59], we obtain:

Zo_vg [1.60]

dx? a
Equation [1.60] takes a solution in the form:

6(x,p) =k, cosh(qx) + k, sinh(qx) [1.61]

where: q = \/%.

The Laplace transform of the heat flow rate at any point of the wall is written as:
(x,p) =L [—ASg—z(x, t)] =—ASL [ (x, t)] ~15 2 (x,p)

This equation makes it possible to express ®(x, p) as a function of k4, k, and x:
®(x,p) = —ASqk, sinh(gx) — ASqk, cosh(qx) [1.62]

Equations [1.61] and [1.62] can be written for x = 0 and x = e, in which case
we obtain:

6(0,p) =k, 6(e,p) = k, cosh(qe) + k, sinh(qe)
®(0,p) = —ASqk,  ®(e,p) = —ASqk, sinh(qe) — ASqk, cosh(qe)

It is possible to eliminate k, and k, from these four equations, which amounts,
for example, to expressing (6(0), ®(0)) as a function of (8(e), ®(e)), in which case
we obtain:

cosh(qe — sinh(qe)| 6
9(0,p)] _[ @) 35 (q )] (e,p) [1.63]

®(0,p)] AqS sinh(qe)  cosh(qe) @ (e, p)

AqS

M= [ cosh(qe)  — sinh(ge)
AqS sinh(qe) cosh(qe)

] is called the quadrupole matrix.

We have the property: det(M) = 1, which makes it possible to establish the
reciprocal relation:

9(e p)] [ cosh(qe) -— smh(qe)] [Q(O,p)
Cb(e p) —AqS sinh(qe) Cosh(qe) ©(0,p)
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An analogy can also be made between the propagation of an unsteady state
current and the unidirectional thermal transfer in transitory mode:

Intensity of the electric current I —  Heat flow rate in Laplace space ®(x, p)
Electrical potential U —  Temperature in Laplace space 8 (x, p)
Electrical impedance Z —  Thermal impedance Z

Ohm’s law: U; — U, = ZI is analogous to: 8; — 8, = Z®

Kirchhoff’s law: Y, I = 0 is analogous to: ), ® = 0

By means of these notations, the quadrupole relation [1.63] can be represented
by the equivalent electrical network of Figure 1.23.

Figure 1.23. Equivalent electrical network to a single wall in unsteady state

In the case of a plane wall:

cosh(qe)—-1 1
Zi=Zy=——"— and Z3=———
1 2 AqS sinh(qe) and 3 AqS sinh(qe)

1.2.4.1.2. Wall with a convective exchange

We consider the case of a wall exchanging heat by convection with a fluid (see
Figure 1.24).

Equation ¢ = hS[T,, — T(0,t)] can also be written as: T,, = h% + T(0,t) which
can be translated in the Laplace space by: 6, = % +0(x =0).

We can therefore write in quadrupole matrix form:

-1 )
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T

@ = hS[T, — T(0,0)]

v

0 e

Figure 1.24. Diagram of a single wall with convective transfer

The quadrupole relation [1.64] can be represented by the equivalent electrical
diagram of Figure 1.25.

Figure 1.25. Equivalent electrical network to
a convective transfer in unsteady state

1.2.4.1.3. Contact resistance between two walls

Consider now the case of the heat transfer through a contact resistance R at the
interface between two solid media as shown in Figure 1.26.

T1(x=0)—T2(x=0)
R
Ti(x=0) = T2(x=0) + R that we can translate in the Laplace space by:

The heat flow rate is written as ¢ = and can also be written as:

01(x=0) = O2(x=0) + RP.

We can therefore write in quadrupole matrix form:

91]_ 1 R [92]
o] lo 1l|w, [1.65]
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I_ Contact resistance

Figure 1.26: Diagram of two walls with contact resistance

This expression is analogous to equation [1.64], and the equivalent electrical
network is therefore of the same type as that shown in Figure 1.25.

1.2.4.1.4. Multilayer wall with convection and contact resistance

The previously established quadrupole matrix equations allow us to write for the
system under consideration (see Figure 1.27):

w0l B0 e 16 I S

with: A; = D; = cosh(q;e;); C; = A;q;S sinh(q;e;); B; = %ﬁei) and: q; = \/g

The description of the problem in matrix form makes it possible to obtain a very
simple formulation, which shows the advantage of the quadrupole method.

Ry R,
&1 # €y ! €3
Fluid  at Ty, ;__.;t .'.E- 3.". ]

Convection, hy @

@ Convection, h,

Fluid 2 at Tg,

1
1
0 x Xy X3 X

Figure 1.27. Diagram of a multilayer wall with convection and contact resistance
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1.2.4.1.5. Semi-infinite medium

It has been demonstrated in the preceding section that the temperature in Laplace
space of a semi-infinite medium is written as:

0(x,p) = Ae % where: q :\/%: ’%_

We deduce the value of the Laplace transform of the heat flow rate at a point of
the semi-infinite medium as:

®(x,p) = —AS T (x,p) = 2qSA e~%% = AqS6 (x, p)

® can therefore also be written as:

_ _ pcp _ _
d = 1qS6 = ,1\/; S0 =\/Apc S \[p6 = ES,[pb

where: E is the thermal effusivity.

We can therefore write at every point of a semi-infinite medium:

o) = [(1) %] HE [Es\g/ﬁe] [1.66]

The quadrupole equation [1.66] can be represented by the equivalent electrical
diagram of Figure 1.28.

O]

1

7=——0
0 ES/p

Figure 1.28. Equivalent electrical network to
a semi-infinite medium in unsteady state
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1.2.4.1.6. Wall at uniform temperature

In the case of a “thin system”, a wall whose thickness and/or thermal
conductivity make it possible to consider its temperature as uniform (Bi < 0.1,
small body hypothesis), the difference between the incoming heat flow rate and the
outgoing heat flow rate leaving the system is simply written as:

01— @, = pcV % or by applying the Laplace transform: ®; — ®, = pcVp6.

This equation can be expressed in quadrupole form as:

g)ll] - [pcle (i] [C(Iizz] [1.67]

The quadrupole equation [1.67] can be represented by the equivalent electrical
network of Figure 1.29.

Figure 1.29. Equivalent electrical network to a
medium at uniform temperature in unsteady state

1.2.4.2. Radial transfer
1.2.4.2.1. Hollow cylinder

________________________ _ _.Lrl_‘j_?’z

Figure 1.30. Diagram of a hollow cylinder
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It is shown in the same manner as previously demonstrated [MAI 00] that the
temperatures and fluxes in the Laplace space can be connected by a quadrupole
equation:

0(r,p)] _ ] [H(rz,p)
(D(Tl, p) C CD(TZ, p)

A = qry[K,(qry)I(qry) + Ko (qr) 11 (qr2)]

[1.68]

2 /1L [Ko(qr)1o(qrz) — Ko(qra)Io(qr)]

C = 2mLpcrryp[Ki ()11 (qrs) — K1 (qr2) 1 (q71)]
D = qry[K,(qr)lo(qr2) + Ko(qr2)11 ()]

Iy, I, Ky and K; are Bessel’s functions (see Appendix 8). The determinant of the
quadrupole matrix is equal to 1.

1.2.4.2.2. Semi-infinite hollow cylinder

As in the case of the plane wall, we show that we can write at any point of a
semi-infinite hollow cylinder (r, — ) [MAI 00]:

[g] = [é ch] [Znu ‘"1’(1(‘"1) e] [1.69]
where Z = %

The quadrupole equation [1.69] can be represented by the equivalent electrical
network of Figure 1.31.

APPLICATION.— Modeling of the hot wire method.
®

1 Kylgr)
Z= —
0 2mAL qri K (gr)

Figure 1.31. Equivalent electrical network to
a semi-infinite medium in unsteady state
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1.3. The thermal properties of a material

In the following, we will recapitulate the various characteristic quantities of a
material that have appeared in the heat transfer equations.

1.3.1. Thermal conductivity

The thermal conductivity A characterizes the resistance to the passage of heat; it
is expressed in W m-1 K-1, It is the only thermal property involved in steady-state
equations. The values for the most common materials can be found in Appendix 1.
In the case of solids, it varies from 0.014 Wm™1 K™ for the superinsulators to
400 Wm™t K1 for copper (1500 W m~! K~*for diamond). It should be noted that
electrical insulators may have higher thermal conductivities than electrical
conductors (we have ceramics that have a value of 50 Wm™' K~! and some
stainless steels with a value of 15 W m~! K~1). For multi-constituent media, it must
be known that thermal conductivity is not an additive quantity. There exist a very
large number of models of equivalent conductivity to predict the thermal
conductivity of a multi-constituent medium as a function of the thermal
conductivities of each of the constituents. We will simply present the main ones
here. We start with the parallel and series models, since the lowest possible value of
the thermal conductivity is given by the series model and the highest by the parallel
model [WIE 12]. We will assume in the following that the medium consists of N
components of conductivity 4; and each occupying the volume fraction &;.

1.3.1.1. Parallel model

In this model, the different constituents are assumed to be arranged in parallel
layers, and the heat flux is parallel to the layers as shown in Figure 1.32.

The equivalent thermal conductivity is given by:

A=3N &4 [1.70]

A
¥

Flux

Figure 1.32. Diagram representing the parallel model
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The parallel model represents the thermal conductivity of light insulating
materials.
1.3.1.2. Series model

In this model, the different constituents are assumed to be arranged in parallel
layers, and the heat flux is perpendicular to the layers as shown in Figure 1.33.

The equivalent thermal conductivity is given by:

A=—te [1.71]
i=17;

AT

>l »
+ >

Figure 1.33. Diagram representing the series model

1.3.1.3. Maxwell’s model

This simple model is an exact representation of the thermal conductivity of a
continuous medium (0) containing spherical particles (/) sufficiently far apart to be
able to neglect their mutual interactions [MAX 54]. The thermal conductivity is then
given by:

_ £0A0(2A0+21)+3£12041 [1.72]
80(2101'2.1)4'351).0 '

This model represents well the thermal conductivity of a medium containing
inclusions such as lightened concretes, for example.
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1.3.1.4. Bruggeman’s model

Bruggeman’s model [DEV 52] is constructed by adding “progressively”
ellipsoidal inclusions of the dispersed phase (1) to the continuous medium (0). The
equivalent thermal conductivity 4 is deduced from:

(A)A" (B20) = (1~ ) [1.73]

%o A2

_p2
where &; is the volume fraction of the inclusions and 4, = 1e§ E In (%) - e]

2
with: e = / 1- Z—Z, a being the semi-major axis and b the semi-minor axis of the
ellipsoids.

This model makes it possible to correctly represent the conductivity of a medium
containing inclusions (solid or gaseous), for volume fraction values of inclusions
higher than those acceptable by Maxwell’s model.
1.3.1.5. Special case of a porous medium

A porous medium consists of a hollow solid matrix delimiting pores filled with a
gas. The pores are most often assimilated to cylinders of diameter D;. The
conductivity Ap, of the air contained in the pores depends on the diameter of the

pore and the gas pressure according to the equation [LIT 96]:

4o [1.74]

where: A is the air conductivity (0.026 W m~1 K~ at 300 K);
T is the air temperature (K);
P is the air pressure (Pa);
C is the constant (6.8 x 10° Pam K ).

The conductivity of the air at atmospheric pressure in pores with a diameter of
1 um is equal to 0.021 W m~1 K~1, and only 0.008 W m~ K~ in pores of diameter
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100 nm. A material containing a high proportion of nanopores can therefore be
superinsulating, i.e. have a thermal conductivity that is lower than that of air at
atmospheric pressure (or A < 0.026 Wm™! K™1).

1.3.2. Thermal diffusivity

The thermal diffusivity a is expressed in m* s, It characterizes the rate at which
a heat flux diffuses into a material. For solids, it varies from 5 x 1078 m?s~? for
certain rubbers to 3 x 10™* m?s~? for diamond.

It is important to note that it is not correlated with the thermal conductivity: a
low conductive material can be very diffusive. For example, air with a low thermal
conductivity: 1 = 0.026 Wm™1 K~ has a thermal diffusivity a = 2,1.107°> m?s~1
which is identical to that of iron with a much higher thermal conductivity: 4 =
73Wm 1K™l The thermal diffusivity makes it possible to estimate the time
constant of a material of thickness e with:

=2 [1.75]

a

The time constant is the time taken to reach a steady state when it exists.

1.3.3. Volumetric heat capacity

It is noted that in all the equations for the heat transfer in solids, the quantities p
and ¢ never appear separately but only in the form of their product pc volumetric
heat capacity expressed in ] m-3 K-1. This quantity represents the ability of a material
to store heat. For solids, it varies from 10* ] m~3 K~ for low density aerogels to
4 x10%] m~3 K1 for certain steel.

This magnitude is additive for multi-constituent materials:

pc =X &pici [1.76]

1.3.4. Thermal effusivity

The thermal effusivity E characterizes the transitory variation in the temperature
rise of a surface subjected to a heat flux. It is expressed in W m~2 K~*s/2, For
solids, it varies from 35Wm 2K 's/2 for low density aerogels to
3.6 x 10* W m~2 K~*s/2 for certain steels.
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1.3.5. Conclusion

Although four parameters characterizing the heat transfer within a material have
been defined, it is sufficient to measure two parameters, since these parameters are
linked by the following equations:

a =ﬁ [1.77]

and

E = ./Apc [1.78]



2

Tools and Methods for
Thermal Characterization

2.1. Measurement of temperature

Temperature is often considered to be an easily measurable quantity. It is
important to remember the following fact in order to avoid over-optimism: “The
most accurate thermometer measures only its own temperature”. The causes of
uncertainty are mostly less related to the accuracy of the temperature sensor than to
the difference between the temperature to be measured and that of the temperature
sensor that is used. In order to achieve a precise temperature measurement, it is
necessary to combine at least two conditions:

— the heat exchange between the sensor and the area where we want to measure
the temperature (surface area of a solid, gas, liquid) must be very large compared to
any heat exchanges between the sensor and other surrounding elements: fluid in
contact with the sensor if a surface temperature is measured, a radiation source when
measuring a gas temperature, for example;

— the presence of the sensor must not modify the temperature field compared to
that observed in the absence of a sensor.

2.1.1. Liquid column thermometer

Linear expansion of a liquid as a function of temperature is used. These
thermometers are virtually no longer used in thermal metrology.

Thermal Properties Measurement of Materials, First Edition.
Yves Jannot and Alain Degiovanni.
© ISTE Ltd 2018. Published by ISTE Ltd and John Wiley & Sons, Inc.
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2.1.2. Thermocouple
The Seebeck effect is used: when the two junctions of two wires of different
nature are brought to different temperatures, an electrical potential difference

appears, which increases with the difference in temperature (see Figure 2.1).

.= Wire Material 1
Usk(TeT) |1 Tt T
NS Wire Material 2

Figure 2.1. Schematic diagram of a thermocouple

For each type of thermocouple, tables give the voltage U(T) delivered when the
cold junction is at 0°C and the hot junction at 7. The function U(7) can be linearized
over reduced temperature intervals as shown in Table 2.1.

The main types of thermocouples and the temperature range in which they can be
used are as follows:

Type T: — 185 to +300°C Copper—Constantan

Type K: 0to 1100°C Nickel-Nickel Chrome

Type R: 0 to 1600°C Platinum—Platinum Rhodium
Type G: 20 to 2360°C Tungsten—Tungsten Rhenium

In the unsteady methods of measuring thermal properties, knowledge of the
absolute temperature is of no interest, it is only necessary to measure a rise in
temperature between two instants. A reference temperature can be constituted by
making two blocks of very effusive material (copper, aluminum, for example), so
that their temperatures can be considered constant and uniform during the
measurement, given their high heat capacity (see Figure 2.2). A hole of small
diameter is drilled in each block and the junction between each wire of the
thermocouple and two copper wires is made in the holes in the two blocks. Thus, at
the terminals of the two copper wires, we measure the voltage at the terminals of a
thermocouple whose cold junction is at the (constant) temperature of the blocks and
whose hot junction is at the temperature to be measured. The temperature variation
can be deduced by assimilating the temperature curve = f (voltage) to a straight line
over small temperature intervals. It is imperative to insulate the blocks electrically
(surround them with tape or insulating varnish) and preferably to insulate them
thermally (encircle them with polystyrene, for example).
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It will be noted, however, that the cold junction compensation achieved in the
current thermocouple temperature measuring devices has reached very good stability
and can now be used directly.

Real values Linear model Parabolic model
U(T)=0.04189 T U(T) =4.147 x 107 T* + 0.003832 T
T | UD | UDee | AU | Tuwe | AT | UM | aU Tie | AT
°C mV mV mV °C °C mV mV °C °C
0 0 0 0 0 0 0 0 0 0

10 | 0.391 | 0419 | 0.0279 | 9.33 | -0.67 | 0.387 | —-0.00365 | 10.09 |0.09
20 | 0.789 | 0.838 | 0.0488 | 18.84 | —-1.16 | 0.783 —0.00601 | 20.15 |0.15
30 | 1.196 | 1.257 | 0.0607 | 28.55 | —1.45 1.187 | —0.00908 | 30.22 |0.22
40 | 1.611 | 1.676 | 0.0646 | 38.46 | —1.54 1.599 | —0.01185 | 40.28 |0.28
50 |2.035 | 2.095 | 0.0595 | 4858 | —-1.42 | 2.020 | —-0.01532 | 50.36 |0.36
60 | 2.467 | 2.513 | 0.0464 | 58.89 | -1.11 2448 | —0.01851 | 60.43 |0.43
70 | 2.908 | 2.932 | 0.0243 | 69.42 | -0.58 | 2.886 | —0.02240 | 70.51 |0.51
80 | 3.357 | 3.351 |-0.0058 | 80.14 | 0.14 3.331 —0.02599 | 80.58 |0.58
90 | 3.813 | 3.770 |-0.0429 | 91.02 | 1.02 3.785 —0.02829 | 90.62 |0.62
100 | 4277 | 4.189 | —0.088 | 102.10 | 2.10 4.247 | —0.03030 | 100.65 | 0.65

Table 2.1. Value of U(T) for a T-type thermocouple (Copper—Constantan)

Copper wires linked to a voltmeter

Electrically isolated
aluminum blocks |

Thermal insulator —r /

Thermocouple wire

Figure 2.2. Device for making a junction at a constant temperature

The welding of two wires to produce a thermocouple can be carried out using a
small spot welder, and for wires of small diameter it is sufficient to just twist them.
In this case, the measured temperature is that of the last point of contact between the
two wires.
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The measurement of a surface temperature is difficult because of the imperfect
contact between the weld (and twist) of the wires’ extremities and the surface whose
temperature is to be measured. There exists always a thermal contact resistance
between the two which renders the measurement less accurate. It is preferable to
realize a separate contact by applying the extremities of the two wires of the
thermocouple on the surface at a distance of a few mm (by means of a piece of
adhesive tape if the temperature permits). The electrical contact is then realized by
the surface itself, provided that it is conductive (if it is not conductive, then it is
covered with a thin layer of conductive silver lacquer). The mean of the
temperatures of the two contact points is thus measured by ensuring that there is no
contact resistance; the existence of a contact defect is easily detected because it leads
to a zero voltage at the extremities of the thermocouple (open circuit).

During measurements in rapid transient mode, it is important that the
thermocouple has the lowest possible response time. The thinner the wires, the lower
the response time, therefore it is always advantageous to use the thinnest possible
wires. Wires with a diameter of less than 0.1 mm on a coil and having a response
time of less than 0.1 s are often used.

It will also be advantageous to orient the wires in the direction where the thermal
gradient is weakest so as to minimize the fin effects in the wires. For this reason, the
type T thermocouple with one of the wires made of copper (very conductive) must
be avoided, preferring instead the type K thermocouple.

2.1.3. Thermistor

Figure 2.3. View of a thermistor

A thermistor is a passive component of semiconductor material. If self-heating
by the Joule effect is negligible, its resistance varies with the temperature according
to the law:

R(T) = R(T,)exp [B (l - i)] [2.1]
T T,

Temperatures are expressed in degrees Kelvin, B and T, are characteristic

constants of the component. As the resistance decreases with temperature, we get

what we sometimes call thermistor resistances NTC (for negative temperature
coefficient).
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The current—voltage characteristic presents, for the weak currents, a linear part,
then a plateau, and finally, for the more intense currents, a zone with negative slope
corresponding to component’s self-heating.

The range of use is —50°C to 200°C.

2.1.4. Platinum resistance

A platinum resistance in the form of a wire whose resistance increases
quasilinearly with temperature is used, for example for a resistance Pt100 we have:

R(T) =100 +0.3864 T [2.2]
where: R is the resistance (2);

T is the temperature (°C).

T RP! Rl’t cale AR Tm/c AT
°C Q Q Q °C °C
0 100 100.00 0.00 0.00 0.00

5 101.95 101.93 0.02 5.05 0.05
10 103.9 103.86 0.04 10.09 0.09
15 105.85 105.80 0.05 15.14 0.14
20 107.79 107.73 0.06 20.16 0.16
25 109.73 109.66 0.07 25.18 0.18
30 111.67 111.59 0.08 30.20 0.20
35 113.61 113.52 0.09 35.22 0.22
40 115.54 115.46 0.08 40.22 0.22
45 117.47 117.39 0.08 45.21 0.21
50 119.4 119.32 0.08 50.21 0.21
55 121.32 121.25 0.07 55.18 0.18
60 123.24 123.18 0.06 60.14 0.14
65 125.16 125.12 0.04 65.11 0.11
70 127.08 127.05 0.03 70.08 0.08
75 128.99 128.98 0.01 75.03 0.03
80 130.9 130.91 —0.01 79.97 —0.03
85 132.8 132.84 —0.04 84.89 -0.11
90 134.71 134.78 -0.07 89.83 -0.17
95 136.61 136.71 —-0.10 94.75 -0.25
100 138.51 138.64 -0.13 99.66 -0.34

Table 2.2. Resistance value of a platinum wire as a function of temperature

The temperature range in which they can be used is from —200°C to +850°C.
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2.1.5. IR detector

These are optical detectors (photovoltaic) of a few mm?” which generate a current
when exposed to infrared radiation. They are placed close to the surface whose
temperature is to be measured and deliver a signal proportional to the surface
temperature if the temperature deviations are small (possible linearization of the
radiation flux proportional to T#). Their advantage is to allow measurement without
contact and therefore without disturbance of the surface whose temperature is to be
measured. They also have a practically zero response time, which makes it possible
to study transient phenomena of a few ms. They need to be maintained at the lowest
possible constant temperature by using liquid nitrogen, a Stirling engine or Peltier
elements, and their cost is relatively high. Figure 2.4 shows some examples.

Figure 2.4. View of an IR detector: indium antimonide (InSb)
photodiodes sensitive in the wavelength region from 1 to 5.5 um

2.1.6. IR camera

An infrared camera consists of a matrix of photonic detectors sensitive to
radiation emitted in the mid-IR (1.5-20 um). It therefore does not measure the
temperature Ty of a surface but instead the flux received by the detectors. This flux
expressed in digital level (DL: digital level) is represented by the following equation
if we consider the atmosphere to be perfectly transparent with respect to IR
radiation:

DL,,es = € DL(T,) — (1 — &) DL(T,) [2.3]
where: T is the target surface temperature;
€ is the surface emissivity;

T, is the environment temperature.
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We thus deduce:
DL(Ty) = % [DLynes — (1 — &) DL(T,)] [2.4]

To obtain Ty from DL,,.s, we must therefore:
know the emissivity of the surface ¢;

know the function DL(T) which is obtained by a calibration.

Calibration is carried out on experimental black bodies whose temperature can
be regulated uniformly and precisely.

We note that if € = 1, then DL(Ty) = DL,,.;. The emitting surface is therefore
generally covered with a thin layer of matte black paint of emissivity close to the
unit, provided that the presence of paint does not modify the temperature field that
needs to be measured. It is observed that the measurement of the absolute value of
the temperature using an IR camera remains difficult to achieve with precision.

However, a number of thermal characterization methods do not require
knowledge of the absolute value of the temperature but only a quantity proportional
to a temperature difference (between two points or between two instants): case of
temperature/temperature methods or flash method, for example. In this type of
application, the IR camera is a perfect tool.

In fact, if ADL,,.s is the difference of the measured DL corresponding to two

temperatures T and T + AT at two points or at two different times and if T, is
constant, we have:

DL(T + AT) — DL(T) = % ADL,

On a temperature range of low amplitude (<10°C), the curve DL = f(T) can be
assimilated to a straight line of slope K and we then have:

AT = K ADLppps

If the amplitude of the temperature range is more extensive, a calibration curve is
used, an example of which is shown in Figure 2.5 [ALH 16].
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Figure 2.5. Calibration curve of an IR camera using a black body

An IR camera can also measure the distance between two points whose
temperatures are measured. Care must be taken because phenomena such as
distortion due to optical imperfections of the lens may cause the distance between
two pixels not to be the same at all points of the image. It is therefore advantageous
to measure the number of pixels corresponding to a known distance (using a ruler,
for example) at the very place of the measurement.

It should be noted that these cameras make it possible to measure not a point
temperature but a field of a parameter proportional to the temperature. The amount
of information to be processed becomes very large and requires the use of high-
performance signal processing techniques. The applications are numerous [MAI 10]:
detection of defects in plates, field measurement of thermal diffusivity. An example
is shown in Figure 2.6.

Figure 2.6. View of an infrared camera: LWIR resolution of 640 x 480 pixels, low
noise < 20 mK, thermal measurements up to 2000 °C and video recording at 30 fps



Tools and Methods for Thermal Characterization 47

2.1.7. Choice of a measurement method

The choice of a method for measuring the temperature depends on several
parameters among which are:

— the frequency at which it is desired to carry out the measurement;
— the geometric configuration: measurement of a surface or internal temperature;

—the nature of the material whose temperature is to be measured: thermal
conductor or insulator;

— the type of measurement to be carried out: absolute temperature or temperature
increase with respect to a reference.

Table 2.3 presents a summary of the recommendations for choosing a method for
measuring the temperature as a function of the measurement conditions. It will be
noted that the conductive materials often have a low emissivity and that it is
necessary to cover them with an emitter coating in order to be able to measure their
temperature by optical means. Its thickness will have to be lower the greater the
thermal diffusivity of the material to be coated for transient measurements.

Temperature to be Internal liquid or solid ConduF tive surface Insulating surface
measured + Emitter coating
Frequency (Hz)
> > >
<10 <1380 >1000 | <10 <1380 1000 | <10 <1(;(())o > 1000
Measurement type
Average | Sl S3 S7 S7 S7 S7 S7 S7
Absolute Point S3 S3 S3,87|S3,87| S7 | S7 S7 S7
Field S5 S5 S5 S5 S5 S5
Average | Sl S2 S6 S6 S6 S6 S6 S6
Variation Point S2 S2 S2,86 | S2,S6 | S6 | S6 S6 S6
Field S4 S4 S4 | S4 S4 S4

Table 2.3. Ideal measurement methods depending on the measurement conditions

In Table 2.3:
S1 platinum resistance;
S2 thermocouple;

S3 thermocouple + cold junction measuring device;
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S4 IR camera;
S5 IR camera + calibration with black body;
S6 mono optical sensor;

S7 mono optical sensor + calibration with black body.

The following remarks will also be taken into account:

— When measuring the temperature of a gas, it is imperative to protect the sensor
from radiation by interposing a perforated screen or by covering the surface with a
reflecting material such as aluminum foil. It will also be advantageous to increase
convective heat transfer with forced ventilation. It is nonetheless true that the
measurement of the temperature of a gas remains delicate in the presence of large
amounts of radiation (from walls at high temperature or from the Sun, for example);
see examples given in Appendix A.9.

— The measurement of the surface temperature of insulating materials is very
difficult to realize:

- they are porous and therefore semi-transparent and an optical measurement
may be biased because part of the radiation received by the sensor comes from the
material’s interior;

- they have a low effusivity and therefore, when they are in contact with
thermocouple wires, they are the ones that “impose” their temperature [JAN 16] and
the fin effect in the wires may not be negligible.

— The measurement of the surface temperature of metallic materials (highly
effusive) by thermocouple is, on the contrary, very precise, and the possibility of
welding the thermocouple wires to the surface makes it possible to avoid contact
resistances.

2.1.8. Data filtering

Whatever the measuring device, the values of the measured temperatures are
always more or less noisy. This is generally the case when measuring with a high
acquisition frequency using an IR camera or an optical detector. It may then be
tempting to filter the signal using the filtering which is generally proposed by the
data acquisition module enabling the recording of the change in temperature.
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It should be borne in mind that filtering has two effects:
— it reduces the measurement noise (a priori positive effect);

— it shifts the signal in time (negative effect).

The uncertainty due to the measurement noise depends on two parameters:
— the standard deviation of the measurement noise;

— the number of experimental points.

It is therefore possible to process a very noisy signal if the number of points is
very high. For example, Figure 2.7 shows the experimental and estimated curves
of the temperature as well as the estimation residues of a Flash experiment.
Figure 2.7(a) was obtained with filtering at 1 kHz. The number of experimental
points of the graph is 40000. It is found that the residues (represented with a shift of
0.05°C for better readability) are “flat” so the model is a priori exact. The
calculation of the standard deviation of the estimated value due to the measurement
noise of the temperature leads to a relatively low value of 0.5%. From the point of
view of the estimation’s precision, the filtering of these data is therefore of no
interest. This is all the more true as the computing power of the computers makes it
possible to process a large number of points in very short calculation times.

The curves obtained with a filtering of 10 kHz (the residuals are shifted by
0.05°C) are shown in Figure 2.7(b). The estimation converges to the same value of
the thermal diffusivity (deviation of less than 1.5%) as that estimated with a filtering
at 1 kHz.

Tit)- T(t=0]
Tit=0)

Tit)

t(s)

a)

Figure 2.7. Experimental and theoretical thermograms and estimation residues (x10
and shifted by 0.05°C) of a Flash experiment: (a) filtering at 1 kHz and (b) filtering at
10 kHz. For a color version of the figure, see www.iste.co.uk/jannot/thermal.zip
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Data filtering has the effect of shifting the data over time, which may distort the
results of estimation. It can be retained as an order of magnitude that the filtering

frequency must be greater than uzﬁ (in Hz) where t; is the duration of the recording
f

used to estimate the parameters. It is possible to use a filtering at 10 Hz for an
experiment of duration of 100 s, for example; on the contrary, we will not filter at
less than 10 kHz for an experiment of duration of 0.1 s.

2.2. Tools for parameter estimation
2.2.1. Introduction

In this chapter, we present the tools and methods used in the various thermal
characterization devices. We will first illustrate the advantage of using a complete
model, established in our case, by the application of the thermal quadrupole method.
We then present the advantages of carrying out a study of the sensitivity of
the measured quantities to the unknown parameters before briefly describing
the methods used for estimating the parameters and evaluating the precision of the
estimations. We will conclude by presenting the overall methodology chosen for the
study of the different methods presented hereafter.

2.2.2. Quadrupole modeling

A number of thermal characterization methods became popular because of the
simplicity of the way in which the results were processed, which was a decisive
advantage as the calculation methods were more limited than today. In this category,
we can classify the hot plate method that allows estimating the thermal effusivity by
simple estimation of an experimental temperature curve’s slope. The hot wire
method for estimating thermal conductivity by a similar method is also included.
These simple methods, however, all rely on assumptions that are not always easy to
verify such as: negligible inertia of probes, semi-infinite medium. The development
of the calculation means now makes it possible to use more complete models using
less simplifying hypotheses or makes it possible to verify them more simply.

For example, we will illustrate the advantage of using a complete quadrupole
model for the use of thermal measurements of a classical method used by many
authors [AND 76, NAG 81, BAC 82, ZHA 93]: the determination of thermal
conductivity by the hot wire method. In this method, the temperature evolution of a
wire in which a constant heat flux is dissipated is measured, this wire being placed
in the material to be characterized.
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The vicinity of the heating wire is shown schematically in Figure 2.8.

Contact resistance R,
Skll‘npltl = hollow C)r'“l’]dﬂl' inner Hot wire: radius o,
radius g, infinite outer radius —= average temperature T (t)

Temperature T(r)

Figure 2.8. Hot wire schematic diagram

The modeling of the system using the quadrupole formalism allows us to write
[MAI 00]:
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where: Ty(t) is the average temperature of the hot wire;
T(t) is the temperature of the sample in r = ry;
6, is the Laplace transform of the difference Ty (t) — Ty (t = 0);
6 is the Laplace transform of the difference T (t) — To(t = 0);
R, is the contact resistance at the heating resistance/sample interface;
c is the specific heat of the hot wire;
p is the density of the hot wire;
A is the sample’s thermal conductivity;
Ay is the wire’s thermal conductivity;

a is the sample’s thermal diffusivity;
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as is the wire’s thermal diffusivity;

p is the Laplace variable;

7, is the heating wire’s radius;

L is the heating wire’s length;

@, is the power dissipated in the wire;

Iy, 11, Ky, K,1s Bessel’s functions.

Where: 6§, =2 Ao+(AgRc + Bo)/Z [2.5]
p Co+(CoRc + Do)/Z
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In the classical use of the hot wire method, the hypothesis assumes a thin wire
(small 1) and taking place at “long” times (p—0), which allows the use of limited
developments of the Bessel functions in the neighborhood of 0:

1

Ko(x) = —=In(x) ; Ky () = —5 [o(0) = 1; 1,(x) = 3

x >
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Hence: ) = —————
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[2.6]

where m is the mass of the hot wire.

By neglecting the effect of the probe’s inertia, the hot wire’s temperature is
written in Laplace space:

ln(ro\/i> ln(r_ﬂ)
. _ %o - 9o a - Qo |n®)  \Ja
Or: 6, = > (Z+R) = > | 2 + R | = ; [—MM pe—p +RC] [2.7]
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Using the inverse Laplace transform tables allows us to calculate the temperature
Ty (t) at long times:

_ _ %0 _ype %0 ()
To(t) — To(0) = AL In(t) + R.po AL 2mAL [2.8]
where y = 0.57721 is Euler’s constant.
il Po Y ln(%)
To() = To(t) = To(0) = ——In(t) + @o [Re — — =5~ [2.9]

Subject to the hypotheses listed above, the Ty (t) — Ty(0) plot as a function of

In(t) is thus a straight line with slope 4:;1, whose determination allows estimating

the thermal conductivity A.

The graph in Figure 2.9 represents, for different cases, the deviation (in %)
between the slope of the curve Ty(t) = f[In(t)] calculated between t, and t, +

100 s and the value 42; obtained for an infinite time. This slope was determined by

calculating the temperature T, (t) by inverse Laplace transform of formula [2.5] by
the method of Stehfest with 10 terms [STE 70] or of De Hoog [DEH 82], then by
derivation with respect to (n(t). The following values were used in the calculations:

1

20— 05Wm 5 A=012Wm 'K E=300]m 2K s V2R, = p—
0

L
pc=2x10°]m 3K

The different cases dealt with are as follows:

a) 7y = 0.25 mm, heating wire of zero mass, zero contact resistance;

b) 7y = 0.25mm, pc = 2x10° ] m™3 K™! and h = 10000 Wm~2 K™ 1;

¢) 7y =0.25mm, pc =2x10°]m3K™! and h = 5000 Wm™2 K™},

d)7o =05mm, pc =2x10°]Jm3K™! and h = 10000 Wm 2 K~1.

The radius values used are of the same order of magnitude as the radius of the

hot wire used by some authors. For example, we have noted the use of a 0.7 mm
diameter probe to measure the conductivity of fruits and vegetables [LIA 99].
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The analysis of Figure 2.9 leads to the following notes concerning the treated
case:

— The error due to the “small ry” approximation, represented by curve a) is not
negligible: it is of the order of 1 to 2% for the usual operating intervals. This error
which increases rapidly with the wire’s diameter (as shown by the difference
between curves b) and d) between which only the radius has varied) is due to the
approximation:

K1(qro) 2mAL
2mALqry 2 ~ —— 2.10
T0yare) ~ intaro) [2.10]
— The error due to the “zero mass probe” approximation leads to errors of several
percentage points; this error increases with the contact resistance for the same probe
mass as shown by the difference between curves b) and c).

Relative deviation between the slope of the curve T-T,=f[In(t)] estimated
between t; and t,;+100 s and its asymptotic value
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Figure 2.9. Relative deviation (in %) between the slope of the curve T — Ty = f[in(t)]
estimated between t, and t, + 100 s and the value ¢,/4nAL. For a color version of
the figure, see www.iste.co.uk/jannot/thermal.zip

The goal of these remarks is not to put a reference method into question in its
most common use framework, which is the measurement of thermal properties of
materials with heating wires of very small diameter of the order of 0.025 mm
[RHA 94], for which the use of simplified formula [2.9] does not induce any
significant error. They show, however, that the use of simplified models obtained by
limited developments of the expression of temperature in the Laplace space can lead
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to non-negligible errors in certain particular cases where probes of larger diameter
are used. It is therefore preferable to use a complete model taking into account inter
alia contact resistances as well as the probe’s size and inertia. The application of the
quadrupole method makes it possible to establish these complete models in many
cases, the Stehfest or De Hoog methods associated with a Newton or Levenberg—
Marquardt method of estimating parameters then allows determining the thermal
properties with better accuracy than by using a simplified model.

Finally, it will be noted that a “complete” quadrupole model makes it possible to
exploit all the points of the thermograms and avoids the often delicate choice of the
ideal operating window of the temperature measurements for which the differences
between the ideal model and the experimental results are low. This interval is
sometimes determined in a rather empirical manner: an estimation of the parameters
is carried out over a time interval of constant amplitude whose boundary is varied
increasingly from zero. The curves giving the values of the estimated parameters are
then plotted as a function of the value of the lower limit of the interval and an
interval with a constant value of the parameters is selected as the optimum time
interval. The identification of this stage does not seem to be a sufficient guarantee to
assert that the estimate is not biased by the failure to take into account the existence
of contact resistances and the inertia of the probe and also the existence of a level is
not always very noticeable [KUB 00, KUB 02].

2.2.3. Dimensional analysis

We will show from an example what dimensional analysis can bring to the study
of a thermal characterization method. Let us consider the case of the flash method
shown in Figure 2.10.

The measurement of the temperature 7(?) associated with a modeling of the
thermal transfers makes it possible to estimate the thermal diffusivity a.

The temperature T depends on the following parameters: t, a, 4, e, qq, hy, h,.

In this problem, we have eight variables (T, t, a, 4, e, qq, hy, h,) and four
fundamental quantities (L, T, M, 0). We have to choose four variables (basic
equations) which cannot give a dimensionless grouping (because we have four

fundamental quantities according to the Buckingham = theorem).
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Figure 2.10. Schematic diagram of the flash method

To do this, we must first associate the fundamental quantities with the variables:

-a LT

-y MLT?o"
—hy, hy MT?o!
—e L

~qo MT?

—t T

-T 0

We can choose a, A, e and q, as basic equations and write the remaining four
variables T, t, h; and h, as dimensionless groups:

—my = aiVrekigh T

—m, = a2Mzekzq 2 t

—my = aBA3eksqyls hy

—m, = aMeekaqyle b,

We still need to write the equation for the dimensions of each group to calculate

the values of i, j, k£ and [ by writing that the groups are dimensionless:

-] = [LPTHA[MLT 30 L] [MT )1 (6]
Hence: 2iy +j, + k1 =0;—-i;, —3j;, =3, =0;j;+;,=0;—j;+1=0
Or:i;=0;j;=1;kg=-1;1; =-1

And: T; = (;—e T
0
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—[mp] = [L*T~ ]2 [MLT =20~ )2[L]*2[MT~3]"2 [T]
Hence: 2i, + j, + k, = 0;—i, —3j, =3, +1=0;j,+ 1, =0;—j, =0
Orii,=1;j,=0,k; ==2;2=0
And: m, = a—;
~ [ms] = [T [MLT=36 12 (LIS [MT %)= [MT 67
Hence: 2i3+j3;+k;3=0; —iz—3j3;—3l3-3=0; jz+13+1=0;
—jz—1=0
Oriz=0;j3=—1;k;=1;13=0

hle

And: T3 = 1

—[ma] = (LT 4 [MLT =20+ [L]*+[MT 3] [MT~267"]

—Jja—1=0
Orl4=O;]4:_1;k4=1;l4=0
hye

And: m, = -

The solution can therefore take the form:

g, e hae)
f(qoeTez'l'A =0

The dimensional analysis applied to this case allows us to say, without having
solved the equations, that the measurement of the temperature 7 as a function of time ¢

a hle hze

can a priori make it possible to estimate the following groups: — ,— . Since

qoe’e?’ 2
the transfer coefficients h; and h, are not known precisely, as is the heat flux q,
absorbed on the heated surface, this method will only make it possible to estimate only

the thermal diffusivity a from the identification of the group ;iz

2.2.4. Study of reduced sensitivity

The principle of reduced sensitivity analysis has been described by several
authors [BEC 77, MAI 91, KUR 95, PET 08]. The reduced sensitivity of the

temperature with respect to a parameter k; is equal to k "~ This quantity represents
the variation of 7' (in°C) induced by a relative variation of k of 100 %. The reduced

sensitivity thus has the advantage of allowing a direct comparison of the relative
influence of the various parameters on the temperature 7.
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2.2.4.1. Unsteady state

A necessary condition for the separate estimation of the parameters is that the
sensitivities of 7(#) relative to each of the parameters are decorrelated. This means
that there must be no linear relationship of the type:

ar
% G © =0 2.11]
between the functions % (t) [BEC 77].

This condition implies that if the sensitivities to two parameters are proportional,
then these two parameters cannot be estimated separately.

By way of example, we have calculated the various sensitivities for the
temperature T of a hot plate which depends on the parameters:

— E effusivity of the sample;
— R, contact resistance between the heating element and the sample;

— mc thermal capacity of the heating element.
For the following nominal conditions:

E=500]m 2K 1s71/2; R, =2x103m? KWL, mc =0.75]K™%;

% =500 Wm™2

The Laplace transform of this temperature is written as (see section 4.2.2):

_ %o 1+R.ES\VD
o) = T (R + )57 [2.12]

The temperature 7(#) is deduced by inverse Laplace transformation by applying,
for example, the Stehfest method. The different partial derivatives % (t) can then

be computed numerically by:

T (t) = T(kok1,ki + &,..kp,t) =T (ko K1, iy o Ko, £)

o - [2.13]

Figure 2.11 shows:

— The simulated curve 7(z) with these nominal conditions over 500 s.

aT oT aT
— The curves E P (t),R, TR (t) and mc o (t) between 0 and 500 s.
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EB_T EB_T Rca—T
And in Figure 2.12 the curves —2%-(t); —%-~(t) and aai(t) between 0

3Re MCme MCme

and 500 s.

It is found that the sensitivity at E is strong and uncorrelated to the sensitivities

ar aT

Eor B
at R, and at mc because the two ratios —2£- (t) and —2£- (t) are not constant. It is
Reare ame
therefore a priori possible to estimate £ from the experimental curve T, (t). It can
also be seen that the sensitivities at R, and at mc are strongly decoupled between 0

and 50 s, so it will be possible to estimate them separately over this time interval. On
ar

mc

R, ——
the contrary, the ratio ”"’;*TC (t) varies slightly after 50 s, so it is no longer possible
C

amc
to estimate R. and mc separately with the portion of the curve Te,,(t)

corresponding to t > 50 s.

Reduced sensitivities (°C)

T(°C)

0 500 100 200 300 400 500

Figure 2.11. Curve T(t) and curves of reduced sensitivity at E, R. and mc for the hot
plate method. For a color version of the figure, see www.iste.co.uk/jannot/thermal.zip
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Figure 2.12. Ratio of reduced sensitivity to the three
parameters E, R, and mc as a function of time
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In some very particular cases, the two-to-two ratios of the reduced sensitivity are
not constant but there exists an equation of the type of equation [2.11] linking the
reduced sensitivities of the set of parameters. In the case of our example, we could
thus deduce an equation of the type:

ar arT arT
E = 2 4 ksRc — =
kq T k,mc P ksRc sre = 0
ar ar
That ite as: ky —2- = —k, —2m¢ —
at we can write as: k; —%5= = —k, —3¢ 3
€ 3re € 3re
L me 2L
The plot of as a function of dme s therefore a straight line in this
Can RCc 55~
dRc dRc

case. In the opposite case, the sensitivities to the three parameters are decorrelated
and the parameters can be estimated separately. This is the case for the hot plate as
shown in Figure 2.13.

This representation is, however, only possible in cases where at least one
sensitivity is never zero over the entire time interval, in this case it will be chosen as
the denominator in the sensitivity ratios.

Otherwise, we can write:

E T _  kp aT k3 aT
9E k1 omc  kq ORc

And determine a couple (kg4 ks) that minimizes the sum of the quadratic
deviations between E a—T ~(t) and k4mc a—T (t) +ksRe a—T (t) then plot E a—T ~(H)asa

function of k4mc (t) + ksRc (t) If the plot is close to the line of equation

y = x, then the sensmvmes are correlated and the simultaneous estimation of the
three parameters is not possible. We will see an example of the application of this
technique in section 4.5.3.

We will remember that the sensitivity study carried out from a complete
quadrupole model makes it possible to study among other things the sensitivity of
the temperature 7 to the parameters R, and mc. It is then possible to determine, as a
function of the values of R, of mc and the thermal properties of the material, from
which instant ¢, the sensitivities to these two parameters become constant. We can
then optionally choose to use an ideal model applicable for t > t, to estimate the
other parameters, being assured that the hypotheses leading to its establishment are
satisfied.
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Figure 2.13. Reduced sensitivities ratios

2.2.4.2. Steady state

The interest of the reduced sensitivity analysis is not limited to the unsteady-state
methods, it can also be applied to the steady-state methods where some parameters
are deduced from the measurement of a stationary temperature field 7(x,y,z). To
illustrate it, we consider the method of measuring the thermal conductivity of a
conductive wire shown in Figure 2.14.

Brass
blocks

/7 L .

< Us >
-

Wire

Figure 2.14. Schematic diagram of the device
for measuring the conductivity of a wire

The two ends of the wire to be characterized are pinned in brass blocks which
can be considered to be at constant temperature T,, equal to the ambient temperature.
The wires’ ends are connected to a current generator which delivers an intensity I,
in the wire. The electrical potential difference between the two brass blocks is
recorded. Its equilibrium value U(L) depends on the wire’s length, thermal
conductivity and the global coefficient (convection + radiation) of exchange /4 of the
wire with the surrounding environment. To reduce the exchanges by convection, the
assembly is placed in an enclosure under a pressure of 3.10* mbar.



62 Thermal Properties Measurement of Materials

The wire’s average temperature T is related to the stationary value of the electric
potential difference U, by: U, = Ry I, (1 + af)

where: « is the temperature coefficient of the wire’s electrical resistance;

0=T-T,

Ry is the value of the wire’s electrical resistance at room temperature T,,. Its
value is measured just before heating.

The solution of the heat equation with boundary conditions allowed the
derivation of the relationship T(L,A,h) where L is the distance between the two
brass blocks (wire length). This relationship can then be used to calculate the
reduced sensitivity of T(L) to A and to /& to analyze the possibility of separately
estimating these two parameters from the measurement of T for different values of
L. We find an example of the result in Figure 2.15. The analysis of this figure makes
it possible to draw the following conclusions:

— it is a priori possible to estimate A for values of L less than 0.015m since the
sensitivity of T to & is negligible over this interval. We will therefore fix its value
arbitrarily to estimate only A from measurements of T for several values of L less
than 0.015 m;

—we can then estimate / by varying L over an interval [0.015 m; 0.05 m] where
the sensitivity of T to 4 is sufficiently high.

Reduced sensitivities (K) Reduced sensitivities ratio

1 1
0 0.01 0.02 003 0.04 005 0.06

Figure 2.15. Reduced sensitivity at A and at
h for a chromel wire with a diameter of 0.254 mm
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2.2.4.3. Conclusion

A preliminary sensitivity study using a complete model will always be carried
out to determine the time intervals over which the sensitivities to the parameters are
sufficiently decorrelated to allow a satisfactory estimate.

IMPORTANT NOTES.—

—We recall that the reduced sensitivity of temperature 7 to a parameter
represents the variation of T (in°C) induced by a relative variation of k; of 100 %.
Therefore, for a parameter to be estimated, the reduced sensitivity of the temperature
T to this parameter must be much greater than the measurement noise.

— If the sensitivity of the temperature to a parameter is negligible with respect to
the sensitivity to the other parameters, then it is necessary to fix the value of this
parameter at an approximate value and above all not to try to estimate it. Indeed, on
the one hand, its sensitivity, although small, can be perfectly correlated with the
sensitivity to another parameter and cause the estimation process to diverge and, on
the other hand, it is shown that the standard deviations of estimations decrease when
the number of parameters to be estimated decreases.

2.2.5. Method for estimating parameters

The problem posed is to estimate the values of p unknown parameters
ko, k1, ..., kp (which can be in our case: A, E, R, mc) by knowing:

— the results of N measurements T, (t;) realized at times t; (or at abscissas x; in
steady state), of one (or even several) temperature 7 depending on these p
parameters;

— the complete (quadrupole) model making it possible to connect the value of T
to those of the parameters ko, k4, ..., kp, in the form T = f(ko, ki, ., kp, t).

Note that in the applications treated here, the standard deviation on the
temperature measurement does not change over time and the measurement errors are
decorrelated: the error on the measurement T, (t;) does not depend on the other

measurements T, (tj).

In the following, we will designate [B] as the matrix of the unknown parameters:
ko

: l and [X] as the sensitivity matrix defined by:
k

[B] =

p



64  Thermal Properties Measurement of Materials

of af
[a (to) - @(to)]
X1=| . : [2.14]
of af
£ (ty) - K, (tn)
The problem posed is twofold:

— find the values of ko, ky, ..., k,, such that the curve T = f(ko, ky, ..., ky, t) best
represents the N experimental points [ti, Toxp(ti) ];

— evaluate the precision with which the values of kg, k;, ..., k;, are estimated.

The first problem is solved by minimizing the most common criterion which is
the sum of squared differences, or the sum of squares of the distances of the

experimental points at the theoretical curve: X(B) = Y, [Torp (¢61) — Trnoa (tis B)]z.

The relationship between T and the various parameters is often complex and
very rarely linear, so the method of estimating linear least squares cannot be applied.
Newton’s or Levenberg—Marquardt’s method, which combines Newton’s and the
gradient methods, is most often used. Newton’s method is an iterative method of
order 2 [TRI 88] whose principle we will describe.

In Newton’s method, matrix [B] of the unknown parameters k; is computed
iteratively by:

ox L 2 ez,
dko> dkpdko | | ako
[Bni1l = [Ba] =] ¢ g : = [Ba] - [Z"]71[2] [2.15]
| GED> 3%z | oz
lakoakp T okt | Er=

where n is the iteration index.

The matrix [Z"] is called the Hessian of the minimization criterion, with:

oz ar

ak; =-2 Z?Izl[Texp(ti) — Thnoa (ti)] %, (t)

.92 9N 0T T 9 %N _ 82T
And: Kok, 2= ok; () ok, (t) = 224 [Terp (&) = Tonoa (t)] P (t)

In practice, we neglect the second term compared to the first (Gauss—Newton
approximation) and we compute the terms of the pseudo-Hessian by using:

0’2 _ 5N 0T (30T
akjakl—Z izlakj(ti) o, () [2.16]
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a%T
dk ok,

where T(t;), %(ti) and
J

Koy kea s iy

(t,) are calculated to the n™ iteration with values
.

This method is stable only if [ X"] is a positive definite matrix and can diverge if
the starting values are too far from the solution, hence special care should be taken
in choosing the starting values ko, ky,, ...,kllJl that may be guided by physical

considerations or by a pre-estimation using a simplified model. Newton’s method
has the advantage of being easily programmable and be pre-programmed in the
“solver” that is integrated in MicrosoftExcel®. Most programming languages offer
pre-programmed minimization functions such as “fminsearch” and “fininbond”
functions in Matlab®.

NOTES.—

—The first derivatives of the temperature (which are usually calculated by
inverse Laplace transformation) are rarely expressible in explicit form and are
therefore often computed numerically by using:

aT (t) = T(KoK1yorK j+ 8,k t) =T (Ko,K1,mK joonkip,£)
akj - & :

— When the reduced sensitivity to a parameter is very low in the presence of
reduced sensitivities to the other parameters, then this parameter must be given a
fixed (even biased) value rather than leaving it free in the estimation process.

2.2.6. Evaluation of the estimation error due to the measurement noise

2.2.6.1. Analytical calculation

In the case where the parameters are linked by a linear relationship, i.e. where

. a .

the functions <#> are independent of parameters kg, ky, ..., k,,, we can evaluate the
]

standard deviation of the error on the estimation of the parameters kg, k4, .., kp due

to measurement noise on Ty, (t) (null mean random measurement error) using the

following formula [BEC 77]:
aOO e aOp
[cov(eg)] = oT?[XtX]™1 = [ P : l [2.17]

Apo a

pp

where 6T? is the square of the standard deviation of the measurement error on T.
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The diagonal terms a;; represent the squares of the standard deviation of the
estimation error on k;, the standard deviation ok; of the estimation error on k; due to
the random measurement noise on 7' is therefore calculated by:

O'kj=1lajj [218]

In the cases where the relationship between temperature and unknown
parameters is not linear, we can assume that the function T(ko, ki, .., kp, t) is linear
in relation to kg, ky,..,k, on intervals of very small amplitudes around the
estimated optimal values. We can thus evaluate the precision with which the
unknown parameters were estimated using the above relationships.

2.2.6.2. Statistical calculation (Monte Carlo simulations)
In cases where the inversion of the matrix [X!X] is problematic, the following

method can be adopted:

From a series of N experimental pairs [tl-, Texp(ti)], we can numerically simulate
q (g> 100) other series of N pairs in one of the following ways:

Texpj (ti) = Texp (ti) + 10T

where:

—1; is a random number following a normal distribution with zero mean and
standard deviation equal to 1. This number can be generated in Matlab with the
instruction: r; = randn(1);

—oT is the standard deviation of the measurements of T. If we know the
uncertainty dT, we shall take oT = d3—T since the number 7; follows a normal law.

We thus simulate measurements with a noise according to a normal centered law
representative of most measurements.

After applying this method, we estimate the parameters ko, kq, ..., k, for each of
the simulated g series. We thus get a matrix of the type:
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We can then form the matrix [eB] = [ki - kl-].] where k; is the result of the
estimation of the i parameter from the series of experimental points and kij is the
result of the estimation of this same parameter from the j” series of simulated points.

We then calculate the matrix [cov(eg)] whose diagonal terms a;; represent the
squares of the standard deviation of the estimation error of k;.

2.2.6.3. Advantage of the calculation

Another technique that can be used to determine whether all parameters can be
estimated is as follows:

— parameters are assigned nominal values of the same order of magnitude as
those to be measured;

— a simulation of the experimental curve is carried out using the model and these
values;

—the simulated curve is noised by adding to each of its points a random
measurement noise of standard deviation of the same order of magnitude as that
observed on the experimental readings;

—this curve is treated as an experimental curve and both the value of the
parameters and the uncertainty on the estimated values due to the measurement
noise are estimated;

—we compare the estimated values to the nominal values that should have been
found and the standard deviations on each value to conclude as to the possibility of
estimating the various parameters.

2.2.7. Other sources of error

We have evaluated the uncertainties on the estimated parameters due to the
measurement noise on the temperature T, (t), the advantage of this evaluation is to
allow an optimal choice of the experimental conditions and of the time interval
chosen for the estimation. To these errors, we must add the uncertainties due to the
errors of measurement of the model’s parameters considered as data (flux, surface,
etc.) and the errors due to the model itself which sometimes gives only an
approximate representation of the reality by neglecting certain physical phenomena.

The main sources of error are:
— the calibration of the measuring device;

— an error on the parameters assumed to be known in the model;
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— an error in the model;
— an error due to the inversion process;

— a numerical calculation error of the model.

2.2.7.1. Calibration of the measuring device

The quantities measured are either temperatures or fluxes. We will present a
concrete case of a measurement carried out to show the important errors to which a
bad calibration can lead to.

Let us therefore consider by way of example a method for measuring the thermal
conductivity by comparison with a reference sample whose thermal conductivity
Ares is known with precision.

This flowmetric measurement method is based on the measurement of the heat
flow assumed to be 1D on the central zone of a sample placed between two
thermostat plates (see Figure 2.16). A flowmeter that consists of thermocouples
placed in series delivers a voltage U that, through a calibration, is connected to the
value of the heat flux flowing through it. The measurement procedure is as follows:

— A first measurement of Uy, Ty and T; is carried out with a reference sample of
thickness e..; and conductivity A,.r: it makes it possible to determine the
coefficient of proportionality & between the heat flux and the voltage:

Z'TE
k== 2L (T, = T)).

Uo eref

— A second measurement of U, Ty and T; is carried out with the sample to be
ekU

measured and the thermal conductivity is deduced by: 4 = p——
0~ 11

Cold plate at T,

Fluxmeter

Hot plate at T,

Figure 2.16. Schematic diagram of a fluxmetric
measurement of thermal conductivity
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We used this device with only one reference sample with the following
properties: e..; =30 mm and A, = 0.03 Wm 1 K™! or a thermal resistance
Ryer = Zref =1m2 KW~!. Measurement of the coefficient k using this sample

ref
under a temperature difference Ty, —T; = 10°C led us to the value k=

540x 1073wV

We then used the device to measure the conductivity of two polyurethane
samples of thickness 30 mm and 10 mm and thermal conductivity (identical for the
two thicknesses) A = 0.0315 W m™! K~ measured by the reference method of the
guarded hot plate. We obtained the following results:

Az0mm = 0.0318 Wm™* K~ and A, gy = 0.0338 Wm™1 K1

The value obtained at 10 mm has a deviation of 7.4% from the reference value,
whereas the value obtained with the 30 mm thickness sample differs by less than 1%
from the reference value.

This is due to the difference in the thermal resistance of the two samples:
R3omm = 0.95m?> KW~ and Rygmm = 0.32m* KW', It is found that R,.r =
R3omm, as a result, the heat flux passing through the 30 mm sample is not that
different from the one passing through the reference sample whereas the one flowing
through the 10 mm sample is three times greater. The measurement deviation is due
to the fact that coefficient k of the fluxmeter used is not strictly constant but depends
on the value of the flux. In order to carry out an accurate measurement with this
device, it would therefore be necessary to have a reference sample of thermal
resistance close to that of the sample to be characterized.

The example described makes it possible to draw the following conclusions:

—a calibration error can lead to errors far greater than those due to the
measurement noise;

— the measuring devices are accurate only if they are used within the measuring
range in which they have been calibrated;

— this last observation is especially true for fluxmeters which have a mostly
nonlinear response.

2.2.7.2. Error on known parameters

An error on the value of one or more parameters considered as known may also
induce an error on the estimation of the unknown parameters. Let us consider by
way of example the case of the flash method schematically represented in
Figure 2.17.
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Figure 2.17. Schematic diagram of the flash method

A flux of high intensity and very short duration (t, =~ 1 ms) is sent on one face of
a sample of thickness e which absorbs a heat flux ¢,. The evolution of the
temperature T (e, £) of the opposite face in relation to time is recorded. Assuming
that the heat transfer is 1D, we show that the Laplace transform 6 (e, p) of this
temperature is expressed as:

_ bo
6(e,p) = C+2Ah+Bh?2

With: 4 = COSh(\/Ee> : B = ——sinh (\/Ee) ; C = Asinh (\/Ee)
a A\/g a a

which can be written as:

0(e,p) =% - o2 :f( 2 ’7‘?2)

\[ge sinh( Ee) + z%cosh( ﬁe) + (\TE)E sinh( Ee)

2
In this method, we estimate three groups where the latter % makes it possible to
2

determine the thermal diffusivity a if we know the thickness e by using: a = 2—2

This equation shows that an error of 1% on the measurement of e leads to a 2% error
on the estimation of a. By way of example, an error of 0.1 mm over a thickness of
3 mm leads to an error of 6.6% on a. If the value of 0.1 mm is excessive for
precisely machinable materials such as metals, it is not unrealistic for materials such

as wood or concrete.
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2.2.7.3. Model error

Methods of measuring thermal properties most often use analytical models based
on one or more simplifying hypotheses.

These assumptions are generally true over limited time and/or space intervals
and realizing an estimate outside of these intervals can lead to estimation errors. A
full study of this aspect is proposed in section 2.2.8.

One of the main sources of errors is due to heat transfer in the heating element
not taken into account in the 2D or 3D methods with the hot strip, hot disc, hot wire
(if the wire is inserted between two sheets).

EXAMPLE.— Hot strip.

Let us consider by way of example the hot strip method in which a “long” heat
transfer (2D heat transfer) of width b is inserted between two samples of thickness e
and width L (e>3b, L>3b). In this method, the time variation of the rise in

temperature in the center of a strip subjected to a flux step is exploited.

Assume that the strip is a thin heating element on which a thermocouple has
been attached (see Figure 2.18).

Ay =20WmK™?

A, =03WmtK!?

Figure 2.18. View of a hot strip

The resistive track has a high thermal conductivity. If the thermal conductivity of
the Kapton around the track is 0.3 Wm™' K1, it has been calculated that the
thermal conductivities of the homogenized strip are A, = 0.3Wm 1K™ and
Ay =2Wm™t K1, We will see later in this book that the model used makes the
hypothesis of the medium at uniform temperature that would be obtained with the
values: infinite 4, and null 4,.
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2D numerical simulations were carried out in COMSOL for these two configurations
as well as for an intermediate configuration for which 1, =1, = 0.3Wm™1 K1
(case where the resistive track would be in the direction perpendicular to that shown
in Figure 2.18). The results are shown in Figure 2.19.

Temperature [K]

s
o

— — - A, mfinite and 1, 7ero
-------- A, =2, =03WmTtK™?
—l,=03Wm 'K 'and L, =2Wm™' K™’

Temperature [K]
o Ll [ w -+ w (=] ~l (=] =)

0 50 100 150 200 250 300 350 400 450 500
Time

Figure 2.19. Simulated curves for different thermal conductivity values of the hot
strip. For a color version of the figure, see www.iste.co.uk/jannot/thermal.zip

The difference between the two extreme curves is important as soon as the
transfer to the center of the strip becomes 2D, which leads to an overestimation of
the thermal diffusivity of the sample to be measured if its conductivity is less than
2 W m~! KL, This gap may in some cases reach 10%.

EXAMPLE.— Hot wire.

The hot wire is actually a hot strip of very small width. Consider a “hot wire”
type device constituted by a resistive track of width 100 pm inserted between two
Kapton sheets of thickness 150 pm and width 100 mm. The wire is then inserted
between two samples with a cross-section 100 x 100 mm?, with a thickness of 2 cm
and a thermal conductivity A= 0.03W m K™, The sample’s thermal
conductivity is inversely proportional to the slope of the curve T(t) = f[In(t)] in its
linear part. A 2D numerical simulation was performed in COMSOL and the curve’s
slope was calculated. The use of this slope leads to an estimate of the sample’s
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thermal conductivity A = 0.0282 Wm™' K1, i.e. an error of 6%. It will be noted
that this error is negligible for materials with a conductivity greater than
0.03Wm™ 1K™

Through these two examples it can be seen that methods based on 2D heat
transfer using a flat probe (hot strip, hot disc) may become less accurate especially
for insulating materials due to transverse heat transfer in the probe not taken into
account.

2.2.7.4. Numerical calculation error of the model

Whatever the method used for solving the heat equation, the simulation of the
solution is affected by a calculation error:

—If one solves using the quadrupole method, the calculation of the inverse
Laplace transform is done by an approximate numerical method.

—If one solves by separation of variables or by integral transform, one must
calculate sums with an infinite number of terms whose truncation also induces an
error.

— If one solves numerically by finite differences or by finite elements, the choice
of a mesh of a size making it possible to keep the calculation time within reasonable
limits again leads to an error.

This source of error rarely taken into account can lead to an additional
uncertainty of the order of 0.5%.

2.2.7.5. Error due to the inversion process

Another possible source of error is the inversion method which consists of
finding an optimum set of parameters making it possible to minimize the sum of the
quadratic deviations between the experimental points and the model curve. This sum
may present local minima to which the minimization process can converge if initial
values that are too far from actual value are assigned to the parameters to be
estimated. This risk will be greater as the signal is noisy and the number of
parameters to be estimated is high (thus less decorrelated). In order to minimize the
risk of error, it is always advantageous to use a simplified method to obtain an initial
value of the parameter(s) to be estimated: for example in the case of the flash
method, use the Parker method or the partial times method [DEG 86] to obtain an
approximate value of the thermal diffusivity which will be used as initial value in an
iterative process based on a more complete quadrupole model.
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2.2.8. Validity domain of a model and estimation time interval

2.2.8.1. Numerical simulation

For reasons of simplicity of modeling and to limit the number of parameters to
be estimated, it is often necessary to issue one or more simplifying hypotheses, for
example:

— 1D heat transfer for flash and hot plate methods;
— semi-infinite medium for hot wire and hot disk;

— negligible probe inertia for some simplified models.

To determine the temporal validity domain of these hypotheses, a solution
consists of carrying out a 3D numerical simulation of the complete system without
making any simplifying hypothesis. A number of software programs (COMSOL @,
FLEXPDE @, etc.) make it possible to perform these simulations in a rather simple
way, but the computation time can be long depending on the complexity of the
system represented.

For a given system and experimental conditions, two simulations are performed:
— one with the simplified analytical model;

— one with 3D numerical simulation.

By analyzing the difference between the two simulations, the temporal validity
domain of the simplified analytical model is determined and the time interval
considered for estimating the parameters in this domain is then reduced.

The disadvantage of this method is that it is necessary to know the properties of
the material to be measured (a priori unknown). This method is also applicable for
steady-state methods.

By way of example, this method is applied to the hot plate device shown in
Figure 2.20. Since the device is symmetrical, only half of the device will be studied
to limit the calculation time. A uniform heat flux ¢y = 150 W m~2 is applied in a
heating element of section 100 x 100 mm®. By reason of symmetry, the lower part of
the probe is considered insulated. The sample placed on the probe is 3 cm thick and
of the same cross-section as the probe.

Its thermal properties are as follows:

A=015Wm 1K tand pc =1.5x10°Jm3 K.
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Its unheated face is maintained at a constant temperature Ty = 20 °C. The
probe’s lateral faces and the sample exchange heat by convection and radiation with
the ambient air at temperature T, = 20 °C.

. Aluminum block at constant TG
To(t) L : Gapiana i Ambient air at T,

| Material to characterize Rc_
Thermocouple T4(t) 1

Material to characterize

Figure 2.20. Schematic diagram of the
experimental hot-plane type device studied

We would like to know until which time we can assume a 1D transfer to the
sample’s center. For this purpose, a 3D simulation is carried out in COMSOL with
an external heat transfer coefficient h = 10 Wm™2K~! and a second one with
h=0Wm™2K™! (to simulate a 1D transfer) to obtain the evolutions of the
temperature rise in the center of the heated face in both cases. The plot of the two
curves on the same figure makes it possible to determine that the transfer remains
1D at the center for 800 s (see Figure 2.21).

107

T(t) - T(t=0)

——. h=0Wm3K™?

a — h=10Wm2K!

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time

Figure 2.21. Simulated temperature rise with COMSOL forh = 0 W m~2 K1
and h = 10 W m~2 K~1. For a color version of the figure, see
www.iste.co.uk/jannot/thermal.zip
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We would also like to know how long the hypothesis of the semi-infinite

medium for the sample is valid. For this purpose, two simulations are carried out in
COMSOL:

— a first one with a thickness of 3 cm;
— a second one with a thickness of 4 cm.
The plotting of the curves of the rise in temperature at the center of the heated

face obtained by the two simulations makes it possible to determine that the semi-
infinite medium hypothesis is valid for 400 s (see Figure 2.22).

=0)

T(t) - T(t

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time

Figure 2.22. Simulated temperature rise with COMSOL fore = 3 cm and e = 4 cm.
For a color version of the figure, see www.iste.co.uk/jannot/thermal.zip

NOTE.—

A 3D simulation often requires a long calculation time. In the case of a square
cross-sectional geometry L, it is possible to reduce the computing times by
assimilating the parallelepipeds of square cross-section L to cylinders of radius R

. L
and of the same cross-section: R = =
s

The simulated curves of the temperature at the center of the heating element
corresponding to the system described above, obtained respectively for a
parallelepipedal geometry with a section 100 x 100 mm?® and for a cylindrical radius
geometry R = 56.42 mm are shown in Figure 2.23. It is found that the two curves
are superimposed with very small differences.
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Figure 2.23. COMSOL 3D simulations and equivalent 2D simulations.
For a color version of the figure, see www.iste.co.uk/jannot/thermal.zip

In addition to saving time, a 2D simulation can be performed with software that
is more common and cheaper than that used to perform 3D simulations.

2.2.8.2. Residues analysis

Estimation residual analysis is a powerful tool for determining the temporal
validity domain of the model without requiring prior knowledge of its properties.
The principle consists of performing an estimation of the parameters from an
experimental temperature reading over a chosen time interval. The temperature is
then calculated using the model and the estimated values of the parameters. Finally,
the estimation residues (i.e. the difference between the measured values and the
estimated values of the temperature) are calculated and represented. The model is
valid on the zone where the residues are flat, i.e. centered on the value zero. If the
residues are not flat over the entire initial estimation interval, the amplitude will be
reduced until the residuals become flat over this interval.

APPLICATION EXAMPLE.—

A hot plate type experiment was carried out using the device shown in
Figure 2.20. It will be shown later that, after a certain time, the rise in temperature
evolves linearly as a function of the entire time that the hypothesis of the semi-
infinite medium remains valid. The measurement of the slope of this linear part
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makes it possible to estimate the sample’s thermal effusivity. An experimental
analysis of the temperature rise is shown in Figure 2.24.

0 5 10 15 20 25
/2 (s1/2)

Figure 2.24. Experimental reading of a curve
AT = f(Vt) during a hot plate experiment

We start by performing a linear regression over an interval of [0.20 s"?] for
example, we then find equation: ATy,,q = 0.3836+/t — 0.1173. The residues are
then calculated by: R(t) = AT,,,, — 0.3836/t + 0.1173 and shown in Figure 2.25.
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Figure 2.25. Residuals obtained after estimation over the interval [0,20 s" 2]

The residues are not flat so we have to modify the time interval chosen for the
estimation. We find that there is a linear zone between 5 and 15 s'” that we will
choose for a second estimate. We then obtain: AT,,,q = 0.3719+/t — 0.0042. The
residues are shown in Figure 2.26.

The residues are flat over the estimation interval therefore the choice was good
and the residues indicate that the semi-infinite medium hypothesis is no longer valid
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beyond t = 225 s. The value @ = 0.3719 of the slope can be used to estimate the
thermal effusivity E.
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Figure 2.26. Residues obtained after estimation over the interval [5,.15 s 2]

IMPORTANT NOTE.—

The analysis of a thermogram may reveal a signal disturbance over a short period
of time due to an imperfection of the experimental device. In this case, it is
advantageous to remove this time interval from the estimation interval. By way of
illustration, Figure 2.27 shows a temperature record during a flash method. There is
an abrupt and immediate rise in the temperature of the unheated face as the
temperature should begin to increase after a much longer time. This is due to a
“leakage” fault in the experimental device which allowed a small fraction of the
flash to arrive directly on this face. It can be seen that the signal resumes its initial
value after this short disturbance. The lower limit of the estimation interval in this
case is equal to 0.01s.
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Figure 2.27. Demonstration of an experimental device error on a flash experiment



80 Thermal Properties Measurement of Materials

2.2.9. Choice of the temperature’s origin

When the signal is highly noisy, the estimation of the initial temperature (always
assumed to be uniform in the sample) may be difficult even with pre-acquisition. It
is preferable in this case to estimate it in two steps:

1) Estimate a value by reading the thermogram and subtracting it from all values
to obtain a first approximation (up to a constant) of the temperature rise from its
initial value. Carry out the estimation of the parameters from the thermogram thus
constructed.

2) Use the estimated values as starting values of a new estimate in which a new
temperature shift parameter will be added: it is enough in the calculation function to
add to the expression of T a constant T, that will be considered as a new parameter
to be estimated.

The results of the two successive estimation processes on a very noisy signal
obtained during an estimation of the thermal diffusivity by the flash method are
given in Figure 2.28.
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Figure 2.28. Experimental curves, simulated and residues (x10 and

offset by 0.05°C) without, then with initial temperature estimation.
For a color version of the figure, see www.iste.co.uk/jannot/thermal.zip

2.2.10. Conclusion

The diagram of the recommended approach for estimating thermal (or other)
parameters from an experiment is shown in Figure 2.29.
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Figure 2.29. Schematic diagram of the approach used for
the implementation of a characterization method (thermal)
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Steady-state Methods

3.1. Introduction
Steady-state methods can by definition measure only thermal conductivity.

They all rely on the same principle: measure the heat flow rate ¢ in a heat
resistance flux tube R delimited by two isothermal surfaces at temperatures T, and

T;. We deduce the value of R with: R = %. Thermal conductivity 4 is deduced if
the relationship R(A) is established.

They have the disadvantage of relying only on one measurement reading;
however, the measurement can be repeated a great number of times. In this case, the
uncertainty due to the measurement noise is divided by VN.

They are not suitable for materials with high thermal conductivity. We consider
the simple case represented in Figure 3.1.

Isothermal block at T}

Contact resistance R., —p

Contact resistance R, —

Heating element

Figure 3.1. Schematic diagram of a device for
measuring the thermal conductivity in steady state

Thermal Properties Measurement of Materials, First Edition.
Yves Jannot and Alain Degiovanni.
© ISTE Ltd 2018. Published by ISTE Ltd and John Wiley & Sons, Inc.
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A uniform and constant heat flow rate ¢ is provided on one face of a sample
with a thickness e by means of a planar heating element whereas the other face is in
contact with an isothermal surface maintained at a constant temperature Ty. It is
assumed that the heat transfer is 1D and the temperature T; of the heating element is
measured when the steady state is reached.

The thermal resistance between the two temperature measurement points is
deduced from:

_T1-To
)

R [3.1]

This resistance is the sum of three resistances placed in series:

— the thermal resistance R, = % of the sample;

— the contact resistance R, between the heating element and the sample;

— the contact resistance R, between the sample and the surface maintained at Ty,.

A contact resistance can reach a value of 2 x 10™* m? KW™!, therefore the
thermal resistance of the sample must be at least 4 x 1072 m? K W~ in order for us
to be able to neglect the contact resistances.

We can deduce from the above: % > 0.04 m? KW=2.

For a material of thermal conductivity A = 10 W m™! K1, a sample of thickness
equal to at least 40 cm would be required so that its thermal resistance is 100 times
greater than the contact resistance, which is not realistic.

It will therefore be remembered that the steady-state methods only make it
possible to measure a thermal resistance and that the value of the thermal
conductivity can only be deduced therefrom if it is less than 1 W m™1 K~1,

3.2. Guarded hot plate
3.2.1. Principle

Guarded hot plate is a reference method for measuring the thermal conductivity
of materials with low thermal conductivity, developed and used for many years
[GIL 51, WOO 57]. It has been the subject of standards such as: ISO 8302, ASTM
C177, DIN EN 12939 and DIN EN 12667, and numerous publications aimed mostly
at proposing construction variants or estimating measurement uncertainties
[REN 83, HAM 02]. Its schematic diagram is given in Figure 3.2.
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1 “Cold" metallic plate

Sample AT

Thermostated

Sample ATy

: “Cold" metallic plate

Figure 3.2. Schematic diagram of the guarded hot plate method

The outer plates of highly conductive material (copper, aluminum) are
maintained at a constant temperature by circulating a fluid coming from a
thermostated bath. A heating plate delivers uniform and constant heating power @,
which is transmitted to the outer plates through the samples for which the thermal
conductivity is to be measured. The 1D transfer is ensured in the central measuring
zone by surrounding the heated zone with a guard ring to which a heating power @,
is supplied such that the temperature of the ring is equal to the temperature of the
heating plate. It is thus also ensured that all the heating power @, passes through the
sample. The heat flux ¢, is greater than the heat flux ¢, to compensate for lateral
convective losses. The guard ring and the heating plate are separated by a thin layer
of air.

Thermocouples are placed on both sides of the samples to measure temperature
and temperature differences AT, and AT;.
3.2.2. Hypotheses and model

The following hypotheses are made:
— the heat transfer is 1D in the central zone;

—thermal contact resistances are negligible in comparison with the thermal
resistance of the sample.

The thermal conductivity can then be calculated by:

= % [3.2]

T 2 S(AT +ATY)

where S is the surface area of the hot plate.
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This method is applicable only to insulators (A < 1 Wm™! K™1) for which the
contact resistance can be neglected in relation to the material’s resistance [DEP 02].
They also make it possible to obtain relatively large temperature differences between
the two faces, which can therefore be measured with good accuracy. The result may
be biased by lateral losses if the surface of the sample is insufficient relative to the
thickness.

3.2.3. Experimental design

There are commercial devices operating on this principle, but their cost is
relatively high. Their temperature is usually limited to 200°C [REM 85]. The
standard section of the samples required is 500 X 500 mm?, the minimum according
to our knowledge being 300 x 300 mm® This comparatively complex reference
system is a priori reserved for laboratories certifying insulating materials. This
method is difficult to apply at high temperatures even if there are some devices
withstanding up to 800°C.

3.2.4. Practice of the measurement

Conductive grease may be used to reduce contact resistances between samples
and plates provided that it does not penetrate the material. This reference method is
announced as having accuracy in the order of 2% at moderate temperatures, the
predicted accuracy is worse at high temperature (in the order of 10% at 500°C).

3.3. Center hot plate
3.3.1. Principle

Center hot plate is a method adapted to the measurement of the thermal
conductivity of reduced size samples whereas the guarded hot plate method requires
samples with a cross-section equal to at least 300 x 300 mm?. The ideal cross-
section of the samples is in the order of 100 x 100 mm? but one can go down to
45 x 45 mm?. The thicknesses can go up to 4 cm for the first and up to 2 cm for the
second.
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Figure 3.3. Diagram of the installation of the hot plate method with two samples

The experimental device shown diagrammatically in Figure 3.3 comprises of:

—a flat heating element of small thickness on which is fixed a type K
thermocouple with fine wires inserted between two samples of identical dimensions
of the material to be characterized;

— two isothermal aluminum blocks with identical sections to the samples. These
hollow blocks are crossed by a fluid coming from a thermostated bath;

— a clamping device to control the pressure and thickness of the material inserted
between the aluminum blocks.

The heating element is subjected to a flux step and the temperatures at the center
of the heating element and temperatures Ty, and Ty, of the aluminum blocks are
recorded until they no longer vary.

3.3.2. Hypotheses and model

It is assumed that the heat transfer is 1D (unidirectional) at the center of the
sample where the temperature is measured. The heat flow rate ¢, produced
uniformly by the Joule effect in the heating element is transmitted by conduction
through the two samples of thermal conductivity 4 and of respective thicknesses e;
and e,, therefore:

®o = AS (T1—T01 + Tl_TOZ) [3.3]

€1 ez
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It is possible to deduce therefrom the value of the thermal conductivity A of the
sample by:

Rgil? 1
A== ar e [34]

€1 €2

where: R, is the electrical resistance of the heating element;
I is the intensity;
AT; =T, — Ty;.
The hypothesis of 1D transfer at the center is justified if the thickness/width ratio

is small. Figure 3.4, where b is the half-width of the samples, shows [JAN 10]:

— the maximum thickness e, , not to be exceeded in order to satisfy the 1D
transfer hypothesis at the center;

— the thickness e,,;;, which it is necessary not to go below so that the contact
resistances remain negligible with respect to the thermal resistance of the samples.

354
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Figure 3.4. Sample thickness limit values for the center hot
plate if T, = T, (external temperature) and h = 10 W m™2K~1

It has been shown [JAN 17] that larger thicknesses can be measured provided
that a unique optimum value R, is observed for the ratio: R = %
1—40



Steady-state Methods 89

The idea is to choose a value T, between T, and T; so that the convective
exchanges on the lateral faces of the samples are positive over a part of their height
and negative on the other. It is thus possible to “straighten” the flux lines in the
center as shown in Figure 3.5.

Ty, =20°C Ty = 20°C
Vo I TTT7T
Yol | | /

-
T, =30°C

Figure 3.5. Flux lines for two values of T,

The single value R, is determined experimentally by using two sets of samples
of different thicknesses of the same material of known thermal conductivity A,.

3.3.3. Experimental set-up

Figure 3.6 shows a picture of the experimental device performed at LEMTA, the
Laboratory of Energetics, Theoretical and Applied Mechanics. The heating element
consists of a resistive track inserted between two Kapton sheets. The thermocouples
used are insulated type K thermocouples with an outer diameter of 0.1 mm. To
reduce the excessive thickness owing to the thermocouple, the latter is flattened to
give it an oblong shape. The thermocouple is attached to the center of the heating
element by an aluminum adhesive with a thickness of 0.03 mm and a cross-section
of 5x 5 mm’.

Aluminum blocks are covered by a thermostatically controlled fluid and are thick
enough (at least 1 cm) so that the temperature is uniform: the same value at all
points. Their temperature is measured on a lateral surface in the following manner: a
piece of double-sided adhesive of 1 cm X 2 cm is applied to a lateral surface, the
thermocouple is welded to the center and then it is covered by a piece of polystyrene
of the same cross-section and of thickness 5 to 10 mm. The purpose of the adhesive
is to insulate the thermocouple electrically from the aluminum block which is not
insulated because it is traversed by a fluid. Temperature measurement biases have
sometimes been found if this precaution is not taken. The purpose of the insulation
piece is to make the heat transfer between the thermocouple and the ambient air
negligible.
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A mechanical device has been designed to allow the vertical displacement of an
aluminum plate while remaining always perfectly parallel to the fixed plate. A
vernier caliper has been attached to the device to allow measurement of the
thickness of the samples in the measurement situation.

Aluminum block
Sample
Heating element
Sample

Aluminum block

Figure 3.6. View of the device

3.3.4. Practice of the measurement

This measurement method is not absolute: it is necessary to have at least one
reference sample to carry out a calibration. Indeed, the thermal conductivity is given
by the following equation:

_ Rel 42 1
A= Te 1 ATq AT,
o e

[3.5]

Thus, you have to determine the ratio %. A measurement of R,; by an ohmmeter

and the determination of S by measurement of the sides already make it possible to
have an approximate value. However, it is preferable to estimate this by performing
a measurement with a reference sample of thermal conductivity A,..r of thickness



Steady-state Methods 91

between the values e,,;,, and e,,4, defined in Figure 3.4. From this we deduce the
value of %:

Ret _ Hrep (ATy | ATy
s T (e1 + ez) [3.6]
Figure 3.7 shows the calculated values of % for different values of R from

measurements made on samples of extruded polystyrene with a thickness of 9 mm
and thermal conductivity A = 0.0309 Wm™ K1,

4325
4320 L
»
4315
- » > >
S~
= 4310
o
4305
4300
4295
0.00 020 040 060 0.8 1.00 1.20
R
. . . T,—-T,
Figure 3.7. Value of the estimated ratio for several values of R = ﬁ ;
1~ 1o

measurements carried out on polystyrene of thermal
conductivity 2 = 0.0309 W m~1 K1

The relative standard deviation on the values of % is very small (0.17%), so the

. R
average value can be retained as Tel =43130m™2.

To measure the thermal conductivity of samples of thicknesses greater than
€max, Rope needs to be determined. The experimental procedure is as follows:

— the device is placed, with two samples of identical thicknesses of a material of
known thermal conductivity, in an enclosure regulated at the temperature T, = Tj;

—the temperature of the thermostatically controlled bath is adjusted so as to
obtain the desired value Tj;

— the heating power is adjusted so as to obtain T; = Ty + 10°C;

— the values of AT; and AT, at equilibrium are noted;
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— the setpoint of T, is increased by 2°C and the procedure is repeated until the
value T, = T, is reached.

The experimental data are used to calculate 4 for each value of T, with equation
[3.5].

The values thus obtained are then represented in a system of axes (4, R) and we
deduce the value of R,,,; which is the one for which A = 4.

An example of experimental results obtained with extruded polystyrene with
thermal conductivity A = 0.0309 W m~! K~ is shown in Figure 3.8.

Figure 3.8 indicates that the optimum value is Ry, = 0.2 that is T, — T, =
0.2 (T; — Ty). To measure the thermal conductivity of a sample at 20°C, it is
necessary to set Tp = 15°C and T, = 23°C, then to adjust the heating power to
obtain T; = 25°C.

0.040

0.038 -

0.036 /

-

0.034

0.032 =00309Wm 1K

0.030

0.028

Figure 3.8. Values of 1,4 as a function of R

NOTES.—

— Values of T, are varied rather than T, or T; to erase values of R between 0 and
1 so that the mean temperature of the sample and therefore its thermal conductivity
is identical for all the measurements.

— An asymmetrical arrangement can be realized by placing a reference sample on
one side of the heating element and the sample to be measured on the other side.
This is of particular interest for non-deformable samples such as PVC, for example.
The set-up shown in Figure 3.9 will be carried out in which the face of the heating
element on which the thermocouple is attached will be in contact with a deformable
reference material (e.g. extruded polystyrene), thus avoiding the creation of a strong
contact resistance.
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Non-deformable Non-deformable material
to characterize

*

Non-deformable material
to characterize

Asymmetrical setup Symmetrical setup

Figure 3.9. Asymmetrical and symmetrical arrangement schematic
diagrams in the case of a non-deformable material to be characterized

The thermal conductivity 4, of the sample with a thickness e, is then calculated
by:

— €2 (Ral? _ M1
ho = 3% (P4 -2t [3.7]

This measurement method (symmetric or asymmetric) was used to measure
thermal conductivities between 0.022 Wm™'K™! and 0.2 Wm™'K™! for samples

with a cross-section of 100 x 100 mm?” and thicknesses varying between 1 and 3 cm
with accuracy better than 3% [JAN 17].

3.4. Hot strip
3.4.1. Principle

This is a suitable method for measuring the thermal conductivity of insulating
anisotropic samples. This method, which is used in conjunction with the center hot
plate method, is used to measure the thermal conductivities A, and A, (see axis
definitions in Figure 3.10). The ideal section of the samples is of the order of

100x100 mm? but one can go down to 45x45 mm?. The thicknesses can go up to
4 c¢m for the first and up to 2 cm for the second.

The experimental set-up shown in Figure 3.10 is identical to that of the hot plate,
except that the heating element here is of a width 2b much smaller than the width 2L
of the samples. It includes:

—a flat thin plane heating element to which is attached a K type thermocouple
with fine wires, inserted between two samples of identical dimensions of the
material to be characterized;
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—two insulated aluminum blocks with identical sections to the samples. These
hollow blocks are traversed by a thermal fluid coming from a thermostated bath;

—a clamping device for monitoring the clamping pressure and the thickness of
the device is inserted between the aluminum blocks.

¥

Aluminum block at Ty,

Ambient air at T,

Material to characterize

Thermocouple T (t) — R
Material to characterize

Plane heat resistance,
width 2b

Aluminum block at Ty,

Figure 3.10. Schematic diagram of the set-up
of the hot strip method with two samples

The heating element is subjected to a flux step and the temperatures T; in the
center of the heating element and Ty, and Ty, of the aluminum blocks are recorded
until they no longer vary.

3.4.2. Hypotheses and model

It is assumed that the heat transfer is 2D at the center of the sample and that the
contact resistances are negligible in comparison with the sample’s thermal
resistance.

The 2D model is therefore based on the following hypotheses:

— the hot strip is long enough so that the heat transfer at its ends does not affect
the temperature at the center (independent of the test shown in Figure 3.10);

— the sample is large enough so that the convective transfers on the side faces do
not influence the temperature at the center of the hot strip.

Using these hypotheses, for the configuration shown in Figure 3.11, it has been
shown that the temperature at the center of the hot strip is written as [JAN 11]:

_ b ¢o
T, =T, + Tk K(u) [3.8]
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. Ayx €
with:u = |Z=
Az b

Rol?

where: ¢ = 2

N

K@) = % [ sin(w) tanh(uw) dw

0 w?2

Isothermal
block at T

Figure 3.11. Representation of the modeled configuration (cross-section)

Z

The function K can be represented with a precision better than 0.15% foru €

[0.5; 5] by the following polynomial:

K@) = ag + a;u + a,u? + azu® + a,u* + asu® + agu®

[3.9]

The values of the coefficients a; determined for u € [0.5;5] are given in

Table 3.1.

After having measured A4, by the center hot plate method, for example, the value
of A, can easily be deduced with a hot strip type measurement by numerical
resolution of equation [3.8] with a single unknown parameter A,, in which we

replace K (u) by the polynomial given by equation [3.9].

Qe as Ay as az a; 4

—2.7042 x 10™* | 0.0055375 | —0.0475164 | 0.22443 | —0.655252 | 1.3614 | —0.06099

Table 3.1. Values of the polynomial’s coefficients



96 Thermal Properties Measurement of Materials

It has been shown that the accuracy is better the smaller the ratio of the width of
the hot strip to the thickness of the sample [JAN 11].

In the case of an isotropic material, the thermal conductivity A =1, =1, = 4,
is calculated by:

__Re el?
A= g F) [3.10]
. K@) e
with: F(v) = — and: v = >

The function F (v) is shown in Figure 3.12.

1.2
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e \

0.4 T
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0
0 2 4 6 8 10
v

Figure 3.12. Function F (v) = @

We will define the limits of validity of these assumptions by considering that the
measurement is carried out on an isotropic sample of square section having as side
the length of the hot strip with a convective exchange coefficient h = 10 W m~2K™?

and assuming the blocks to be perfectly isothermal. The width of the hot strip will be
fixed to 2b = 6 mm, then to 2b = 12 mm.

For different values of A, we calculate the values of the sample thicknesses not to
be exceeded in order for the estimation error to be kept below 1%. For all these
scenarios, a complete 3D simulation is performed to calculate the value T, which is
then used to estimate A from equation [3.8]. The relative deviations between the
nominal and estimated values are then calculated. The results obtained for a square
sample of 40 mm length are given by way of example in Figure 3.13.
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Figure 3.13. Sample thickness emax corresponding to an estimation
error of 1% on A for a square sample of 40 mm on each side. For a
color version of the figure, see www.iste.co.uk/jannot/thermal.zip

It can be seen that for a hot strip of width 6 mm and length 40 mm, the simplified
model is valid for thicknesses up to 9 mm for superinsulators and for more than 15
mm for materials of thermal conductivity in the order of 0.25Wm™ K1, It is
therefore not necessary to have samples of very large cross-sections to measure the
conductivity of materials whose thickness is less than 10 mm.

NOTE.—

The principle of measurement is to use two experiments with different % ratios,

an error calculation shows that the best configuration is to choose the two extreme
cases % — 0 (i.e. the center hot plate) and % — oo (i.e. close to the hot wire). In the

case % — 0, we directly measure A,, and in the case % — oo, we directly measure the
geometric mean of A, and 4, that is A,, = /A, 4,.

Assuming that the relative errors in the two experiments are identical (the same

. . Am? .
experimental set-up), we obtain A, = ;" that is:
Z
My oAy | DA My o AN
Fia A +_/12 and consequently: ikl

The relative error on A, is therefore at least three times greater than that on 4,. In
practice, we are closer to six times than three times, so we cannot expect to get a
relative error on 4, better than 10%.
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3.4.3. Experimental set-up

The experimental set-up is identical in all respects to that described in
section 3.3.3 with a thermal resistance of small width 2b with respect to the width
2L of the samples.

3.4.4. Practice of the measurement

This measurement method is not absolute: it is necessary to have at least one
reference sample to realize a calibration. Indeed, the thermal conductivity is

proportional to the ratio % to be determined beforehand. A measurement of R,; by

an ohmmeter and the determination of S by measurement of the sides already make
it possible to have an approximate value. However, it is preferable to estimate it by
carrying out a measurement with an isotropic reference sample of thermal
conductivity A, of thickness situated with the range of values e, and ey

defined in Figure 3.13. From this we deduce the value of %:

Rey — Aref(Ts_To) [3 11]

N el?F(v)
A study was carried out using two heating elements:

— A heating resistive element (1) with a thickness of 0.25 mm, a length of 44.0
mm and a width of 6.5 mm.

— A heating resistive element (2) of thickness 0.25 mm, length 44.0 mm and
width 44.0 mm.

. R .
The ratio values Tel were determined for the two elements by measurement on

samples of opacified EPS foam of square cross-section of 44 mm on each side,
thickness e = 5 mm and thermal conductivity 2 = 0.0309 Wm~* K~ at 10°C.

Three measurements, shown in Figure 3.14, were then carried out on samples of
Ayous, light tropical wood, of dimensions 8 x 44 x 44 mm’.

The measurement results are shown in Table 3.2. The calculated values of the
thermal conductivities are presented in Table 3.3, which also includes the values
deduced from the measurement of thermal effusivity by the transient hot plate
method and the thermal diffusivity by the flash method. The results are in very good
agreement and show a strong anisotropy of this material.
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Figure 3.14. Diagram of realized measurements

Measurement 1 | Measurement 2 ‘ Measurement 3
Sample dimensions 8 X 44 x 44 mm’
Strip dimensions 6.5 x 44 mm® 44 x 44 mm® 6.5 x 44 mm®
Experiment N ¢ To1 0] To ¢ Tos
1 188.9 7.63 97.03 7.65 251.2 9.11
2 242.7 9.83 144.9 11.33 294.8 10.77
3 303.2 12.34 202.4 15.6 341.9 12.52

Table 3.2. Experimental results of ¢ (W m~2) and Ty; (°C)

Hot strip Hot plate + Flash
Az Ax Ay Az Ax Ay
0.104 0.094 0.184 | 0.103 0.103 0.190

Table 3.3. Estimated values of thermal

conductivities (W m' K 1) in the three directions

3.5. Hot tube

3.5.1. Principle

Knowledge of the thermal properties and in particular of the thermal
conductivity of bulk products as a function of their moisture is of great interest in
several fields, among which are:

— thermal insulation with the current development of natural insulators such as
cork, vermiculite or hemp. These insulators are hydrophilic and it is essential to
know the evolution of their thermal conductivity as a function of the humidity to

predict their in situ performance;
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—the food industry: energy consumption during operations such as drying,
pasteurization, roasting, etc. depends strongly on the thermal properties of the
product.

Measurement of the thermal properties of wet materials is a poorly understood
field. Measurement methods are based on the measurement of temperature rise
resulting from product heating and assume that the vapor transfer induced by heating
does not influence the temperature of the product. This hypothesis may lead to
erroneous results, in particular for unsteady-state methods. The main method used to
measure the thermal conductivity of powders or clusters is the hot wire method,
which is a transient method. Moreover, this method is unsuitable for products with a
high granulometry due to the small number of contact points between the heating
surface (small diameter wire) and the product. The method of the guarded hot plate
is a method of measurement for the steady state but poorly adapted to the powders
or wet clusters around which a perfect seal must be ensured.

The “Hot Tube” method shown in Figure 3.15 is an absolute steady-state method
in which the wire is replaced by a tube. This tube is inserted into another tube of
larger diameter maintained at constant temperature. Two discs ensure the centering
of the inner tube with respect to the outer tube. The annular space between the two
tubes is filled by the product to be characterized. The sealing at both ends which
must be perfect for precise measurement is achieved by a plastic film. An electrical
potential difference is applied between the two ends of the inner tube traversed by a
current of intensity / and in which a release of heat by the Joule effect occurs.
Knowledge of the produced heat flow rate ¢ and of the temperatures T; and T, of
the two tubes, measured at mid-height, makes it possible to estimate the material’s
thermal conductivity.

————=p— Disc: centering + sealing

-

“Hot” tube | Contanttemperature tube

L

Temperature T}

- ) —*
Uniform heat flow rate ¢ _# Temperature T

Bulk product

cepdeb b

Figure 3.15. Schematic diagram of the hot tube set-up
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3.5.2. Hypotheses and model

Modeling is based on the following assumptions:

— the axial temperature gradients are negligible at mid-height of the device (1D
radial heat transfer);

— the device is watertight: no transfer of steam to the outside;
— the heat flow rate is uniform on the hot tube;

— the water vapor pressure is uniform in the medium and there is therefore no
mass transfer.

Under these conditions, we have the following equation in steady state:
_ 2mALAT
B in(32)

The value of the thermal conductivity A is deduced therefrom by:

_ [ ln(g—i)

2mLAT

[3.12]

[3.13]

where:

@ is the heat flow rate produced by the Joule effect in the inner tube;

R is the inner diameter of outer tube;

R; is the outer diameter of inner tube;

L is the length of the inner tube traversed by current I;

AT is the temperature difference between the two tubes in steady state.

The heat flow rate is calculated by:

© =Ry I? [3.14]

where:

I is the intensity (A);

R, is the electrical resistance of the tube.
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The latter can be calculated by:

R —_ Pl [3.15]

el ™ 1 (Ry2-Ro?)
where:
Pe 1s the electrical resistivity of the inner tube;
R, is the inner tube radius;

R; is the outer radius of the inner tube.

3.5.3. Experimental set-up

The patented “Hot Tube” device [JAN 13] is shown in Figure 3.16. It consists of
two coaxial tubes:

— an inner tube made of stainless steel with inner radius R, = 4 mm, outer radius
R; = 4.5 mm and height L = 380 mm.

—an outer brass tube with an inner radius R, = 39 mm, an outer radius R; =
40 mm and a height L = 426 mm.

The outer diameter of the inner tube was chosen to be large enough (9 mm) so
that the number of contact points between the grains and the tube is important even
for grains with large diameters.

For the set-up at ambient temperature, the outer surface of the outer tube is in
direct contact with the air. It exchanges heat with the surrounding environment by
both convection and radiation.

For a set-up allowing measurement at different temperatures, the outer tube is in
contact with a fluid circulation (see Figure 3.16).

Two K type thermocouples are placed at mid-height respectively on the inner
tube to measure T; and on the outer tube to measure T,. On the outer brass tube,
thermocouple wires with a diameter of 0.1 mm are bonded to the outer surface a few
millimeters apart to provide a set-up with separate contacts.

Since the internal tube is traversed by a high intensity current (up to 8 A), the
temperature measurement is distorted by the passage of this current if the
thermocouple is in electrical contact with the tube, the bias can be greater than 2°C
and completely distort the measurement of thermal conductivity. The surface of the
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heating tube is thus entirely covered with a very thin film of insulating varnish
deposited by spraying before fixing the thermocouple (whose hot weld is previously
produced by spot welding) using a piece of aluminum foil adhesive of thickness 0.05
mm to promote transfer between the thermocouple and the tube.

The centering of the inner tube is ensured by two hollow discs of expanded PVC
with a thickness of 8 mm, an internal diameter of 9 mm and an outer diameter of 78
mm. These two discs placed respectively at the bottom and at the top of the tubes
make it possible to maintain the product to be measured in the annular space
between the tubes and to isolate it from the external environment.

Two discs made of machinable polyurethane with low thermal conductivity
ensure the sealing with respect to the external environment. This sealing can be
enhanced by placing a waterproof stretchable film on the outer surface of the discs.
An adjusted hole is made in the center of these discs to allow the welded wire to
pass from one side to the brass ring and the other to the removable banana plug.

Passage of current by a plug — Thermostated fluid

Brass ring

|

|
‘ i

Stainless steel tube 1 Brass tube

|

|

Thermocouple Ty #‘

Thermocouple T,

|
Bulk product —

Brass ring

=3__y Return of fluid to
thermostated bath

Passage of current by wire —ff'*
welded on the ring

Figure 3.16. Schematic diagram of the hot tube
device (Patent Jannot and Degiovanni, 2013)

The electrical resistivity p, (. cm™1) of 304L stainless steel between 0°C and
77°C is given by:

=713+ 1.261x1073T +7.76 x 107* T? 3.16
Pe
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where T is the heating tube temperature (°C).

The measured value of the resistance of a stainless steel tube of the same
diameter as that used in our device by a four-wire set-up led us to the value:
R = 0.0545Q for L =1005mm at 26°C. This corresponds to a value of the
electrical resistivity p, = 72.4 pQ.cm™! which differs by less than 1% from the
calculated value (p, = 71.9 uQ. cm™?1) from equation [3.16].

We have therefore retained equation [3.16] for the calculation of the tube’s
electrical resistance.

The thermal conductivity is therefore finally calculated by:

Pe ln(ﬁ—i) 12
A=y Tion® o [3.17]
Considering the dimensions of the device:
2
A =10.0002574 (71.3 + 1.261 x 1073T; + 7.76 x 10~* T, *) L—T [3.18]

The validity of the hypothesis “1D transfer at mid-height of the tube” was
verified by performing 3D simulations of the device using the COMSOL software.
Simulated temperature T; and T, values at mid-height were used to estimate the
thermal conductivity A using formula [3.17]. This value was then compared with the
nominal value introduced in the simulation. The dimensions of our device have been
fixed in such a way that the difference between the two values is less than 1%.

3.5.4. Practice of the measurement

3.5.4.1. Measurement on solids

The experimental procedure is as follows: the annular space between the two
tubes is filled with the product to be characterized, it is not necessary to wait for the
temperatures T; and T, to reach an identical stable value. A current of intensity I is
then passed through the inner tube made of stainless steel. Temperatures T; and T,
are recorded from the start of heating until their difference reaches a constant value.

The thermal conductivity is deducted from this value AT.
A comparative experimental study was carried out with the conventional device

of the hot wire on products for which the latter method is suitable, namely dry
products with a grain size smaller than one millimeter. Measurements have also
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been made with the device of the cylindrical tri-layer. The following products were
measured:

— polystyrene beads;
— glass beads;
— dry cork in the form of pellets.

The experimental results obtained by the three methods are given in Table 3.4.

Material Hot tube Hot wire | Tri-layer delz//lizz.on
°C | °C [°C| A [Wm'K'|Wm'K'|Wm'K" %
T, | T, |AT| I A A A

Polystyrene beads | 34.7 | 26.6 [8.1[4.03| 0.0373 0.0378 0.0364 3.8

Dry cork 34.7 |26.8 |7.9(4.03| 0.0382 0.0391 0.0384 24

Glass beads 31.0 | 26.4 |4.8[{6.95| 0.187 0.185 0.188%* 1.1

* The value deduced from a measurement of the diffusivity a by the cylindrical tri-layer method and a
measurement of the calorific volume capacity pc by differential calorimetry.

Table 3.4. Measured values of thermal conductivity with the
Hot Tube, Hot Wire and Cylindrical Tri-layer methods

The deviations between the values measured by the hot tube and the other
devices are less than 5%, which can be considered satisfactory. Indeed, it is difficult
to reproduce identically a cluster of beads or grains. The thermal conductivity which
depends, to a large extent, on the contacts between the solid elements can thus vary
from one filling to another. The discrepancies between the different measured values
of the thermal conductivity can therefore be attributed in part to this variability,
which makes the value of 5% all the more acceptable.

SPECIAL CASE OF WET MATERIALS.—

The hot tube device is ideally suited for measuring the thermal conductivity of
clustered moist materials provided that the following considerations are taken into
account:

— if we want to measure the thermal conductivity of a cluster with precise water
content, it is necessary to prevent any transfer of water vapor between the material
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and the outside. All that is required is to seal the top and bottom of the tube after
having introduced the product to be characterized. This can be achieved simply with
stretch film, for example.

— if the material is moist, the heating induces mass transfers within the cluster.
The time taken to achieve equilibrium is much longer than in the case of a dry
material because the mass diffusion coefficient is much lower than the thermal
diffusion coefficient. You have to be very patient!

3.5.4.2. Measurement of liquids

A device similar to that described above for bulk products can be used for
measuring the thermal conductivity of liquids. The additional constraint to be
respected in this case is to place oneself in conditions such that there is no
movement of convection within the liquid. For this it is necessary that [HUE 90]:

Rags < 400 % [3.19]
where: H is the tube height in m;

6 1is the thickness of liquid between the two tubes in m;

cgBATp? 83
Au ’

Rag is Rayleigh’s number: Ras =
where: ¢ is the heat capacity in J kg ' K';
g is the acceleration in m s 2 (g = 9.81 m s™2);
B is the coefficient of expansion;
AT is the temperature difference in°C;
p is the density in kg m™>;
6 is the thickness of liquid between the two tubes in m;

A is the thermal conductivity in W m™ K';

u is the dynamic viscosity in Pa s.
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By way of example, a device of identical design to that produced for the clusters
(see Figure 3.17) but having the following dimensional characteristics was produced
at LEMTA [HAU 13]:

—an inner tube made of stainless steel with inner radius R, = 2.5 mm, outer
radius R; = 2.75 mm and height L = 200 mm;

— an outer copper tube with inner radius R, = 10 mm, outer radius R; = 12 mm
and height L = 200 mm.

This is illustrated in Figure 3.17.

Equation [3.17] remains valid for the calculation of the thermal conductivity of a
liquid. Given the low value of the thermal resistance of the liquid it is necessary to
use a high enough intensity in the stainless steel tube to observe a sufficient
temperature rise (at least 3°C). For water whose thermal conductivity is of the order
of 0.60 Wm™! K™%, an intensity of the order of 10 A is required.

Figure 3.17. View of a hot tube device for
measuring the thermal conductivity of liquids

This device made it possible to measure the thermal conductivity of water
between 10 and 60°C with accuracy better than 3%.

3.6. Cut bar
3.6.1. Principle
This method, also called “divided bar method” or “comparison method”, is a

steady-state method for the measurement of the thermal conductivity of solids. It is
used mainly for the measurement of the conductivity of rocks and ceramics and also
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of metals at high temperature [SAS 84, MCG 14, XIN 14]. It can be implemented in
two main versions, the basic schematic diagrams of which are shown in Figures 3.18
and 3.19.

| Insulating

/ material

| 7

T

Copper dises

T3

I )Y

Figure 3.18. Schematic diagram of version 1 of the cut bar method

| Tnsulating
material

o

T
T

Figure 3.19. Schematic diagram of version 2 of the cut bar method

Temperature measurements are used to estimate both the heat flux ¢, passing

through the sample to be characterized and the temperature gradient Z—i in the same

sample. By applying the Fourier law in a steady state and in 1D, we deduce the
value of the thermal conductivity of the sample by:

r=-% [3.20]

dx
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3.6.2. Hypotheses and model
CUT BAR METHOD VERSION 1.—
Knowing the thermal resistances of the reference samples and the values of the

temperatures, it is possible to deduce therefrom the value of the heat flux ¢,
passing through the system by:

Are - -
by = 2L (T1 Ty BT T4) [3.21]

eref 2 2

Then the thermal conductivity of the sample by:

A=2% [3.22]

T T-T3

The following assumptions were made implicitly to write equations 3.21 and
3.22:

—the heat transfer is unidirectional, the lateral heat losses are negligible
compared to the flow passing through the sample;

— the thermal resistances at the interfaces are negligible in comparison with the
thermal resistance of the sample to be characterized and those of the reference
samples.

We see that these two hypotheses are hardly feasible simultaneously:

— if the resistance of the sample is large (the second hypothesis verified), the heat
flux passing through it for a given temperature deviation is small and the lateral
losses are no longer necessarily negligible. This method as shown in Figure 3.18
will therefore not apply to thermal insulation;

— if the resistance of the sample is small (first hypothesis verified), the contact
resistances are no longer necessarily negligible. This method as shown in Figure
3.18 will therefore not apply to highly conductive materials.

These remarks justify the fact that version 1 is used for rocks having
conductivities between A = 1Wm™*Ktand 1 =5Wm™1 K1

CUT BAR METHOD VERSION 2.—
The only hypothesis is that of the 1D transfer, no hypothesis is made concerning

the contact resistances. This version 2 can thus a priori allow the measurement
of more conductive materials than is possible with version 1. However, it is
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unsuitable for the thermal characterization of insulators. The value of the heat flow
density passing through the system is calculated by:

_ Apef (T4—Tz | Ts—T
o =L (B2 4 ITe) [3.23]

eref 2

Then, the thermal conductivity of the sample is calculated by:

_ edo
= [3.24]

3.6.3. Experimental set-up

In the device shown in Figures 3.18 and 3.19, the hot source is constituted by an
electric resistance traversed by a current of adjustable intensity. The cold source is
either a metal block traversed by a thermostatic fluid or a Peltier element.
Temperature measurements are made with thermocouples made up of very small
diameter wires (a few hundredths of a mm).

In version 1 (see Figure 3.18), a groove can be made on the surface of the copper
discs to house the thermocouples without creating additional thermal resistances. In
version 2 (see Figure 3.19), holes of very small diameters must be made in the
samples in order to insert fine thermocouples. Conductive grease or oil at the
interfaces will reduce the contact resistance, provided that the samples are not
porous since the grease or oil could penetrate the material and modify its properties.
Pressure must also be applied to the assembly to reduce contact resistances.

3.6.4. Practice of the measurement
VERSION 1.—

The main source of measurement bias in this version is the existence of
neglected contact resistances in the model. It will therefore be necessary to ensure a
decent flatness of the surfaces and parallelism between the faces of the same sample.
Too large defects cannot be completely compensated by a contact fluid (oil or
grease). The advantage of this version is the accuracy of the temperature
measurement: it is uniform throughout the copper plate in view of its high thermal
conductivity and its measurement by contact is facilitated by the copper’s very high
effusivity. The maximum uncertainty can be estimated by:

AL Adyer | Derer | Ae 2AT 4AT
— = —+— +
1 Aref e eref (T2-T3) (Th—T2)+(T3-T4)

[3.25]
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To minimize this uncertainty, the temperature differences must be of the same
order of magnitude. It is therefore necessary that the thermal resistances of the
reference samples and of the sample to be characterized are also of the same order of
magnitude. This therefore requires having a priori several reference samples
covering the range of thermal resistances to be measured.

By way of indication, considering an uncertainty of 0.05°C on temperature
measurements and temperature differences of the order of 10°C in order to be able to
consider the constant thermal properties, the last two terms of equation [3.25] lead to
a relative uncertainty of 2%. To this value is added the relative uncertainty on A,..¢
which is of the order of 2%, i.e. a total of more than 4% if the uncertainties on the
thicknesses are taken into account.

To estimate the error induced by the non-respect of the 1D transfer hypothesis
(which is added to the one calculated by equation [3.25]), the simplest way is to
perform a numerical simulation of the whole device in 3D (or rather axisymmetric
2D) by giving the sample to be characterized a conductivity value equal to that
measured. The numerical simulation makes it possible to calculate the four
temperatures and to deduce a new estimated value of the thermal conductivity A,
using equation [3.22]. The comparison between the values of 4, and A; allows the
estimation of the value and the direction of the measurement error due to the non-
respect of the 1D hypothesis.

By way of example, we used the COMSOL software to simulate the device
represented in Figure 3.18 by considering samples with a diameter of 40 mm,
surrounded by an insulator with a thickness of 20 mm and thermal conductivity
A=0.04Wm ' K™!. The characteristics of the samples for the different cases
tested are shown in Table 3.5. The configuration is simulated where the heating
resistor and the cold source are set so that: T; — T, = 60°C. For each configuration,
two cases will be studied:

— temperature of the cold face equal to the ambient temperature: all the points of
the device are at a temperature higher than the ambient air;

— ambient temperature equal to the mean temperature of the hot and cold sources
in order to straighten the flow lines in the sample to be characterized, as shown by
the COMSOL simulation results presented in Figure 3.20.

The results show that the accuracy of the measurement is significantly better in
Ty+

2
It is also observed that the error is less when the three samples (references and

unknown) have the same thermal conductivity.

T with an average error of the order of 3% (see Table 3.6).

the case where T, =
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On the example discussed, it is advantageous to carry out a 3D numerical
simulation of the device, which makes it possible to choose the best configuration
and to predict the accuracy of the measurement. It also shows that without this
preliminary study, the relative error on the estimation of the thermal conductivity
due to the non-respect of the 1D hypothesis can quickly reach or even exceed 10%.
It should not be forgotten that this uncertainty is compounded by equation [3.25]
which can be greater than 4%.

a) b) c)

[

Figure 3"1'297" COMSOL simulation results: a) temperature field, b) flow lines
with T, = 12 %, ¢) flow lines with T, = T,. For a color version of the figure, see
www.iste.co.uk/jannot/thermal.zip

Case N° Reference Material to measure Copper
T, —Tq | ere Aref e A ecu Acu
°C mm |Wm'K' | mm| Wm' K™ mm | Wm! K
1 60 1
2 60 2.5
3 60 5
p 20 25 2.5 25 | 5 400
5 30 2.5
6 30 5

Table 3.5. Characteristics of the samples for the different tested cases
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CaseN° | Ty =T, | T, —T, | Ts—T, | T, — T, A Error
°C °C |Wm'K'| %
1 60 11.88 | 46.76 0 1.10 10.3
2 60 18.09 | 37.53 0 261 43
3 60 2191 | 32.70 0 5.70 14.0
4 30 1595 | —-16.95 | -30 1.03 3.0
5 30 9.71 972 -30 2.61 43
6 30 5.88 -5.90 -30 5.12 23

Table 3.6. Results of numerical simulations of the cut bar version 1 method

VERSION 2.—

In this version, temperatures are measured by fine thermocouples inserted into
holes made directly in the reference samples and in the sample to be measured.
There are two disadvantages:

— an uncertainty on the axial and vertical positions of each thermocouple;

—temperature bias due to possible contact resistances at the end of the
thermocouple and a fin effect in the wires.

On the contrary, the problem of the contact resistances no longer exists except
for temperature differences (T; — T,), (T; — T,), and (Ts — Ty) and may be small if
the resistances of the samples are small compared to the thermal contact resistances
(in the case of highly conductive metals).

Cases 1 to 6 referenced in Table 3.5 were simulated in 3D in COMSOL in the
version 2 of the cut bar method. Temperatures were calculated at 2.5 mm from the
interfaces, the thickness of the samples being 25 mm. The distance between two
measurement points in the same sample is therefore 20 mm. The results are reported
in Table 3.7.

CaseN° | Ty —T, A4 Error
°C |[Wm'K'| %
1 60 1.10 6.6
2 60 2.61 3.0
3 60 5.70 1.8
4 30 1.03 6.7
5 30 2.61 2.5
6 30 5.12 1.7

Table 3.7. Results of numerical simulations of the cut bar version 2 method
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It should be noted that in this version the temperature varies slightly between the
center and the periphery of the samples. The values reported in Table 3.7 were
calculated at the center of the samples. Between a measurement at the center
(r = 0) and a measurement offset by 1 cm (r = 1cm), an increase in the error in
the order of 1% is noted for the studied cases.

Assuming that the distances between the thermocouples in the reference samples
are perfectly known and that the position uncertainty of the thermocouples is
0.2 mm in the sample (an uncertainty of 0.4 mm over the distance separating them),
an uncertainty of 2 to 3% is added to that calculated in Table 3.7.

So for version 2 as for version 1, it is necessary to carry out 3D numerical
simulations of the device to evaluate the uncertainty on the estimated value of the
thermal conductivity and to choose the optimal configuration due mainly to:

— failure to comply with hypothesis 1D;
— the uncertainty about the positioning of the six thermocouples.
It should not be forgotten that the measurement uncertainty thus calculated is

added to the uncertainty due to errors on the measurements of the various quantities
and which can be calculated by the following equation:

AL Adyer | Ae | Aeper 2AT 4AT
—=——+—+ + + 3.26
A Aref e eref (T3—Ty) ~ (T1—T2)+(T5—Ts) [ ]

This formula is similar to formula [3.25] and therefore the conclusions are the
same as for version 1, with in particular an uncertainty that can be greater than 4%.

EXAMPLE OF MEASUREMENT INSTALLATION.—

We will describe a practical measurement installation for engineering students
designed by DIDATEC (PCT 010 study bench for conduction).

The bench includes a device for creating a longitudinal flow in a cylindrical
sample. Two samples isolated laterally by Teflon are available:

— one stainless steel, diameter of 25 mm and length 30 mm;

— one brass, diameter of 25 mm and length 30 mm.

The samples are placed between two brass cylinders (1 =110 Wm™1K™1)

of 25 mm diameter isolated by Teflon, one heated by the Joule effect and the other
cooled by water circulation.
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A total of nine temperatures are recorded (thermocouple type K): three on the hot
bar, three on the sample and three on the cold bar. The power injected by the Joule
effect is measured. The thermocouples are spaced 10 mm apart. Their positions are
x = 0,10, 20, 30,40, 50, 60,70, 80 mm.

Figure 3.21 shows the experimental bench.

Figure 3.21. Cut bar type experimental bench

In Figure 3.22, we give the results obtained by least squares identification of the
nine measurements with a 1D conduction model taking into account the contact
resistances (MATLAB program) for the brass sample and Figure 3.23 for the
stainless steel sample.
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Figure 3.22. Results for the brass sample
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Figure 3.23. Results for the stainless steel sample
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Flux/Temperature Transient Methods

4.1. Introduction

By definition, steady-state measurement methods only measure thermal
conductivity A since it is the only property that appears in steady-state heat transfer
equations. Knowledge of a second property necessary for thermally characterizing a
material must therefore be realized by a transient or periodic type method. This
second property can be:

— Thermal effusivity E
— Thermal diffusivity a

— Volumetric heat capacity pc

It is recalled that the knowledge of two thermal properties makes it possible to
deduce the other two by means of equations:

4.2. Infinite hot plate
4.2.1. Principle

This is an absolute transient method used to measure the thermal effusivity of a
fairly wide range of consolidated or unconsolidated solids. In the classical version of
this method, a flat thin heating element is inserted between two samples of the

Thermal Properties Measurement of Materials, First Edition.
Yves Jannot and Alain Degiovanni.
© ISTE Ltd 2018. Published by ISTE Ltd and John Wiley & Sons, Inc.
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material to be characterized (see Figure 4.1). A thermocouple placed at the center of
the heating element allows the temperature to be measured. Starting from a situation
of initial thermal equilibrium, a heat flux step is applied to the heating element and
the rise in temperature over time is recorded. The comparison of the experimental
data with a model makes it possible to estimate the thermal effusivity of the material
constituting the two samples.

- 'J'é,(t.) |

e Plane heat resistance

Samples
L Thermocouple Ty(t)

Figure 4.1. Schematic diagram of the hot plate method

4.2.2. Hypotheses and model

In this method, the following hypotheses are assumed:

—the samples are considered as semi-infinite media during the time of
measurement;

— the heat transfer is 1D at the center of the sample;

— the thermal resistance of the heating element is zero.

4.2.2.1. Complete model

The heat equation is written in the sample:

82T _ 10T
ax2  aadt

with boundary conditions: T (x,0) = T,(0) = T;
T(OO, t) = Ti

Ts(t) —T(0t) _ ) aT(0,t)
R¢ - ox

bo _ (mo)sdTy | Ts(H) =T(0,1)
2 25 dt Rc
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where: (mc);  Product of mass and specific heat of the heating element (J K™
bo heat flux produced in the heating element (W m )
R, contact resistance at sample/heating interface (K m*> W)
T(x,t) temperature within the sample (°C)
S surface area of the heating element (m?).

The last two equations reflect the conservation of the heat flux at the surface of
the semi-infinite medium on the one hand and at the level of the heating element on
the other.

The following variable is changed: T = T — T;

hence: T _ T 9%T _ a°T an T _ ar
Tox  ox,0x? ox? at ot

The heat equation can then be written as:

92T _ 10T
ax2  aadt

and the boundary conditions become:
T(x,0)=0
T(o0,t) =0

Ts(t) —TOt) _ _1 aT(0,t)
Re - ox

$o _ (mo)s dls | Ts(t) —T(0t)
2 2S dt R¢

2 —
The Laplace transform of the heat equation leads to: % - % [p60 —T(x,0)] =0
with T(x,0) = 0

Hence: 6(x,p) = A exp(—qx) + B exp(gx), where the temperature retains a
finite value when x approaches infinity; therefore, B = 0 and we deduce that:
6(x,p) = A exp(—qx) with: A = 6(0,p).
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The Laplace transforms of the boundary equations are written as:

0s@)-60p) _ _,2000m) _ 4 \/% 8(0,p) = E\/p 6(0,p)

R¢ dx

b0 _ (mo)s 85(p) ~ 6(0p)
= 25 PO+

By eliminating (0, p) from these two equations, we get the following result:

1+R.E\D
4.2
+(1+R (m?sp) N} [4.2]

— %
GS(P) 2 (nzlg)sp

The unknown parameters to be experimentally determined are:
— the sample’s effusivity E;
— the thermal contact resistance R, between the probe and the sample;

— the probe’s thermal capacitance (mc)s,.

4.2.2.2. Simplified model

For long times (p—0), this expression becomes:

9 (p) 1+R.E\D ~ ®o 1+R.E\D ~ bo (
2p (mc)s (1+Rc(mc)s )E\/E 2Ep3/2 1+%@ 2Ep3/2

|1 ]
Or: 8:(p) = 2Ep 3/2 [1 + (R E= (ranC;S) \/—] ZE(Z(;/Z +2e (Rc - (;?5)

where:

_ %o %o (me)s
T(6) = To(0) = 2 vE + 2 (R, - 5222) [43]
The plot of Ty(t) — T,(0) as a function of v/t is therefore a straight line of slope
a= E(f/"_ whose determination makes it possible to calculate the thermal effusivity E
by:
E=2o [4.4]

avm
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The probe’s inertia and contact resistance do not influence the temperature at
long times. To apply this estimation method, it is necessary to make sure that the
semi-infinite medium hypothesis remains valid over the chosen estimation interval.
It should be noted that this method of estimating the thermal effusivity E does not
require knowing the heating element’s thermal capacity (mc)s,.

4.2.2.3. Validity limits of models

The method’s limits are mainly related to the semi-infinite medium and 1D
transfer hypothesis. It has been shown [BAL 11] that in the most favorable case
where the probe and the sample have the same surface, the upper bound of the
estimation interval must be less than the following two values:

Limit of the semi-infinite medium

t, = (ﬂ) e [4.5]

-1.5+02E/ a

Limit of the 1D transfer
t, = (2 X 10-5E +0.0669) [4.6]
where: a thermal diffusivity
b Probe’s width
e sample’s thickness

E thermal effusivity

The hot plate method will therefore be difficult to implement for very diffusive
materials for which the times t; and t, are going to be very small. Moreover, it is
also not very suitable for very light materials for which the temperature remains
sensitive to the probe’s thermal inertia for several tens of seconds. The method
based on measuring the slope of the curve Ty (t) = f (\/f) can therefore only be
applied after a long time for which it is then possible that the semi-infinite medium
hypothesis can no longer be verified. The complete model does not take full account
of the transfers in the probe considered as a body at uniform temperature, which
remains a convenient approximation. This may result in residues that are slightly
off-centered from zero at the very first instants of heating.
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4.2.3. Experimental design

This method can be implemented in an extremely simple manner using a flat
(rectangular or circular) heating resistor of sufficient surface area (at least 25 cm?).
A thermocouple made of fine wires (diameter < 0.1 mm) is fixed at the center of this
resistor. Figure 4.2 shows a resistor with a surface area of 10.25 x 10.25 cm®. The
two wires of the thermocouple can also be separated and placed at the center of the
resistor at a distance of about 5 mm from each other and then covered with an
aluminum adhesive film that will ensure a good contact between the thermocouple
and the resistor, the electrical contact between the two wires of the thermocouple
(with separate contacts in this case) and a homogenization of the temperature in the
thermocouple’s vicinity.

The implementation of the method also requires a stabilized power supply and a
device for recording the voltage delivered at the thermocouple’s terminals. A
recording time scale of 0.1 s is usually sufficient.

Figure 4.2. View of a hot plate probe

4.2.4. Practice of the measurement

This relatively simple assembly makes it possible to evaluate the value of the
thermal effusivity E with good accuracy. The main source of uncertainty is the value
of the heat flux ¢,. It is calculated by:

po = "2 I? [4.7]

The measurement of the current I flowing through the heating element is

accurate, but the value of the ratio % must be calibrated. For this purpose, an

experiment is carried out with two identical samples of known effusivity E,.r and
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the value of this % is calculated using the simplified model which has the advantage
of not depending on the heating element’s heat capacity (mc),:

Rey _ @ ErepVm
2= [4.8]
The heat capacity (mc), of the heating element must then be estimated. For this
purpose, a measurement is made with two samples of identical thickness of a light
insulating material (polystyrene, for example). With this type of material, the
sensitivity of the temperature to (mc), is maximum and decorrelated from the
sensitivity to the other parameters and the contact resistances can be neglected.
Equation [4.2] thus becomes:

%o 1
0 == — 4.9
s(P) 2p (72?511+E\/§ [4.9]

The value of % having previously been determined, using equation [4.9], we

estimate the following parameters: (mc); and E over a time period such that the
medium is semi-infinite. The figure shows an example of an experimental result
obtained with a heating element with a square cross-section with side of 102.5 mm
and a thickness of 0.32 mm inserted between two samples of extruded polystyrene
with a thickness of 30 mm. The estimation of the parameters has led to the value of

(mc)s = 3.7] K™ leading to a value of its heat capacity of: pc = % =110 x
106 ] K~ m~3, which corresponds well to the order of magnitude characteristic for
plastic materials. The reduced sensitivity curves shown in Figure 4.3 show that this
experiment makes it possible to estimate the heat capacity of the heating element
because the two sensitivities are not proportional and therefore decorrelated.
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Figure 4.3. a) Experimental thermograms and models obtained in a symmetrical
plate experiment with polystyrene of 30 mm thickness; b) reduced sensitivity
of the temperature to the parameters. For a color version of the figure, see
www.iste.co.uk/jannot/thermal.zip
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Then, the calibrated heating element can be used to measure the effusivity of
materials with unknown properties. An experiment is carried out in which the
temperature rise in the center of the heating element is recorded as soon as the
heating starts.

The model temperature T;(t) can be calculated by applying the Stehfest method
(or any other inverse Laplace transform algorithm) to equation [4.2]. A
minimization algorithm can then be used to estimate the values of parameters E and
R, minimizing the sum of the quadratic deviations between the theoretical curve and
the experimental points. This estimation method makes it possible to take into
account all the points of the recording realized.

An example of an experimental thermogram obtained with two samples of PVC
foam with a thickness of 6 mm is shown in Figure 4.4. It can be seen that between
30 and 80 s, the curve representing Ty(t) — T5(0) as a function of v/t can be
assimilated to a line whose slope is obtained by linear regression:
a = 1.0638 Ks~'/2. With % = 4000 Qm~2 and I = 0.280A, by applying formula

[4.4], a first value of the thermal effusivity is deduced therefrom:
E =166.5W m? K~!s'/2,

14 @ b)
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Figure 4.4. a) Experimental curve T,(t) and linear regression of the curve T, = f [x/?]
between 30 and 80 s; b) experimental curve T,(t) and complete model (estimation
between 0 and 80 s). For a color version of the figure, see
www.iste.co.uk/jannot/thermal.zip

A more precise value can then be estimated between 0 and 60 s as follows:

— initial values of the parameters E (estimated using equation [4.4]) and R, are
chosen;

—a numerical method (Stehfest for example) of inversion of the Laplace
transform is used to calculate the difference T,(t) — T, (0) from formula [4.2].
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A minimization algorithm is used to determine the value of the parameters E and
R, minimizing the difference between the experimental points and the inversion
curve of [4.2].

In the case of the example studied, we find: E = 162.5 W m? K~ s¥/2, This
value is very similar to that found using the simplified model (difference of 2.4%).

4.2.5. Asymmetric setup

The assembly studied up to now and shown in Figure 4.1 is a symmetrical
assembly that leads to a simplification of the modeling and the calculations.
However, it has two disadvantages for certain materials:

—If the materials are undeformable, the presence of the thermocouple wires
between the heating probe and the material’s surface will impose a minimum
distance (equal to the diameter of the wires) between the two and cause a fairly large
and asymmetrical contact resistance.

—In certain particular cases, it may be difficult to produce two samples of
identical properties and surface conditions, in particular in the case of certain
building materials whose properties are to be measured for a given water content.

A solution for these two disadvantages is to use an asymmetrical assembly in
which one of the samples is replaced by a deformable insulator of known thermal
effusivity (see Figure 4.5). For example, polyurethane foam is used by placing the
thermocouple on the face of the probe in contact with the foam. The deformable
character of the foam will enable the thermocouple to be inserted therein and not to
create any substantial contact resistance. Moreover, this contact resistance has a
much lower importance if it is on the side of an insulating material.

Heating

____/__
Thermocouple T(t) e element

Figure 4.5. Schematic diagram of the asymmetric
hot plate method with a semi-infinite sample
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All the analysis developed on the symmetrical hot plate remains applicable by
means of these modifications:

— Equation [4.2] should be replaced by the following equation:

1
6,(p) =2
s p (msc)5p+[1+Rc(msc)Sp]E\/El E;Jp
1+RcE.\p "1+R¢Ep[p

[4.10]

with: 65 Laplace transform of the temperature rise of the probe

R, contact resistance at the interface heat resistance/material to be
characterized

R, contact resistance at interface heat resistance/known insulating material
m mass of thermocouple + heat resistance

¢ specific heat of thermocouple + heat resistance

E thermal effusivity of the material to be characterized

E; thermal effusivity of the known insulating material

p Laplace variable

S surface of the heating element

¢, heat flux dissipated in the heat resistance.

— The approximate equation [4.9] valid at long times must be replaced by the
following equation:

_ _ 2¢o ReE*+RiE®  (me)s
(1) — T5(0) = (E+Ei)\/ﬁﬁ + &0 [ (E+E;)? (E+E()2S [4.11]
The plot of T;(t) — T,;(0) as a function of v/t is therefore at long times a straight
line of slope (Ef;p(; = whose determination makes it possible to estimate the thermal

effusivity of the sample knowing the thermal effusivity E; of the insulator:

2¢
E = W% —E; [4.12]
This method was applied to the measurement of the thermal diffusivity of PVC.
Figure 4.6(a) shows the experimental and theoretical curves as well as the estimation
residues obtained. Figure 4.6(b) shows the experimental curve as a function of V.
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Using the slope of the curve T = f(V/t) leads to: E = 495 W m™2 K~ s%/2, The
use of the complete model leads to: = 505 W m~2 K~* s'/2  The difference is in the
order of 2%.
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Figure 4.6. Experimental thermograms and models obtained in an asymmetric hot

plate experiment with 10 mm-thick PVC and 30 mm-thick polystyrene. For a color
version of the figure, see www.iste.co.uk/jannot/thermal.zip

EXAMPLE.— Application to the characterization of pasty or pulverulent materials.

This device can also be used to measure the thermal effusivity of pasty
or pulverulent materials by adapting it according to the diagram in Figure 4.7
[DAM 16].

Polystyrene

Heating element

Polystyrene

Figure 4.7. Cross-section schematic diagram of an asymmetrical
hot plate device suitable for pasty or pulverulent materials

The curve of the temperature rise at the center of the heating resistor is used to
estimate the thermal effusivity during the time when the sample can be considered
as a semi-infinite medium. This measurement must be coupled to a calorimetric
measurement to estimate thermal diffusivity and conductivity.
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4.3. Asymmetric hot plate
4.3.1. Measuring temperature

A variant of the conventional hot plate method described above was used to
measure the thermal effusivity and conductivity of heavy construction materials
[BAL 13]. At the experimental level, this method differs from the classical method
by the following three points (see Figure 4.8):

— The assembly is asymmetric: the heating element is placed between the sample
to be characterized and a sample (1) of an insulator of known thermal properties.

— The unheated face of the sample is in contact with a sample (2) identical to
sample (1).

—The “rear” faces of the insulating samples are maintained at a constant
temperature by contact with aluminum blocks (possibly thermostated)

Aluminium block

e

Heating
SRR e e e 3 element

-

Thermaocouple T(t)

7 Polystyrene -

Aluminium block

Figure 4.8. Schematic diagram of the finite asymmetric hot plate setup

The setup is asymmetrical in order to reduce the contact resistance as explained
in section 3.3.4.

At the modeling level, we no longer assume the hypothesis of a semi-infinite
medium for the samples but we always assume a 1D heat transfer at the center.

P Rl P | | i el [P
ol =[c bllo,}
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~.AoBo_101RCAeBeAiBi]
assuming: [Co Do] = [mcp 1] [0 ! ] [Ce De] [Ci D,
with: - 4, = D, = ch(q e),B, = zosh(ge), Co=2Sqsh(ge), q = \/%

A; = D; = ch(q; &), B; = %Sh(% e, C; = 4;Sq; sh(q; e, q; = \[aii,

iSqi
where:
6o Laplace transform of the temperature at the center of the heating element
6 Laplace transform of the temperature at the center of the unheated face
(O Laplace transform of the heat flow rate towards the sample
Dy, Laplace transform of the heat flow rate towards the insulator
(oN Laplace transform of the heat flow rate on the unheated face of the sample
(OB Laplace transform of the heat flow rate on the unheated face of the insulator
e thickness of the sample (m)
e thickness of the insulator (m)
S surface area of the heating element and sample (m?)
R, thermal contact resistance at sample / heating element interface (KW ™)
m mass of the heating element (kg)
c heat capacity of the heating element (] kg7*K™1)
A thermal conductivity of the sample (Wm™1K™1)
A thermal conductivity of the insulator (Wm™1K™1)

a thermal diffusivity of the sample (m?s™1)
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a; thermal diffusivity of insulator (m?s™1)
p Laplace parameter

we can deduce:
cDOl = 90& and: CDOZ = 90 &,
Bo Bi
with: (DO = % = cDOl + (Doz,

where ¢, is the heat flow rate produced by Joule’s effect in the heating element.

Therefore:

Y [4.13]

D; D
(7+22)
i 0

The energy balance between the heating element and the unheated face of the
sample can be written as:

e ol | E | ot [ 4

setting:

¢ pl=le dlo e ol

finally:
D
01 = 6 (Dz - B_z Bz) [4.14]

Temperatures 8, and 8, in equations [4.13] and [4.14] are obtained in Laplace
space. The inverse Laplace transformation allowing us to deduce the values of T,
and T; is realized numerically using Stehfest or De Hoog algorithms.

The principle of the method is to estimate the values of unknown parameters
E, pc, R,y and mc minimizing the sum of the quadratic deviations Y~ 1[Texp(t )—
Trmoa(ti, E, pc, Rer,mc)]?  between the experimental and theoretical curves
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calculated from equations [4.13] and [4.14]. The number of parameters can be
reduced to 3 by carrying out an experiment with a material of known properties to
estimate mc, which depends only on the heating element.

This method has been applied to the measurement of the thermal properties of a
10 mm-thick PVC sample. The experimental and theoretical curves of the
temperature T,(t) as well as the estimation residuals and the reduced sensitivity
curves obtained are presented in Figure 4.9. The sensitivity curve shows that the
hypothesis of the semi-infinite medium is valid up to 200 s for the PVC and that
it is therefore necessary to go beyond that to be able to estimate the thermal
conductivity A.

For PVC, we obtained: 1 = 0.183 Wm™ K" pc = 1.37 x 10°JK™" m~3,

These values differ by less than 4% of the values deduced from a flash
diffusivity measurement and a measurement of thermal capacity carried out by
differential scanning calorimetry.

a)‘ b)
— [ ;
[l== T finite thickn, |17 e

==+ T, infinite th
Residues x10

T(*C)
Reduced sensitivities (°C)

Lo b

1 i i 3 H H g
0 100 200 300 400 500 600 105 00 200 300 200 500
t(s) t(s)

Figure 4.9. a) Experimental thermograms and models obtained in an asymmetric
hot plate experiment with 10 mm-thick PVC and b) reduced sensitivities. For
a color version of the figure, see www.iste.co.uk/jannot/thermal.zip

4.3.2. Measurement of two temperatures

The finite asymmetric hot plate method makes it possible to estimate thermal
diffusivity and thermal conductivity provided that the hypothesis of the 1D transfer
to the center is verified [JAN 04, OSS 17]. Sensitivity to thermal conductivity
becomes non-zero only from the time t; when the semi-infinite medium hypothesis
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is no longer valid. Moreover, convective transfers on lateral surfaces occasionally
make the transfer 3D from time ¢t,. If time t; is greater than time t,, then it will be
impossible to estimate the sample’s thermal conductivity since the heat transfer
including at the center will be 3D before the temperature is sensitive to thermal
conductivity.

Figure 4.10 shows the temperature T, rise at the center of the heated face of a
30 mm-thick earth brick sample during an asymmetric hot plate measurement.
Estimation residues diverge from 300 s, indicating that 3D effects appear at this
moment. At this time, the reduced sensitivity curves of Figure 4.10(b) indicate that
the temperature is still sensitive only to thermal effusivity. It will therefore not be
possible to estimate the conductivity A or heat capacity pc of this sample using a
single-temperature measurement.

To(t) Reduced sensitivities of T,(t)
. . . 4 . . . .

===70C
5o Re i .

i ; i ; 6 i i i i
1] 100 200 300 400 500 0 100 200 300 400 500
t(s) tis)

Figure 4.10. a) Temperature T, of the heated face of the sample and b) reduced
sensitivities during a measurement of the asymmetrical hot plate type. For a color
version of the figure, see www.iste.co.uk/jannot/thermal.zip

The idea on which the two-temperature method is based is that the temperature
T, of the unheated face of the sample is sensitive to a thermal parameter other than
effusivity much earlier than the heated face. It can be seen in Figure 4.11 that the
temperature of the unheated face is sensitive to A and therefore to pc as soon as
t = 100 s, long before the hypothesis 1D is no longer valid.
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a) b)

T1(2) Reduced sensitivities of T ()
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Figure 4.11. Temperature of the unheated face of the sample and reduced
sensitivities during a measurement of the finite asymmetrical hot plate type.
For a color version of the figure, see www.iste.co.uk/jannot/thermal.zip

We can therefore proceed as follows:

—use the temperature curve of the heated face to estimate E and R, at “short
time intervals”;

— consider the known E and R, and use the temperature of the unheated face to
estimate pc and therefore A for the interval [0, t,]. The time t, is estimated from the
residual analysis: it is the maximum value of the upper limit of the estimation
interval making it possible to obtain “flat” residuals.

In the example considered, we obtained the following values by applying this
method:

On [0.300s]: A = 0.856 Wm ™t K™, pc = 1.276 X 106 JK™t m3.

On [0.400s]: A = 0.857 Wm™* K™, pc = 1.289 X 106 JK~1 m~3.
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Values weakly change when you change the estimation interval, which is a good
indicator of the estimation’s accuracy. Figure 4.12 shows the two experimental and
simulated temperatures as well as the estimation residues (X10 and offset by 0.1°C).

Temperatures (°C)

300
(s)

Figure 4.12. Temperatures of both sides of sample and estimation
residues (x10) during a finite asymmetric hot plate measurement

4.4, Hot wire
4.4.1. Principle

It is a transient measurement method used to measure the thermal conductivity of
a fairly wide range of materials (solid, liquid or gaseous). It should be noted,

however, that it is not suitable for anisotropic solids.

4.4.1.1. One-wire method

Heating wire

Sample J L Thermocouple Tyt)

Figure 4.13. Schematic diagram of the device of the hot wire method.

A heating wire is placed between the surfaces of two samples of the material to
be characterized (see Figure 4.13). A constant heat flow rate step (¢ = 0 if £t < ¢,
and ¢ = @ if t = t;) is applied to the heating wire and the temperature change of
this wire is recorded. During the time when the perturbation does not reach the
samples’ other faces, that is to say where the semi-infinite medium hypothesis is
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valid, it can be considered that the transfer to the center of the sample around the
wire is radial. The 2D modeling of this heat transfer makes it possible to calculate
the evolution of the temperature at the sample’s center. A method of estimating
parameters is used to calculate the values of:

— the thermal conductivity A1 of the sample;
— the thermal capacitance mc of the probe + heat resistance;

— the contact resistance at the probe/sample interface,
which minimize the gap between theoretical and experimental curves.

The hot wire can also be used to measure the thermal conductivity of fluids
(liquids or gases), in which case it is simply immersed in the fluid away from the
walls.

4.4.1.2. Two-wire method

A variant involves placing a second parallel wire in the sample and in recording
its temperature. The measurement of this second temperature makes it possible to
estimate the thermal diffusivity of the sample.

4.4.2. Hypotheses and model

4.4.2.1. One-wire method

The vicinity of the heating wire is shown in Figure 4.14.
Contact resistance R,

Sample = hollow cylinder inner Hot wire: radius 1y,
radius 1y, infinite outer radius — average temperature T, ()

Temperature T(t) /

Figure 4.14. Schematic diagram of heat transfer in the vicinity of the hot wire

The heat equation is written for the sample as:

82T | 19T _ 19T
a2z rar  aadt
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The equation of heat is written for the wire as:

82Ty | 10T |, po __ 1 9T,

or2 ror As ag ot

where p, is the power density generated in the wire by Joule’s effect with the
following initial and boundary conditions:

at: t=0:T,(r,0)=T(,0) =T,
) L aTs(08)

at: r= “or =

at: r=ry Ag aTS;:"’t) =1 aTg:'t)

Ts(rot)=-T(ot) _ ABT(ro,t)
R¢ or

at: r > 00 :T(co,t) =T,

The measured temperature is the average temperature of the wire:

1

To(t) = foro 2mr Ty(r, t) dr

nro?
This problem can be solved using the Laplace transform. The quadrupole
formalism allows writing an equation between the transform 6, of the average

temperature T, of the wire, the transform of the total power released in the wire %

(with @, = pomry2L) and the transform of the surface temperature of the wire (here
in r =1y). The associated quadrupole is given in Maillet et al. [MAI 00]. This
quadrupole is written as:

1 1 Ip(qsTo) _ 1
AO BO _ 2mAsLqsty 11(qsTo) PSCSTETOZLP
Co Dol 2 4570 10(gs70)
CsTy“L Dy =———=
PsCsTtT "L 0 2 1,(qs7o)

with: qs=\/a£.

In the case of the small body hypothesis for the wire (1, small and A, large), the
quadrupole becomes: Ay = 1; By = 0; Cy = psc,mry?Lp; Dy = 1
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Hence, the total system:

with:

where:
To(t)
T(t)

6o

Do

601 _ 4o BO] R 0
70 CO DO O 1 E

1 K1(qro)
~ = 2mALqry . qro) or:q = \/%

Ko(qro

average temperature of the hot wire
temperature of the sample at r = 1y

Laplace Transform of the difference T, (t) — T;
Laplace Transform of the difference T(t) — T;
contact resistance at heating resistance / sample interface
wire’s thermal diffusivity

wire’s specific heat

wire’s density

wire’s thermal conductivity

sample’s thermal conductivity

sample’s thermal diffusivity

Laplace variable

heating wire’s radius

heating wire’s length

power dissipated in the heating resistor

Iy, 11, Ky, K1 Bessel’s functions
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Hence,

9 _ 9o Ao+(AgRc+By)/Z
07 p Co+(CoRe+Do)/Z

[4.15]

4.4.2.1.1. Simplified model

If we consider a fine (r, small) wire and if we take a long time (p—0), we can
use the limited developments of the Bessel functions in the neighborhood of 0:

Ko() = —In(a); Ky () ~ = o(x) ~ 1; L(x) ~ 5

which lead to (see section 2.2.2):

— _ _ Po Y ln(\;_%)
Tg(t) = Tg(t) -T; = puryy ln(t) + @y [RC Tl 2mAL [4.16]

where Y= 0.57721 is Euler’s constant.

$o
4mAL’
whose determination makes it possible to estimate the thermal conductivity A. The

inertia of the probe and the contact resistance do not influence the temperature at
long time intervals. To apply this estimation method, it is necessary to make sure
that the semi-infinite medium hypothesis remains valid over the chosen estimation
interval. As the measurement noises on the temperature values at the different
measurement times are constant and uncorrelated, the linear least squares method is
used to estimate the slope.

The plot of T, (t) as a function of In(t) is therefore a straight line of slope

NOTE.—

The heat produced in the wire propagates in two directions Ox and Oy. It is

shown that if the material is anisotropic, the slope of the line T,(t) = f[In(t)] is

equal to —2% _ The hot wire method does not therefore make it possible to
4T /Ax AyL

measure the conductivity in only one direction in this case.

4.4.2.2. Two-wire method

It is possible to write for two wires situated at distances r; and r, from the center
of the heating wire:

6(7"1, P) — A B [e(rZ' p)
CD(Tl, P) C D CD(TZ, p)
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A = qry[K,(qry)I(qry) + Ko (qr) 11 (qr2)]

B = m[KO(qu)Io(qrz) Ko(qr)Ip(qry)]

C = 2mLpcrrypl[K (qr)1;(qry) — K1 (qrp) 1 (qr)]
D = qry[K,(qr)lo(qr2) + Ko(qr2)1 ()]

The semi-infinite medium hypothesis makes it possible to write:

9 (TZ’ p) ] rglgr(z'fg
o(rp)l |2 AL‘“ 00, p)

We can deduce:

6(r,p) = H(p) X 0(ry,p)

Hence:

H(p) = qry[K1(qr)1o(qr) + Ko (qr)11(qr2)] + [Ko(qr)1o(qr2) —

K
Ko(qr)lo(qr)] T2y [4.17)

It is found that the function H(p) only depends on the thermal diffusivity a via
q= \/g. By recording the two temperatures T(ry,t) and T (ry,t), it is possible to
deduce therefrom the transfer function F(t,a) = L™[H(p, a)], and therefore, the
value of the thermal diffusivity a.

This method falls within the category of transient “temperature/temperature”
methods, which will be studied in detail in Chapter 5.

4.4.3. Experimental setup

The hot wire may be constituted of:

— a resistive strip of very small width and thickness inserted between two Kapton
sheets and on which a thermocouple consisting of two thin tapes (copper and
constantan, for example, for a thermocouple T) is placed;

—a wire or a resistive strip whose known temperature coefficient makes it
possible to deduce the mean temperature knowing the value of its resistance
measured by a 4-wire method.
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In the first type of strip, thermal transfer in Kapton sheets is not taken into
account in the model, which can lead to a source of error for insulating materials
whose thermal conductivity may be 10 times lower than that of the Kapton.

In the second type of strip, edge effects and heat losses through the electrical
wires are not taken into account.

4.4.4. Practice of the measurement

4.4.4 1. Choice of time interval for estimation

The first problem is to know the heating time during which the semi-infinite
medium hypothesis is valid. For this purpose, the temperature change T (e, t) over a
radius equal to the thickness of the sample (r = e) is calculated using the parameters
estimated over an arbitrary time. If the calculated temperature T(e, t) differs from
the initial temperature T (e, 0) by more than 0.1°C, the estimation calculation of the
parameters is resumed over a shorter time.

Given that we simply seek to estimate the time during which the medium
remains semi-infinite, we can only do so in the simple (and most unfavorable) case
where the contact resistance and the thermal capacitance of the probe assembly and
heating resistor are zero and the probe’s radius 1, is very low. It is shown that,
during the time when the medium is semi-infinite, we can calculate 6 (e, p) by:

0(e,p) = —2% [4.18]

(c+z)

with:
C = pscs2mroLep[K;(qro)li(ge) — Ki(qe)l;(qro)]

D = qry[Ko(qe)l;(qry) — K1 (qro)lo(ge)]

1_ K1(qro)
2 2mwALqTy Xolars)

T(e, 0) is computable by applying the Stehfest or De Hoog method to formula
[4.18].

This formula is valid all the time that temperature 7_"_(6, 0) has not varied. It can
therefore be used to determine the instant from which T (e, 0) will start to vary but
will not be able to determine the evolution T (e, 0) after this moment.
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EXAMPLE.—

Determination of the thermal conductivity of carbide with a hot wire of length
5 cm delivering a heat flow rate equal to 3.03 W. Figures 4.15 and 4.16 represent the
graph of the experimental temperature T,(t) obtained with a sample of thickness
2.5 cm, this being recorded every 0.05 s. We have included on this same graph:

— the temperature T(e,t) of the unheated face calculated with formula [4.18]
taking as the value of the thermal effusivity E = 5000 ] m~2 K~ s=%/2;

— the temperature Ty(t) calculated with a simplified model at long times after
estimation of the thermal conductivity by linear regression of the curve To(t) =
flin(t)] between the times t; and t, (detail below).

Figure 4.15 corresponds to an estimate between 20 and 80 s leading to a value
A =10.1 Wm 1K1 Figure 4.16 corresponds to an estimate between 2 and 20 s
leading to a value A = 19.7 Wm™! K™1. The graph of the calculated temperature
T(e,t) as well as the shape of the experimental curve T,(t), which undergoes a
slope modification at t = 20 s shows us that the first estimate of A (between 20 and
80 s) is not valid because it is performed on times when the semi-infinite medium
hypothesis is no longer valid (the perturbation has reached the other side). The value
of A obtained by linear regression between 2 and 20 s is obtained under satisfactory
conditions: linearity zone of the curve Ty = f[In(t)] and constant temperature of the
non-heated face. The uncertainty on this estimate comes mainly from the uncertainty
on the temperature: the estimation is carried out on a temperature rise of the order of
1°C, while the uncertainty on the temperature is of the order of 0.05°C. This shows
the limitations of the hot wire method for estimating high thermal conductivities.

Carbure

Température (°C)

Figure 4.15. Hot wire thermogram for carbide estimation between 20 and 80 s
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10°
t(s)

Figure 4.16. Hot wire thermogram for carbide estimation between 2 and 20 s

In the case of liquids or gases, measurement by the hot wire method is valid only
in the absence of convection. This is in general true at the very first instants of
heating, the temporal limit of the validity of this hypothesis being able to be
determined by analysis of the estimation residues: the time interval over which the
residuals are flat and centered on the null value.

This method can be used at high temperatures of up to more than 1500°C.
[ZHA 93].

4.5. Flash 1D

4.5.1. Principle

Very short time front face heating

& & &

|HHHHHHHHH1

-\’\L‘EMeasuremcm of the temperature
75 rise of the “rear” face

Figure 4.17. Schematic diagram of the flash method
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This method makes it possible to estimate the thermal diffusivity of solids. Its
block diagram is described in Figure 4.17. On one of the faces of a sample with
parallel faces, a heat flux of high power is sent for a very short time, and the
temperature rise of the opposite face is recorded. A model of the heat transfer in the
sample allows us to propose several methods of estimating the thermal diffusivity
from the experimental thermogram. The simplicity of some of these methods has
made the flash method very popular, but a number of experimental precautions must
be followed to achieve good accuracy.

A measurement setup requires the definition of:

— a sample holder adapted to the desired temperature and pressure range;

— a source of surface heating;

— a system for measuring and recording the surface temperature;

— a thermal model associated with heat transfer;

— a method of identification.

For a detailed presentation of the method and its applications, as well as the
associated bibliography, the reader can refer to Hay et a/, [HAY 02].
4.5.1.1. A brief history

The “rear face flash” method is the oldest method in transient mode and mostly
used for the measurement of the thermal diffusivity of solids.

— The story started in 1961 with a publication by Parker [PAR 61]. As shown in
Figure 4.18, the heat source is a flash tube of 400 J (pulse time of a few
milliseconds), and the measurement system consists of a Chromel-Alumel
thermocouple with separate contacts, an amplifier, an oscilloscope and a Polaroid
device. The model used is 1D with a Dirac source and without loss, the method of
identification uses the half-rise time measured on the photograph with the aid of a
pantograph. The diffusivity is given by:

t;/z e?
a=—2— [4.19]

tyy,

where tI/z = 0.139.
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OSCILLOSCOPE
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! AIR-COOLED PLUG AND
? COLD JUNCTION FLASH
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PREAMPLIFIER
SAMPLE IN SAMPLE HOLDER

ELECTRICAL AND SAFETY SCREEN

BLOWER

F1c. 3. Pictorial schematic of test setup. Fic 4, Rc‘.h?i:‘.g i,

Figure 4.18. Experimental device used by Parker

—The 1960s saw the development of technology in particular in the United
States. The sources of heat have diversified with the use of lasers and electron guns.
The models have evolved taking into account the thermal losses and the pulse
length, but the methods of identification have changed little, the corrected half-rise
time t] /, is used to take into account the length of the pulse, the losses and the non-

homogeneity of the impulse. For example, concerning the length of the pulse, t1 /, is
calculated as a function of the length of the adimensional flash t; = ae—tzf for two
pulse shapes: slot and triangle (Figure 4.19). Regarding losses, t1 /y is calculated as a
function of the Biot number (Figure 4.20).

02
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Figure 4.19. Correction of flash length
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Figure 4.20. Correction of heat losses

—France and Great Britain took over during the 1970s with notable
developments at all levels:

- 3D analytical modeling with losses;
- new identification methods identifying losses on the thermogram;

- new measurement and acquisition techniques, semiconductor thermocouples,
galvanometric and then potentiometric recorders;

- extensions at high and low temperatures (from liquid nitrogen to more than
1000°C).
Other applications of the method are also apparent, such as the measurement of

thermal contact resistances or the characterization of surface layers.

— The 1980s saw the appearance of temperature measurements without contact
and the beginning of the use of minimization methods. It was not until the 1990s that
progress was made that was still valid today:

- mastered use of inverse methods for identification;
- digital acquisition systems;
- the generalization of non-contact measurements (infrared camera, for

example).

Numerous extensions have emerged, such as applications to semi-transparent
media, anisotropic materials, liquids, as well as evolutions towards ultra-fast thermal
or non-destructive testing.
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4.5.2. Hypotheses and models

Whoever the authors are, the following hypotheses are used:

—uniformity of the absorbed radiative flux ¢,(t) over the entire surface of the
sample;

— temperature is uniform and equal to ambient temperature at t = 0;

—taking into account the thermal losses around the measurement sample by
exchange coefficients that are constant on each face.

The first two hypotheses must be verified in the experimental set-up because it is
extremely difficult to know the spatial shape of the flux in the case of a non-uniform
flux as well as the temperature distribution in the sample if the latter is not at
thermal equilibrium with the environment. For the latter hypothesis, the use of
constant exchange coefficients in unsteady state is an approximation, but there is
currently no alternative solution; knowing moreover, that, in this problem, the taking
into account of the losses is of the second order, experiments show that the
approximation is justified.

4.5.2.1. The 3D model

h,
Q7
$o(0)

ERYN ATy

h3§ i

Py

ha

Figure 4.21. Schematic diagram of fluxes

In this model, the losses are characterized by three exchange coefficients, h,, h,
and hg, the flux absorbed by a variable flux density ¢,(t) and the temperature
detection is realized at a distance R,,, from the center. The problem is in the form of
cylindrical symmetry, so we use the equation of heat in cylindrical coordinates:

8%r 19T | 9%T _ 1 9T

ar2  r or  8z2 a ot
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Boundary and initial conditions: laT(ar'O't) = h[T(r,0,t) = T;] — ¢po(t)

zZ

_Ay = hy[T(r,e,t) = T]

aT(0,zt) _
ar =0

,)L% = h3[T(R,z,t) — T}]

T(r,z,0) =T,
The problem, being linear, has different methods of resolution:
— separation of the space and time variables, then separation of space variables;

— Laplace transform on time, then separation of space variables;

— Laplace transform on time, then transformed integral over space.

By way of example, the solution obtained by the second method is written as
[JAN 16]:

0(r,z,p) = Xn=1 Fo Jo(anr){Bncoshlyn(e — 2)]+H,sinh[y, (e — 2)]}[4.20]

200(0)5

wn? 2 .
wn(l + H_32>]1(wn) [(Bn +H1HZ)Slnh(ﬁn)+Bn(H1+H2)C05h(ﬁn)]

where: E, =

The w, being the solutions of the transcendent equation

Jo(wy) = Lnfalen) [4.21]
H3

solved numerically.
In addition, with:

@y(p) = Llgo(®)],

_ hqe _ hge _ h3R
M=o =50 Hs ==
y2=§+a2, w = aR, B =vye.

A hundred terms is sufficient to calculate 8(r, z, p). Then, we compute T(r, z, t)
by numerically transforming the inverse Laplace (see Appendix 5).
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The temporal form of the flux is taken into account by a simple product in the
Laplace space:

0(r,z,p) = Oy(p) X 05(r,2,p,hqy, hy, b3, e, R, R, A, )

where 6, is the solution in the Laplace space obtained for a Dirac pulse for which
®o(p) =1]m™2,

Therefore, the solution is given by a product of convolution in real space:

T(TI Z! t) = ¢O(t) ® TD (r; Z; tl hll hZI h3l el Rl le A,, a)
where: Tp(r,z,t) = L™[0,(r,z,p)].

We can therefore reduce the problem to its solution T}, to the Dirac obtained by
positing @,(p) = 1, it will suffice subsequently to convolute the solution by the
exact form of the impulse (which will have to be acquired).

4.5.2.2. Reduction of the model

Here, we will study the correlations that exist between certain parameters in
order to reduce the number of parameters to be estimated. In this case, the impulse is
of very short duration, so that ®,(p) = ¢o:

The measured temperature is of the form:
Tz(t) = T(t,Z =e,r= Rm) = qu f(hli hz, h3,8, R,Rm,/’{, a, t)

The 9 parameters (goq , hq, hy, hs, €, R, Ry, A, @), where R, is the measurement
radius, that appear in the solution are not independent, thus there are no 9 degrees of
freedom. As we have seen previously, the problem must be adimensioned by
making a dimension parameter of temperature appear, one of time dimension and
parameters without dimension, for example:

T,(t) = ﬁf(H1'H2'H3'£’Y:5)

hie

hge h3R e?
A’ a

H; ===

=01 . _
ll 2 lﬁ_ ;Y

pce

with: H; = H, =

In the general case, the problem contains 7 parameters.

As the identification problem is nonlinear, it is possible that, for some of the
parameter values, some are almost correlated. It is the sensitivity study that can
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demonstrate it. This is the case here where most often the 3 Biot numbers H; are

strongly correlated, so we must fix a Biot number or a relation between them. The

right solution is to take 43 = 0, which makes the problem 1D and thus removes 3
hsR R R

Parameters (T p Tm) and, in particular R,,,, the radial position of the thermometer

which is a very difficult parameter to know.

In Figure 4.22, the case of an insulating material at ambient temperature was
treated with y = g = 2. We give the 3D simulation, the sensitivities to the 3 Biot

numbers H;, to a = ;12 and B = eq%. It is found that the 3 Biot numbers H; are

almost correlated. Figure 4.23 shows the identification of the previous thermogram
(established by a 3D model and considered a “numerical” experiment) by a 1D
model with #; = h, = h and /&3 = 0. It is found that the residuals are good, and the
error on the value of the diffusivity obtained is of the order of 1% (see Table 4.1).

Figures 4.24 and 4.25 are the results for the same sample with y = g = 1; in this

case, the Biot numbers are not sufficiently correlated for the 1D model to be
adequate.

Figures 4.26, 4.27, 4.28, and 4.29 show the results in the case of a conductor at
1000 K (high values of #; and h,). In this case, even for y = g = 1, the 1D model
gives good results.

Caseno. 1 | Caseno.?2 Case no. 3 Caseno. 4 | Caseno.5
A | Wm'K! 0.1 0.1 10 10 0.1
pc | Tm?K’' 2% 10° 2% 10° 3x10° 3% 10° 2x10°
R m 0.01 0.005 0.01 0.005 0.005
e m 0.005 0.005 0.005 0.005 0.005
hy 10 10 200 200 200
h, b 5 5 190 190 190
hs WmoK 10 10 200 200 200
h; 8.8 18 197 395 1077
ag 5.00%x10°% | 5.00x10° | 333%x10° | 333%x10° | 5.00%x10°®
a; m’s' [ 493%x10° | 4.79%10° | 3305%10° | 3.29%x 10° | 442x 107
a* 496x10° | 489x10° | 3315x10° | 3.32x10° | 5.08x107®

Table 4.1. Simulated properties (in 3D) and identification results (in 1D)
(h; identified exchange coefficient, a; simulated diffusivity, a; diffusivity
identified by the 1D model, a* diffusivity identified by the fin model)
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Figure 4.22. Sensitivity curves (case 1)
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Figure 4.23. Temperature and residues x10 (case 1)
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Figure 4.27. Temperature and residues x10 (Case 3)
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Figure 4.28. Sensitivity curves (Case 4)
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Figure 4.29. Temperature and residues x10 (Case 4)

We have also shown an extreme case (Case 5), with a ratioy = g = 1 and values

of H; in the order of 10 (Figures 4.30, 4.31 and Table 4.1). In this case, the 1D
model is not suitable for identification. Nevertheless, in the hot plate modeling, it

has been shown (fin approximation) that the lateral losses can be taken into account
aPe

h
AS

in the 1D model, replacing the Laplace variable by the grouping of p + where:

— P,  perimeter of the sample
) surface of the heated face.
However, this formulation leads to an overestimation of the influence of the

lateral losses on the measurement of the temperature in the center of the rear face,
which is all the more accurate as the thermal conductivity is high.
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Figure 4.31. Temperature and residues x10 (case 5)

In summary, by choosing a sample of radius at least equal to 2 times its
thickness, it is possible to neglect in all cases the influence of lateral convective
losses and to use a unidirectional identification model. In the other cases, if a model
error of 2% is acceptable, the modified 1D model can be used with the fin
approximation.

4.5.2.3. The 1D model

In the 1D case, we can use the quadrupole method, after the Laplace transform
over time. The equivalent electrical diagram is given in Figure 4.32.
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Figure 4.32. Equivalent electrical diagram

. [6.]1_[1 O]fA By[1l 0][6s
weanwite: [ = [, 3] (6 5] s, 1lla]

with: @, = @ (p) and @; = 0
. 0, _ Ar  Br 05
We can write: [¢0 ] ey DT] [0]

D
hence: 6, = =
Cr

with: CT =C+A4 (hl + hz) +B hth

Cr =A\/§sh<\/§e>+ (hy +h2)ch<\/§e)+ %Esh(\/%e)

To find the number of parameters of the problem, we must adimension the
formula with:

— a “temperature” parameter e20) _ g

. e
—a “time” parameter — = «
a
. . e e
— two dimensionless parameters h, 1= H; and h, 1= H,

We have a problem with four independent parameters:

K
Vap sh(Jap) + (H1+Hz)ch(vap) +

65(p) = [4.22]

HyHash(/ap)
N

This solution can also be put in the form:

05s(p) = @,(p) X Op(p)
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where 6,(p) is the Laplace transform of the rise in temperature Tp(t) of the
unheated face of the sample in the case of the Dirac pulse (case where @4(p) =
1]m™2):

e
7><1

V@ shwa—p)+<H1+Hz)chwa—p)+"1”%’j,@

6p(p) = [4.23]

4.5.2.4. Taking into account the shape and length of the pulse

It can be seen from equation [4.22] that, to calculate the temperature T, (t), it is
necessary to know the value of ¢, (t) (or of @4(p)), which is not possible to identify
on the experimental curve T,(t). It is therefore necessary either to measure directly
the pulse or to make a hypothesis about its form.

4.5.2.4.1. General case

The shape of the pulse I(t) is recorded together with the temperature T,(t) of
the unheated face. A simple infrared diode or a photovoltaic cell can be used for this
purpose. The heat flux ¢, (t) absorbed on the surface of the sample is proportional
to this pulse:

bo(t) = CI(t) [4.24]

If we call Tp(t) the solution in response to a Dirac (numerically computable by
inverse Laplace transformation of equation [4.23], see Appendix 5), the response to
the pulse I(t) is given by the following convolution product:

T,(t) = Tp(t) ® C1(t) = [, CI(x) T(t — 1) dr [4.25]

2
The parameters to be identified in this case are therefore: C %, %, hl% and h, %

An example will be given in section 4.5.6.

4.5.2.4.2. Special cases

The shape of the pulse and therefore of the absorbed flux ¢,(t) is known, for
example (see Figure 4.33):

—a gating pulse (Taylor model) obtained by cutting off a continuous flow:
halogen lamp or laser

Po(®) =22 [1—y(t —t;)] [4.26]

01
tr
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— a triangle (Cape model) obtained by a flash lamp with a long pulse length
=240 (1 _t\[1 = -
Bo(t) = . (1 tf) [1—v(t—¢t)] [4.27]

—an exponential (Larson model) obtained by a flash lamp of short pulse length
or by a pulse laser

$o(t) =22 texp(-2) [4.28]

where y is the Heaviside function: y(t - tf) =0 if t <ty and y(t - tf) =1 if
t>tr.
f

2/t,
800 ot
700 - = Gate
600 Triangle
E tial
= 500 Xponentia
- 1/t
< 400 ~/
300
200
100
It
0 T | fi
0.000 0.001 0.002 0.003 0.004 0.005

t(s)

Figure 4.33. Forms considered for pulse. For a color
version of the figure, see www.iste.co.uk/jannot/thermal.zip

Knowing the shape of the pulse, it is possible to know its Laplace transform and
thus to replace the convolution product in real space by a product in Laplace space:

e

T,(t) = L™t | @,(p) x [4.29]
? ° va—pshwa—p>+(ﬂl+ﬂz)ch(@+’“’%’;§@

For the three pulse shapes described above:

Gating pulse

Do (p) =122 M [4.30]
f
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Triangle
_2q0 |1 1—exp(—tf p)
Po(p) = Her | — IS [431]
Exponential

[4.32]

ty or T are generally known by comparison of the recording of the illumination
with one of the forms described by equations [4.30] to [4.32], the unknown
parameters still to be estimated are in this case:

2
eqor € e e
1 ,;, hlzand hzz

4.5.2.4.3. Simple case
The barycenter t,;, of the pulse is defined by:

ty=J, 1()tdt [4.33]

. . t t )
The calculation gives t;, = ;f for the gate, t;, = ?f for the triangle and ¢, = 2t
for the exponential.

2
In the case where t;, < 0.002 %, the pulse can be considered as infinitely short
and there is no flash length correction to be performed. The temperature is given by:

€901
T,(t) = L™ A [4.34]

Vap sh(/@p) + (Hy + Hp)ch(/ap) +M%hya_m

2 2
In the case where 0.002 % <t, <0.03 %, first-order correction is sufficient

[DEG 86]. It is sufficient to consider the barycenter of the pulse as the origin of the
times, that is, to replace t by (t — t;,) when recording the temperature.

€qo1

2
In both cases, the parameters to be estimated are: , %, hy % and h, %
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4.5.3. Methods for the estimation of diffusivity

To estimate the thermal diffusivity from the thermogram recorded on the non-
irradiated face, the set of measurement points is used by comparing the thermogram
with the previous theoretical model. The comparison is done by minimizing
the sum of the quadratic deviations between the experimental points TZexp (t;) and

the theoretical points T,, .(t;) (Levenberg-Marquardt or simplex method, for
example).

However, since the identification problem is highly nonlinear, the minimization
is done by iteration and it is important to initialize the process by the use of values
of the unknown parameters which are closest to the sought-after values. For this
purpose, we can use the approximate methods developed during the period between
1960 and 1980 (all these methods assume an infinitely short pulse duration).

4.5.3.1. Parker’s method [PAR 61]

This method is based on the hypothesis of zero heat losses, which reduces the
2 ) . .
problem to two unknowns % and p—c‘; , two points of the curve are then sufficient to
0
determine the two parameters, the maximum of the temperature and half-rise time
t1 /.,
2

The thermal diffusivity is then calculated simply from the time t1 /o required for

the rise in temperature T,(t) of the rear face to be equal to half the maximum
temperature rise reached, T,y,, as represented in Figure 4.34.

Reduced temperature of Flash method

)
0.9
0.8 ,/
07 /‘
tg 06 / 0.139 &2
0.5 a=
o og A by, — |
0.3 /i
) 7
0.2 l T
0.1 -
1
0 by, 50 100 150

t(s)

Figure 4.34. lllustration of Parker’s method
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We thus deduce:

_0.139¢?

[4.35]
tyy,

4.5.3.2. Partial times method [DEG 77]

This method takes Parker’s idea by assuming equal losses h; = h,, and here are
three unknown parameters to be identified, so we need at least three points from the
curve.

Its principle is based on the use of four points of the thermogram shown in
Figure 4.35.

The thermal diffusivity is obtained by the following formulas [DEG 77]:

e2 tz/

a=—11.131-1.222 =2 [4.36]
s/, b5/,
e2 [ t1/ t1/ 2]

a=— 10954 —1.581 42+ 0.588| =% [4.37]
/6 | b5/ /) |
e2 [ tl/ tl/ 2]

a=—10.818-1.708 —=2+0.885| = [4.38]
/6 | b5/ /) |

An average of the three values obtained is generally used. This method is more
precise than Parker’s method because it takes into account convective losses but has
the disadvantage of using only a very small number of points of the thermogram.

Reduced temperature of Flash method

]

9 20 [ 40! :50 80 100 120
t1h tlfz tz_;"-; 15!’,
t{s}

Figure 4.35. Schematic diagram representing partial times
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4.5.3.3. Temporal moments method [DEG 86]

This is an improvement on the previous method. It uses all the points of the
thermogram in the estimation method through the calculation of integrals. The
thermal diffusivity is calculated by:

F(M_
a=e? (M—1)
Mg

with: F(x) = 0.08548 — 0.314 (0.5486 — x) + 0.5 (0.5486 — x)%°3 for x > 0.27
F(x) = —0.08519 + 0.305x for x > 0.44

where M, and M_; are the partial moments of order 0 and —1 defined by:

08Ty (081 Ty(0)
M, = f0.1 m dt and M_; = f0.1 7 a dt

The integrals in the calculation of M, and M_; are computed numerically from
the set of points of the thermogram.

The partial time moments method also makes it possible to estimate the Biot

. he
number: Bi = -

4.5.3.4. Estimation using the complete model

As we have already said, the best method is the experimental thermogram/
theoretical model comparison by nonlinear least squares (as for all unsteady state
methods).

It has been shown that a 1D model was satisfactory in most cases, but it remains
to determine the identification interval and the number of exchange coefficients to
be determined.

To do this, we have to calculate:

e aT aT aT aT
— the sensitivities: =K— =a— =H,— =
e sensitivities: Sk . Se P Su, 1om Sy

— the correlations;

— the standard deviations;

— the residues.
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For example, consider the following case a) (simulation with 4 parameters):

A=01Wm K pc=2%x10Jm 3K, ¢, =5x10* Wm™2, e = 5mm,
hl = 10Wm_2K_1, hz =5 Wm_ZK_l.

Figure 4.36 gives the theoretical thermogram and Figure 4.37 the sensitivities to
the four parameters.
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Figure 4.36. Rear face temperature
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Figure 4.37. Reduced sensitivities

It can be seen that the maximum sensitivity to the diffusivity is situated
approximately at the ' rise time and decreases rapidly after the maximum. This
shows that it is unnecessary to go very far after the maximum of the thermogram,
especially as losses become more important as time increases.
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For the number of exchange coefficients to be identified, we must look at the
correlations between the parameters. We have estimated the values of coefficients

ki, ks, k3, k, and kg, which minimize the following sums: }; (SH1 - leHZ)Z,
i (So—kaS)% i (S — kSSHZ)2 and ¥; (Sy, — kaSn, — kSSa)Z. The correlation
between the parameters is all the stronger as the curves shown in Figure 4.38 are
close to the linear equation y = x.

0

0.1
02
0.3
y=x
0.4 /
0.5

a8 /
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0.8 /
08 o8 08 04 02 0 E
SHl
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4 \\ /
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Figure 4.38. Correlations of parameters 2 to 2 and 3 to 3

We observe that H; and H, are correlated, which is often the case. For the Biot
numbers to be uncorrelated, the exchange coefficients must be extremely different,
which is rarely the case in practice. We have also simulated an extreme case b) with
hy =100 Wm™2K™! and h, = 5 Wm™2K~? and have identified the 2 cases with a
model with 3 parameters (h,; = h;) (see Figure 4.39). The residue analysis confirms
the results of the sensitivity study: they are very low in case a), which confirms the
very strong correlation of H; and H,, and they are much worse in case b) indicating

that H; and H, are not sufficiently correlated so that we can make the hypothesis
H1 = Hz.
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Figure 4.39. Simulated flash thermograms with four parameters
and then estimated with three parameters and estimation
residues a) h; = 10 Wm™2K~! and h, = 5Wm 2K,

b) hy =100 Wm™2K~! and h, = 5 W m™2K™!

To confirm these results, we performed two simulations of the temperature T, of
the unheated face of the sample by assuming h; # h,. We then added a Gaussian
measurement noise of standard deviation oT to the simulated values. These
simulated and noisy thermograms were then treated as experimental data by making
two successive estimations:

— E1: estimation of the 4 parameters «, K, H; and H,
— E2: estimation of the 3 parameters a, K, H; by making the hypothesis H; =
H,.

2
Recallthat:Kz%O(p);az%;Hl=h1§ and H, =h2%.

The standard deviations (due to measurement noise on the temperature) on the
estimated parameters were then calculated using the covariance matrix as explained
in section 2.2.6.

— Case a):
Qo =5000]m™2;a=50x10"8m?s%; h, =10 Wm™2K~! and h, = 5Wm™2K™1,

2000 measurement points and oT the noise’s standard deviation (in K).

El:Z =06980T; 2% =0.139 oT; 22 = 425 6T; Z2 = 26.0 6T
K a Hy Hy
E2: % = 0.135 oT; 2 = 0.047 oT; % = 0.263 0T
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Estimated values: g, = 49918 m™2; a = 5.004 x 1078 m?s™!; h; = 7.37 Wm2K™?!

Model error (bias) (four-parameter simulation identified by a three-parameter
model)

oma

ImE — 0.000016; Z2% = 0.0000056;
K a

omH
H

=0.000031

—Case b):

o =5000]m™2%;, a=50x10"8m?s71; h, =100Wm™2K™?! and h, =
5 W m™2K™1, 2000 measurement points and oT the noise’s standard deviation.
oH;

2~ 64 oT; — =4.50T
Hy Hy

El: % =2.97 0T; 2 = 0.411 oT;

E2: % = 0.568 0T; = = 0.144 oT; % = 0.406 oT

Estimated values: g, =31215]m™%; a=537x10"%m?s"1; h, =
255 Wm™2K™1!

Model error (bias) (four-parameter simulation identified by a three-
parameter model)

oOma

=0.00050;
a

omH
H

e = 0.0016; =0.0014

We conclude that, in the case of estimation E1, the standard deviations on H; and
H, are very large in comparison with the other standard deviations, which is another
way of showing that the parameters at H; and H, are correlated. The standard
deviations on a and K are lower for E2 than for E1, which confirms that in the case
of a correlation between two parameters, we have to be fixed to improve the quality
of the estimation of the other parameters.

In agreement with the residues, 6, of case b) is 100 times greater than that of
case a).

4.5.3.5. Practical conclusion

To conclude, in most cases we will use the 1D model with three parameters
(hy = h,), the estimation will be done by nonlinear least squares and we will take
into account the shape of the pulse, if necessary, by a convolution product.
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4.5.4. Experimental setups

4.5.4.1. Measurement bench

A measurement bench requires defining:

— a source of surface heat;

— a system for measuring and acquiring the surface temperature;

—an enclosure and a sample holder adapted to the desired temperature and
pressure range.
4.5.4.1.1. Realization of the surface heat source

It is necessary to obtain a very high power illumination for a short time; the
different sources used depend on the type of sample to be analyzed. Two important
constraints regardless of the source are:

— the heat flux absorbed by the sample must be as uniform as possible;

— the heat flux must only arrive on the front side (the illumination must not reach
the lateral faces and the rear face by reflection).

Going from the longest to the shortest durations, we find:

— the halogen lamp with a duration of illumination that can reach several tens of
seconds to obtain a sufficient amount of radiated flux (power up to 1000 W);

— the flash lamps fed by the discharge of a battery of capacitors, the illumination
times can vary between 100 us and 10 ms, for energies comprised between 100 J
and 5000 J;

— continuous CO, lasers whose illumination times are greater than 100 ms, for
powers of the order of 100 to 200W,;

— pulsed lasers whose durations can be extremely short, a few nanoseconds for
ultra-fast thermal applications (power up to 100 J).

For reflector samples, a thin layer of matt black paint is coated on the front face.

In some cases it will be necessary to correct the shape of the flash if its duration
is too long to be assimilated to a Dirac, for that one will record the flash by an
infrared cell.
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4.5.4.1.2. Measurement of the temperature of the rear face

The rise in temperature of the rear face is generally low (of the order of 1°C);
two methods are used to measure a surface temperature, either a measurement by
contact or without contact:

— With contact, it is necessary to use a thermocouple having a high
thermoelectric power; if possible (between —160°C and 100°C) bismuth telluride
(Bi,Te;) having a thermoelectric power of 360 uV.K ' at 20°C and 400 pV.K ' at
80°C.

Whatever the nature of the thermocouple, the “separate contacts” method must
be implemented, the ends of the two wires of the thermocouple do not touch each
other, they are held by pressure in contact with the rear face at two points near the
center of the sample and a few millimeters apart. The electrical contact between the
two wires of the thermocouple is ensured by the rear face of the sample. If the
sample is not electrically conductive, the rear face of the sample is covered by a very
thin layer of silver lacquer.

— Without contact, measurement can also be carried out using an infrared optical
detector that measures a magnitude proportional to the heat flux emitted by this face.
This flux can be considered proportional to the rise in temperature for the very small
variations measured. The response time of a non-contact measurement is much
lower than that of a thermocouple and its use becomes mandatory in the case of a
very diffuse and thin material whose flash thermogram can be extremely short. It is
important to verify that it is the surface temperature that is measured; in the case of
semi-transparent infrared materials, a deposit will be required (for example, 1 pm of
titanium).

4.5.4.1.3. Preparation of samples

For reflector samples, a thin layer of matt black paint is coated on the front face.

For electrical insulator samples with contact measurement, the rear face is
covered with a thin layer of silver lacquer.

For semitransparent samples with non-contact measurement, the rear face is
covered with a metallic deposit.

4.5.4.1.4. Measurement chain

In practice, any good acquisition system will be sufficient, it is only necessary to
ensure the lowest measurement noise and a bandwidth adapted to the duration of the
measurement.
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4.5.4.2. Example of setups and measurements
4.5.4.2.1. Example 1

This is the example of a conventional apparatus with, for the pulse of the flash
tubes and for detectors, semiconductor thermocouples with separate contacts. The
double enclosure makes it possible to fix the temperature by a circulation of fluid
(Figure 4.40).

The characteristics of the device presented in Figure 4.40 are as follows:

— flash: three flashing lamps, 4 J cm 2, duration around 6 ms;

— enclosure: temperature from —10°C to 100°C, under vacuum,;

— sample: diameter up to 40 mm;

— sensor: BiyTes (sensitivity: 360 uV K’l);

— acquisition system: amplifier with filter + numerical oscilloscope 12 bits, 4000
points recording.
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Figure 4.40. Example of a flash diffusivimeter

A “Protherm” software was developed at LEMTA to identify the thermal
diffusivity from the recording of the variation in the temperature of the rear face.
Figure 4.41 shows an example of the result obtained by Protherm for a plaster
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sample of 8 mm thickness, the figure gives the experimental curve, the
identified theoretical curve and the residues (x10), and the diffusivity obtained
i52.9x 10 m*s ™.

0:ProthermiFichispmiPAGORENS PR
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Figure 4.41. Experimental and modeled curves
and estimation results given by Protherm software

4.5.4.2.2. Example 2

In this example, an illumination of duration of 30 s was performed using a
500 W halogen lamp on a sample of stabilized earth brick of 5 cm thickness. The
representation of the experimental curve [MEU 04] and the theoretical curve plotted
using the parameters estimated by least squares are given in Figure 4.42(a). The
theoretical curve was calculated using equations [4.29] and [4.30] with ¢ =30's
(slot pulse). The estimated diffusivity value is @ = 5.25 X 1077 m? s71,

Reduced temperature + residuals
12 T T T r

Temperature (°C)
-
o
o

Figure 4.42. Experimental and theoretical
thermograms (a) earth brick, (b) carbon
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4.5.4.2.3. Example 3

In this example, an illumination of a duration of 1 ms was achieved using a flash
lamp on a carbon sample of thickness 6.58 mm. The temperature was measured by
an optical detector with a very short response time. The representation of the
experimental curve and the theoretical curve plotted using the parameters estimated
by least squares is given in Figure 4.42(b). The value of the estimated diffusivity is:
a=114%x10"*m?s™ %

4.54.2.4. Example 4

Example 4 is the measurement of the thermal diffusivity of an aluminum nitride
sample (AIN). The classical method is not applicable because of the length of the
pulse, which can no longer be considered a Dirac and partly because of the semi-
transparent character of the material.

To make the surfaces of the samples opaque to the visible and the infrared, we
deposit on each face a titanium layer of 1 pm.

The comparison of a complete model and a reduced model allows us to show
that the influence of the titanium layers and the losses are negligible. The model
used for the identification is thus a 1D single-layer model without loss.

As far as the pulse is concerned, we have used an analytic representation, which
allowed us to work in the Laplace space and replace the convolution with a simple
product.

R:
]
||
D Ds
L A, Bn *
= T T 05
— | G D |

Figure 4.43. Electrical equivalent model

Figure 4.43 gives the model representation in electrical analogy where the
quadrupole (4,,, B,, C,,, D,,) represents the conductive transfer and the resistance R,
the radiative transfer.
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By calling 4, B, C, D the resulting matrix, we get:

[ee]_ A B [es]
®.] lc DI o

where: @3 =0- 6= % (no loss)

Cn +2Cr(Ap—1)
I and: Cp = —
1+CrBy Ry

with: C =

lI01

The pulse is represented by an exponential: ¢(t) = = t exp (— E)’ which

gives in the Laplace space:

1
D, —CDo(P)—qﬂ—l

(r+2)

In addition, consequently:

_ qo1(1+CrBy) 1
= ot 2D oy 1T [4.39]

with:

C, =Rir; A, = cosh (\/ge);Bn =$ sinh (\/ée); C, =/1\/% sinh (\/%e)

a

Equation [4.39] can also be written as:

q01[1 + —smh ] £ 301[1+CTZ 117 sinh <\/§e)]
1 J; 1
llfsmh (I >+ZCr cosh (\f )—1

rz(p+%)2 = e\fsmh(\f >+2L‘r/1[cosh<f> 1] (pr+1)?

This expression gives rise to three adimensional parameters to be identified:

edqo1 Cre
—%, = and —
A7 e2
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The length of the pulse 7 is measured by identification of the flash with the
chosen form.

The pulse is obtained by flash tubes (energy up to 3000 J), and, for detection, an
infrared mono detector (InSb) cooled by a Sterling motor is used. After amplification,
the signal is sent to an acquisition chain (digital Oscilloscope Picoscope) and
processed on a computer. The shape of the pulse is recorded simultaneously at the
temperature by an infrared diode; Figure 4.44 gives an example of a recording.

ey 1 RIS SRS (S PSS —

Figure 4.44. Example of a recording; the temperature in blue and the pulse in red.
For a color version of the figure, see www.iste.co.uk/jannot/thermal.zip

After identifying t, the experimental temperature curve is compared with the
theoretical least squares curve (Levenberg—Marquardt).

If we look at Figure 4.45, we see that the residuals obtained are not perfectly flat,
which means that the model used is not perfectly in line with reality; it would be
necessary to build a more sophisticated radiation conduction coupled model.

Temperatureand residues (°C)

L N . . A N .
o 0002 0.004 0.008 00038 oo o012 0.014 0.018

t(s)

Figure 4.45. Thermogram, identified curve and residues
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4.5.4.2.5. Example 5

Example 5 is a case of ultra-fast heat transfer, measuring the thermal diffusivity
of diamond:

— the flash is a pulsed laser at 1054 nm — 4 J for a duration of 20 ns;

— the sample has a maximum diameter of 10 mm;

— the detector is an infrared HgCdTe detector with a bandwidth of 500 MHz;

—the acquisition chain consists of a 500 MHz oscilloscope and a 50 MHz
amplifier.

Figure 4.46 is a photograph of the measurement system.

Figure 4.47 shows the thermogram and the identified curve.

Figure 4.46. High-speed heat transfer setup
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Figure 4.47. Thermogram and identified curve
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4.5.4.2.6. Limitations of the flash method:

In choosing the setup, we must take into account a certain number of criteria that
condition the validity of the experiment according to the nature of the sample:
eZ

-——> %, where f is the bandwidth of the acquisition chain (in Hz);

a

2
- % > 400 ty, where t is the response time of the temperature detectors;

2
- % > 500 ¢, where t;, is the energy barycenter of the flash: in this case, we can

be satisfied with the approximation ¢¢(t) = ¢y, without performing flash length
correction.

On the other hand, the flash method relies on two conditions:

— the luminous flux sent on the front face is absorbed by the surface and does not
“penetrate” into the sample;

— a quantity proportional to the rise in temperature is measured on the rear face.

These two conditions exclude very light materials and porous media from the
field of application. Indeed, it is very difficult to measure the surface temperature of
a very light medium; the solution of the thermocouple is inapplicable in this case. In
the case of a porous medium, the flash sent to the front face is not completely
absorbed at the surface level; a part of it penetrates the mass of the sample through
the porosity and distorts the measurement. In these two cases, the trilayer method
developed specifically for these types of materials is to be preferred to the flash
method.

4.6. Flash 3D
4.6.1. Principle and history

4.6.1.1. Principle

It is a transient-type method that allows the measuring of the values of the thermal
diffusivity according to the three directions of space for an anisotropic material.

The experiment involves perturbing a sample of small dimensions (typically 40 x
40 x 3 mm’) in such a way as to create a 3D transfer and to measure several
temperatures on the opposite side to the perturbation (see Figure 4.48). The excitation
is performed by a laser at the sample’s center and the response of the temperature field
on the rear face is measured by an infrared camera. The excitation is generally
performed so that the temperature variations induced within the material are low.
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Figure 4.48. Principle of the experiment

This method was initiated to enable the measurement of the thermal properties of
anisotropic materials in the three directions of space. These materials are usually
available in thin plates so that it is not possible to cut three samples with sufficient
cross-section area in the three directions of space. Thus it is not possible to use a 1D
method to measure their thermal properties.

In all that follows, it will be assumed that the plate is cut in the principal
directions of anisotropy.

As for the classic flash, a measurement setup requires defining:

— a sample holder adapted to the desired temperature and pressure range;

— a source of surface heat which in this case will be a laser;

—a system for measuring and acquiring the surface temperature which in this
case will be an infrared camera;

— a thermal model associated with heat transfer;

— a method of identification.

4.6.1.2. A brief history

Taylor and Donaldson [TAY 75] first proposed extending the flash method for
the characterization of anisotropic materials by subjecting the sample to localized
excitation.

A theoretical and experimental improvement of the experiment was proposed by
Lachi [LAC 91]. However, the implementation is difficult, since the measurements
(2 or 3 temperatures) are made by contact; the method is very sensitive to the
positioning of the thermocouples and to the size and shape of the excitation.
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Major progress was made using infrared cameras for temperature measurements,
and it was necessary to wait for improvements in sensitivity and spatial accuracy of
the cameras. Philippi and Batsale [PHI 94] showed that, using an infrared camera
and a Fourier transform in space, it is possible to get rid of the spatial form of the
flux (pulsed in time).

Finally, starting from 2001, the team of B. Rémy at LEMTA [SOU 13] proposed
to modify the estimation function, which made it possible to measure, by a single
experiment and on a small sample, the thermal longitudinal and transverse
diffusivities. This has been made possible thanks to the significant and recent
progress made on infrared cameras and lasers.

4.6.2. Hypotheses and model
¢=f(x.y) &)

- L L
0 l S x
// Sind \ffl ,‘,QE
) l i

Figure 4.49. Problem modeling

We consider an opaque, parallelepipedic sample subjected to a pulse-type
excitation on its front face (see Figure 4.49). The applied heat flux, of any shape in
space, can then be written in the form:

dx,y,t) = fx,y) g(t)

At the initial time, the system is in thermal equilibrium with the surrounding
medium at temperature T,,; assumed to be constant, as well as the conductivities of
the material along its directions of anisotropy 4, 4, and 4, (orthotropic material)
over the interval temperature at which the experiment takes place. Considering a
material of small thickness compared with its other dimensions, the losses on the
lateral surfaces can be neglected.
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Given all these hypotheses and by setting T* = T — T,,;, the heat equation is
written as:

%+ RV %+ aT*
Ax Ax2 +4y dy?2 +4, 922~ PC ¢
with the initial condition: T*(x,y,z,t =0)=0
.. aT* .
and the boundary conditions: Ay o =hyT*,0 — P(x,y,t)
z=0
aT* .
Az 0z |y =—he T" 5=
aT* aT*
Ay ol = 0 Ay ol 0
aT* aT*
Y 9 | = Y oy =0
y y=0 y y=L

To solve this problem, we will perform a double Fourier transform in space and a
Laplace transform in time:

@(anl .8721' Z, p)L -
X=Lx O s
LxLyf _ fy Y [o_o T cos(ay x) cos(Br, y) exp(—p t) dt dy dx

where: p is the Laplace variable

nm .
A == where n is a natural number
X

mm .
Bm = — where m is a natural number
y

After transformation, the source is written as: ®(ay, Bm, p) = F(ay, Bm) G(p)
with:

F(an, Bn) = 1= 12200 1207 £ () cos(an ) cos (B y) dy dx

G@) = fZ,9(®) exp(—pv) dt
After transformation, the heat equation becomes:

(anxl +Bml + pc p)(5)+/1

Zdz

°=0
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and the boundary conditions become:

do
Az iz =hy 0,0 — F(an' .Bm) G(P)
z=0
do
Az iz see =—h,0,_,
By setting:

- G - Era (e )

The system of equations is finally written in the transformed space as:

dze
1o
dae
AZ E = hO G)Zzg - F(an! ﬁm) G(p)
z=0
[«1¢]
/’lZ Z . = _he G)Z:e

In this experiment, the temperature fields on the rear face (z =e) are of
particular interest.

The solution is written as:

F (@n,fm) G(0)

hge, hee ho e.he e\sh(y e)
ye sh(y e)+(—lz +_/1z )ch(y e)+(—/IZ A, ) Ve

0(an, B,z = €,p) = [4.40]

This solution seems difficult to use, and it is even more difficult if we use
inverse transforms in space and time.

We will present only a particular case, where the flux pulse is short enough to be
assimilated to a Dirac.
4.6.3. Identification method

Several constraints do not make it possible to carry out the identification directly
on the harmonics given by the expression [4.40].
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The most important one is the fact that it is very difficult to obtain the Laplace
transform of the measured temperatures because of the problems of truncation of the
temperature signal, the latter never returning to the initial temperature in the
measurement time.

On the other hand, the large number of parameters to be identified results in a
badly posed inverse problem (the number of usable harmonics being quite low,
always less than 8).

To reduce the number of parameters, we assume that all the exchange
coefficients have the same value. Indeed, it is shown that, when the exchange
coefficients are close (whatever their value), they are correlated. On the other hand,
we will separate the problem of identification into three problems each containing
few parameters to be identified (3 or 2). Finally, we will perform a Laplace on
equation [4.40], hence the harmonics used:

0(ctn, By z = €,8) = L7(O(aty, Bz = €,P)) [4.41]

iF(an-Bm)

v e sh(y e)+2(};\—:) ch(y e)+(];—:)

O(otn, Bm,z = €,p) = [4.42]

Zsh(ye)
ye

4.6.3.1. First step

We will use the mean temperature, that is the solution for the harmonics a,, = 0
and fB,, = 0. Solution [4.42] shows that we obtain the same solution as for the 1D
flash problem, so a classical identification (see section 4.5) will enable us to
identify, under good conditions, the diffusivity a,, the exchange coefficient /# and a
parameter related to the quantity of energy.

The estimated parameters will therefore be: 92/ a,’ h e/ 1, € F(0,0)/A,

4.6.3.2. Second and third steps

Given previous remarks (interest in decreasing the number of parameters to be
identified), we will consider the transverse diffusivity a, and the Biot number as
perfectly identified. The estimation of the diffusivities a, and a, will be done
through the identification functions, and it is demonstrated that:

Pt o] - ) s
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For a,, only harmonics 6(a,, Bn =0,z = e,t) are considered, and there are
only two parameters to be identified:

ax

e
a_z' ZF(CZTU 0)

Similarly, for the diffusivity a,, only harmonics 8(a, = 0,5,z = e, t) are
considered as well as the parameters:

25 ZF(0, )

az

In practice, only 8 to 10 harmonics for each diffusivity will be usable and often
under poor conditions.

Finally, at the end of the procedure, we will obtain a dozen estimates of the
diffusivities. However, these will not all be as precise (the harmonics are not of the
same quality), and we will realize a weighted average of these.

These different estimates are then weighted by their variances according to the
Gauss—Markov equation:

4.6.3.3. Validation of the method

In order to verify the correct functioning of the identification, we performed
numerical simulations of the problem using the 3D FlexPDE® software for several
types of samples. We give as an example the results obtained on a material of carbon
fiber and an insulating material (PVC) (see Figures 4.50 and 4.51):

Dimensions: L, = 40 mm, L,, = 40 mm, e = 3 mm
Properties:
Carbon:

a, =38x10"°m?s7", a, =45x 107" m*s™*, a, = 4.5x 107" m?s7",
pc =2.6x 10°m3K™?!
PVC:

a,=12x10"7"m?s™", a, =1.2x 1077 m*s™, a, = 1.2 X 107" m?s~",
pc =1.58x10° Jm™3K™!
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Figure 4.50. Temperature profiles and average thermogram FlexPDE® 3D
simulation on PVC material. For a color version of the figure, see
www.iste.co.uk/jannot/thermal.zip
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Figure 4.51. Identification functions and estimated axial diffusivity
(harmonics 2,4 ... 10) FlexPDE® 3D simulation on PVC material. For a
color version of the figure, see www.iste.co.uk/jannot/thermal.zip

Figure 4.50 shows, for PVC, the temperature profiles in x, that is the mean
temperature in y for each time as a function of x; in the same way, the profiles in y
(average temperature in x for each time) and the average temperature of the unheated
face as a function of time.

Figure 4.51 shows the identification function, that is, the function defined by
equation [4.43] and the axial thermal diffusivity estimated by harmonics 2, 4, 6, 8
and 10.
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PVC

Carbon
Simulated diffusivities |Identified diffusivities Simulated diffusivities |Identified diffusivities
a,=12x10"7 a, =12x1077 (£2%) |a, =3.8x107 a, =38x107% (+4%)
a, =12x1077 ay =12x1077 (+2%) |a, = 4.5x1077 ay =45x1077 (+3%)
a, =12x107" a, =119x1077 a, =45x1077 a, =446 x 1077

Table 4.2. Estimates of thermal
diffusivity (m? s~1) on PVC and carbon

The results presented in Table 4.2 show the feasibility of the method of
identification.

4.6.4. Example of an experimental setup

Continuous 130 W CO; Laser Infrared Matrix Camera (640 x 512 pixels)
Controlled power and

. ‘ ‘ : ‘ Broad-Band InSb [1.5-5.1 pm]
duration{Electro-optical switch) | + Monochromatic Filters

g =4
Sample (40x40x3 mm), Ceramic Holder
and ZnSe Portholes (Transparent [0.6-
22 uml)

W | High vacuum Tubular
X Furnace
(1700-1800 °C)

.

Figure 4.52. Benchmark for high-temperature
thermal diffusivities (LEMTA, 2010)
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Figure 4.52 shows a high-temperature experimental device containing:
— a vacuum tube furnace for measurements up to 1800°C;

—a continuous CO, laser of 130 W, for which power and duration can be
controlled;

— an InSb matrix infrared camera (1.5 to 5.1 um);
— a diffusion pump (10~* mbar);
— a sample holder for square samples of 40 mm X 40 mm;

— a number of accessories such as filters, transparent ZnSe portholes in the 1.5 to
5.1 um band of the camera.

Figure 4.53 shows the temperature records of the back face as a function of space
coordinates for different times on the titanium sample at 60°C.

Figure 4.54 shows the thermogram of the mean temperature of the back face
with the estimated curve and residuals, and this thermogram allows the identification
of the transverse diffusivity (a,).

Figure 4.55 shows two examples of the estimation of the axial diffusivity on
harmonics 4 and 5. The experimental harmonic, the estimated harmonic and the
residuals are found in the figures. If the flash was perfectly centered, the odd
harmonics would be zero (which explains the small amplitude of the odd harmonic
and therefore a weak signal/noise). These harmonics make it possible to identify the
axial diffusivity (a,).

Temperature profile (along x) Temperature profile (along y)

Temperature °C)
Temperature(°C)

uz{?@"‘w . L K"-ﬂ«.,, §
) -

0 oms 00 0015 e 005 008 Ces 0 0ms a0 005 GO 0025 008 0085 004
x(m) y (m)

Figure 4.53. Temperature profiles on an isotropic titanium sample at 60°C.
For a color version of the figure, see www.iste.co.uk/jannot/thermal.zip



Flux/Temperature Transient Methods 183

0.35 P
/"P —— Experiment
0.3 — Model
_f"( —— Residues

:G‘ 0.25|- !

g 0.2 /

3 - o

2

© |

g 015 :

E !

2 o4 *

c [

© )

Q /

S 0.05—

8 / a, =3.144 10°0% 2 571
T, = 0.35135 °C
Biot = 0.0084848
-0.05 : - - - . .
0 0.5 1 15 2 25 3 35 4

t(s)

Figure 4.54. Estimation of the transverse diffusivity a, on a titanium sample at
60°C. For a color version of the figure, see www.iste.co.uk/jannot/thermal.zip
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Figure 4.55. Examples of harmonic axial diffusivity a, estimation, harmonic
by harmonic on an isotropic Titanium sample at 60°C. For a color
version of the figure, see www.iste.co.uk/jannot/thermal.zip

Figure 4.56 shows the rear face temperature records as a function of space
coordinates for different times on the titanium sample at 800°C.
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Figure 4.56. Temperature profiles on an isotropic Titanium sample at 800°C.
For a color version of the figure, see www.iste.co.uk/jannot/thermal.zip

Figure 4.57 gives the results obtained on titanium between 20°C and 1000°C; the
isotropy of the material is clearly observed.

Figure 4.58 shows the rear face temperature records as a function of space
coordinates for different times on the carbon sample at room temperature and under
vacuum. There are significant differences between the x-profiles and the y-profiles
as a result of the strong anisotropy of the material.
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Figure 4.57. Thermal diffusivity of an isotropic Titanium sample between 20°C and
1000°C. For a color version of the figure, see www.iste.co.uk/jannot/thermal.zip
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Figure 4.58. Temperature profiles on an anisotropic carbon sample at room
temperature and under vacuum. For a color version of the figure, see
www.iste.co.uk/jannot/thermal.zip

4.6.5. Practice of the measurement

Implementing a 3D flash experiment is particularly difficult, so this technique
will be reserved for specific cases when other techniques cannot be applied. For
example, thin-plate materials at high temperature may be used.

4.6.5.1. Identification implementation

Before describing the difficulties associated with the method, we will explain the
procedure for obtaining the curves of Figures 4.53 to 4.58.

Equation [4.40] must be compared with the measurement, and the temperature
measurement is a function of x, y and t and the magnitude ©(a,, B, Z = €,p) is a
function of a,, 8, and p. As already mentioned, it is not possible to carry out the
Laplace transformation on the experimental thermogram; on the other hand, a
Fourier transform in cosine is applicable.

In practice, we record 10° to 10* infrared images as a function of time, each
image consisting of approximately 10° pixels (that is 10° temperature measurements
on the sample’s unheated face).

The first step involves averaging the 10° temperatures on each image and thus
obtaining the mean temperature of the rear face as a function of time (example in
Figure 4.54). It is shown that this thermogram is strictly identical to a 1D
thermogram (three parameters to be identified including a,), we compare it to the
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inverse Laplace transform of the expression [4.42] in which we considered a,, =
Bm = 0.

The second step is to average the temperatures on the y-axis; we obtain for each
image (each time) the temperature as a function of x (see Figure 4.53, for example).
On each of the temperature profiles (at each time), a digital Fourier transform is
performed in cosine; for example, for the harmonic 7 at time ¢;:

nm
Fy(t;) = Xp=1 Vp,i cos (E xp)

where V) ; is the average temperature in y at dimension x,, (position of pixel p) for

the time t; (image 7).
L, is the sample’s dimension in x

m is the number of pixels on the x axis.
The curves of Figure 4.55 (for harmonics, n = 5 and n = 6) are obtained.

These curves are compared with the inverse Laplace transform of expression
[4.42] where: a, = z—n and B,, = 0 for the harmonic n. There are two unknown
X

parameters to identify including % .

The third step is identical to the second, by permuting x and y. It allows
identifying the parameter Z—y

z

4.6.5.2. Analysis of difficulties

Most difficulties are related to the use of the camera as a measuring device. The
calibration curves provided by the manufacturer are no longer accurate enough (see
Figure 4.59), the non-uniformity of the responses of each pixel (which requires a
pixel-by-pixel calibration) must be corrected, and each camera has one or more
parasitic frequencies to be corrected (see Figure 4.60).

Other problems are to be taken into account, such as the estimation of the initial
time or the detection of the sample’s edges.
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Expenmental curves with a 4 um monochromatic filter

18000 H|I T I q ‘. TTi 77 / / ] /- -/_,_ — 1= &y =1
M‘ f | i i Vs - 1= s ™= 12048
14000 II il II i el — 1= Gus 1= 18lps
e T= Tis ™= 150p=
— T Bis  ———— =180
12000 = Gis  ———— =180
’//-"' — = Alps ——— IT=200ps
 IT= 1= IT=250ps
— 10000 | _/-f""r T 12 1= 20008
o /,/" o — = s 17= as
= 8000} -~ A 7= 15us ™= 500ps
gu /// T= {fps  ——— IT= ENps
(5] 4 L T= Hlysn ——— IT= lps
6000 - = ———— IT= Z/us ———— [T=000ps
d  [T= Xus IT=200ps
[ =000 8
4000 —— 7= Ws m=1100ys
—_— T s T=120ps
2000 b —_— 7= Tis ————— elEOps
T= alps IT=1400yE
— T= & IT=1500 s
%00 800 1000 1200 1400 1600 1300 2000 g Sl

"

Temperature (K)

Figure 4.59. Reconstructed calibrations for the camera with 4 um monochromatic
filter. For a color version of the figure, see www.iste.co.uk/jannot/thermal.zip
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Figure 4.60. Parasitic frequencies on three camera models

Finally, a problem that is difficult to solve (hence the setup under vacuum) is the
taking into account of the coupling with air. Indeed, when the thermal conductivity
of the material is low, the surrounding air serves as a short circuit for transfers in the
plane of the sample (this phenomenon does not exist for 1D transfer). This problem
results in identified diffusivities that vary strongly with the harmonic (the biggest
errors are on the first harmonics). Figure 4.61 shows experimental results obtained
on a sample of Stumatite. Figure 4.62 confirms the nature of the problem by
simulating a sample of PVC. Nevertheless, if we know the cause, we do not know
how to correct the errors, the only solution is to work under vacuum.
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Figure 4.61. /dentification of diffusivity, experiment with Stumatite. For a color
version of the figure, see www.iste.co.uk/jannot/thermal.zip
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Figure 4.62. Identification of diffusivity on simulation with coupling (PVC)

4.7. Hot disc
4.7.1. Principle
The hot disc method is a thermal characterization method for materials of the

“transient plane source” type studied and used by many authors [GUS 94, BOH 00,
MAL 04, HE 05].
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The heating element is in the form of a disk consisting of a double coil of a
resistive material inserted between two thin sheets of an electrical insulator (see
Figure 4.63). The double-resistive coil allows us to both uniformly heat the disk and
measure the average temperature rise T(t). A gated pulse flux is applied to the disk
inserted between two samples of the material to be tested and the temperature signal
is recorded in transient mode. A modeling of the 2D axisymmetric heat transfer
associated with a parameter estimation method makes it possible to determine the
values of the thermal conductivity A and the thermal diffusivity a, which minimize
the sum of the quadratic deviations between the experimental and the theoretical
curve. The application of this method requires that the semi-infinite medium
hypothesis remains valid for the samples tested during measurement.

Figure 4.63. View of a hot disc

4.7.2. Hypotheses and model

All the presented models make the following hypotheses:

— The two samples between which the hot disc is inserted behave as semi-infinite
media for the duration of the measurement.

— The continuous double coil is assimilated to a set of m coils of different
diameters equally distributed between the center and the periphery.

4.7.2.1. Model “without probe”

Considering a heating disk consisting of a double coil of a resistive material
spaced uniformly and neglecting the mass of the probe and the contact resistance, it
has been shown that the mean temperature increase of the disk subjected to heat
flow rate ¢, can be written as [GUS 94]:

T(t) = =2~ Dp(7) [4.45]

2 rg A

with: 7= |&

Nl

To
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where: a sample’s thermal diffusivity
A sample’s thermal conductivity
i probe’s radius.

In addition:

Du(@) = [m (m+ D] [y do o™ [Py N, kexp (- 55 o (ons)] - [446)

4m? g2 2m? g2
where: m is the number of coils of the heating element.

If the space between the coils becomes very small, this solution tends to:

Doy(t) = [{do o2 [ vdv [} uduexp(- “Z* "2) I, (ﬂ) [4.47]

o2 2 g2

A polynomial expression of D,,(7) valid for 7 > 0.3 has been proposed in the
form [JAN 07]:

Dy () = by + by T+ by 12 4+ b3 13 + by t* + bg 15 + by 1° [4.48]

The values of the coefficients of the different polynomials are given in Table 4.3.

m=>5 m=28 m =10 m=16 m =25 m =32 m= o

by | 0.9596 0.90557 0.9141 0.9386 0.9564 0.9638 0.9967

b, | -1.0872 | -0.5393 -0.4942 -0.4812 -0.4837 -0.4861 -0.4986

b; | 1.5965 0.1211 -0.03290 -0.1322 -0.1703 -0.1828 -0.2257

b, | -1.9920 | -0.08165 0.1206 0.2561 0.3123 0.3319 0.4006

bs | 1.3271 0.1215 -0.003580 | -0.08452 -0.1178 -0.1295 -0.1708

bg | -0.3437 | -0.04620 | -0.01610 | 0.002431 | 0.009822 | 0.01243 | -0.02165

* The value of b, cannot be calculated numerically in the neighborhood of 0 (infinite limits)

Table 4.3. Values of coefficients* of polynomials D,,,(t)

This “ideal” solution has been established for a probe of negligible mass and a
zero contact resistance R, between the probe and the sample. In order to take
account of the contact resistance, it has been hypothesized that after a “certain time”
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the effect of the contact resistance is to cause a constant temperature shift with
respect to the ideal model [GUS 94]. We thus write:

T(t) =2 Dp(¥) + R, 9 [4.49]

This solution is valid on the assumption that the sample can be considered as a
semi-infinite medium during the time t; of the measurement, that is, d > /2 a t;,
where d is the smallest distance between the probe and the external surface of the
sample and t; the duration of the measurement [LOG 95]. Again, it would be
necessary to know the thermal diffusivity a in order to apply this criterion, so that
we can rather determine this time t; by analyzing the residuals: we will choose for
t the time from which the residuals are no longer centered on zero.

This simplified model does not fully take into account the influence of the
probe’s mass and the thermal contact resistance between the probe and the sample.
For the estimation of the parameters, the first points of the thermogram (t < t;) are
therefore not taken into account. The time t; is estimated empirically [BOH 001]:
several successive estimates are obtained over intervals [t, t,], t, being constant and

chosen, such that 7, = ’i—tz is equal to 1.0 while t is gradually increased starting at
0

t = 0 s. It should be noted that this process can only be an iterative one because we
do not know at the beginning the value of a necessary for the calculation of 7,. It
can be seen that, starting from a certain value t; of time t, the estimated values of
the parameters vary slightly and the interval [t;, t;] is retained for the estimation of
the parameters. This method of taking into account the probe’s mass and the contact
resistance remains empirical, and therefore, a source of potential error.

4.7.2.2. Quadrupole model “with probe”

Consider now a probe of thermal capacitance mc and a contact resistance R,
between the probe and the sample.

We can write in quadrupole form:
[H(p) _ [ 1 0] [1 R,
@)l Imep 1]l0 1

where: 0 Laplace transform of the probe’s mean temperature

Ose (D)
(Dse
(» /ZC

@ Laplace transform of the probe’s heat flow rate
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6,. Laplace transform of the sample’s mean surface temperature

@, Laplace Transform of the heat flow rate at the sample’s surface.

Zc+R
Hence: O(p) =22 — 2"
p mcp +mcpRc+1

[4.50]

It has been shown [JAN 07] that Z. can be calculated with good precision by:

2

Ze = @) [4.51]
. 1+d\p
with: Im(p) = Co + m [452]
m 5 8 10 16 25 32
dq 6.8559 0.7223 0.6458 0.5999 0.5759 0.5631
€ 10.3827 5.2843 5.1859 5.0855 5.0134 4.9796
e 29.4882 6.0943 5.7153 5.3948 5.2233 5.1490
e 30.2988 3.2558 2.8785 2.6027 2.4525 2.3806

Table 4.4. Value of the coefficients of the
polynomials representing the functions I,,(p)

4.7.2.3. Sensitivity study

The reduced sensitivities of T(t) to the thermal diffusivity a, to the thermal
conductivity 4, to the thermal capacitance of the probe mc and the contact
resistance R, can be calculated using equations [4.50] to [4.52] for the calculation of
L, then of T, by:

oT

= 1000[T(1,001X;) — T(X;)]

where X; can represent a, A, mc or R,..

The mean temperature is calculated by applying an inverse Laplace
transformation to equation [4.52] using the Stehfest or De Hoog method.

The following experimental conditions were considered to calculate the reduced
sensitivities of T(t):

— Kapton probe with a thickness of 0.2 mm and a radius r = 6.401 mm with 16
double coils, Kapton thermal properties: heat capacity ¢ = 1.09 x 10 Jkg™1 K71,
density p = 1420 kg m~3 [LUA 06];
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—recording of 200 measurement points with a minimum time step of 0.015 s.

Figure 4.64 shows the calculated reduced sensitivities for R, = 1.56°C W1,
thus SR, = 2 X 1073°C m2 W1, calculated for different materials. It is found that
when the diffusivity a and thermal conductivity A4 increase, the sensitivities to the
thermal diffusivity a and the thermal conductivity 4 decrease strongly and become
significantly lower than the sensitivities to the thermal contact resistance R, and to
the thermal capacitance of the probe mc.

The hot disc method cannot be used to accurately estimate high thermal
diffusivities in the case where the estimation method is based on the use of a
simplified model that does not take into account the transient effects of the thermal
contact resistance R, and the thermal capacitance mc of the probe.

PVC Pyroceram Aluminum AU4G
40 2 1.2
I O] (a) (c) |
0 ) 0 08 @
(b (b)
-40 -2 04
@ ) ()
80 -4 i —
(b (d)
120 5 04
00 0.4 08 1,2 0,0 02 0.8 12 0,0 04 08 12
T T T

Figure 4.64. Reduced sensitivity curves for A(d), a(c), R.(a) and mc(b) for
different materials: PVC: A =021 Wm 'K a=13x10"" m?s~L
Pyroceram: 1 =398 Wm ™' K™, a=1.89x 10" m?s~1.
Aluminum AU4G: 2 = 138.5Wm 1K™, a =588 x 107> m?s~!

It can be seen that the sensitivities to the contact resistance R, and to the thermal
capacitance of the probe mc only become constant for t > 0.3. In this example, a
simplified model can only be used for estimating the parameters for 7 > 0.3, which
is consistent with the operating interval recommended elsewhere: T € [0.3,1]
[BOH 00]. The sensitivity to thermal diffusivity a passes through a maximum for
T = 0.5 before decreasing, while the sensitivity to thermal conductivity A increases
continuously.
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Finally, we note that the sensitivity to the thermal conductivity A is always
significantly higher than the sensitivity to the thermal diffusivity a, and the
estimation error for A will thus be lower than that for a.

4.7.3. Experimental setup

The heating element consists of a double coil of platinum inserted between two
thin electrical insulators. It is inserted between two large samples (semi-infinite
medium hypothesis) of the material to be characterized. Pressure can be applied to
the assembly to reduce the contact resistance by taking the precaution to check that
this pressure has no influence on the value of the electrical resistance. When thermal
equilibrium is reached (temperature of the heating element stable and equal to that of
the ambient medium), a current of constant intensity / in the heating element is
imposed by means of a current generator and the resistance R(T) is measured by
means of a Wheatstone bridge.

The mean temperature value T is deduced from the measured value of the
heating element’s resistance using the following equation:

R(T) = Ry, [1+ a(T — Ty)] [4.53]

where a is the temperature coefficient of the resistance (a = 3.851 x 1073K~1
for Platinum).

The heat flow rate ¢, of equation [4.49] is calculated by:

_ R(TyI?

Po="7— [4.54]

By neglecting the variation in R(T) over time for the flux calculation, this
hypothesis does not allow using a large flux, therefore limiting the rise in
temperature and consequently the signal-to-noise ratio. It is therefore detrimental in
terms of the estimation’s accuracy.

4.7.4. Experimental study

Several series of measurements were carried out with three hot disc sensors of
respective radii (manufacturer’s data):

—3.189 mm with 8 double coils (5 measurements);

—6.403 mm with 16 double coils (3 measurements);
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—9.79 mm with 10 double coils (3 measurements).

The tested material was titanium TAS5V, whose properties were measured by
several methods:

—Hot plate with 2 temperature measurements: A= 6.61 Wm™'K™! and
a=270%10"7 m?s?

—Flash: a = 2.75 X 1077 m?s™!
— Differential calorimetry: pc = 2.32 X 106 Jm~3 K~L.

The parameters R., mc, a and 1 were estimated by minimizing the sum of the
quadratic deviations between the experimental curve and the theoretical curve
obtained by the quadrupole model with, respectively: m =8, m = 16 andm = 10
for the three probes. All the recorded values (200) of T(t) were taken into account
in this sum. In the model, it has been shown that the coefficient c, intervening in
equation [4.52] of I,,,(p) only causes a constant shift of the curve T(t). It has been
verified that its value has no influence on the optimal solution found, so it was taken
equal to zero. The results obtained with the three probes are shown in Table 4.5.

a A pc R, mc
m?s~! WmtK?!| Jm3K?!| KW! JK™1
Mean 2.69%10° 6.52 243%10° | 5.11 0.0034
7o = 3.189 mm;
m=8 R 44% 13% 42% | 44% | 173%
deviation
Mean 2.72x10°° 6.95 2.56x10° | 1.92 0.022
7o = 6.403 mm;
m=16 Standard 4.0 % 0.82 % 33% | 73% | 26%
deviation
Mean 2.84%10° 6.74 238x10° | 0.79 0.091
7o = 9.79 mm;
m=10 R 5.0% 12% 38% | 32% 35
deviation
Flash 2.75% 107
Hot plate 2.70x10°° 6.61
Calorimeter 2.32 % 10°

Table 4.5. Estimated parameter values with three hot disc
probes and three other methods on titanium TA6V
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The mean values obtained from the thermal properties are close (maximum
deviation of the order of 5%) to those measured by the hot plate, flash and
calorimetry methods. There is a slight difference between the results obtained with
the different probes with a deviation from an average value that does not exceed 5%.

An example of an experimental curve obtained on titanium TA6V under the
following conditions is given in Figure 4.65: ¢ = 0.7 W, recording of 200 points
with a time step of dt = 0.027 s. This figure also shows the residues of estimates
whose values are small, although the first points have higher values. This can be
explained by the fact that the temperature variation is very rapid at short time
intervals and that a slight uncertainty over time can cause a large temperature
variation. With the exception of the first 5 points, the standard deviation of the
differences between the theoretical curve and the experimental curve is 0.0035°C.

It should be noted that the maximum value T,,,, of the hot disc temperature
would be only 3.1°C in the absence of contact resistance, whereas it was measured
at 6.4°C. The gap would have been even greater with a more effusive material. In
this case, if a measured value of T,,,, of 1°C is set as a criterion, this may
correspond to a very low increase in temperature which does not result in contact
resistance and lead to an inaccurate estimate.
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Figure 4.65. Hot disc temperature and estimation
residues for a test on titanium TA6V

An improvement in the estimate could be obtained using I,,,(p) functions which
are not calculated but identified from experiments on reference materials with
precisely known thermal properties. This could make it possible to take into account
the phenomena neglected in the theoretical model that led to the calculation of the
function D (1), in particular the influence of the width of the coils considered to be
infinitely small in the model. Indeed, heat transfers within the Kapton in the probe’s
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plane are neglected. In fact, these transfers will have the effect of rendering the
behavior of the probe more similar to the behavior of a disk heated uniformly over
its entire surface corresponding to an infinite number of coils.

The value of the radius could be estimated in the same way.

4.7.4.1. Evaluation of the estimations’ accuracy

The uncertainties on the estimated values of the thermal conductivity A and the
thermal diffusivity a originating from:

— measurement errors of the probe’s flow rate ¢, and radius 7y,
— the temperature’s measurement noise T (t),

—model errors due to errors on coefficients d; and e; of I,,,(p),
were estimated [JAN 07].

It has been shown:

— that a relative error of 1% on the heat flow rate ¢, induces a relative error of
1% on the thermal conductivity A and a zero error on the thermal diffusivity a;

— that a relative error of 1% on the radius 1, induces a relative error of 1% on
the thermal conductivity A and a relative error of 2% on the thermal diffusivity a.

To conclude, the main sources of errors are the uncertainties on the probe’s
radius 1y and coefficients d; and e; of the model. The cumulative errors even in the
case of an optimal choice of experimental conditions lead to relative standard
deviations of the order of 2% for the thermal conductivity and 5% for the thermal
diffusivity a.

NOTE.—

Another source of error may be due to the fact that we consider the heat flow rate

__ R(T)I? R(t)I?

Po=—,to be strictly constant. Its instantaneous value ¢, = S can be taken

into account by calculating the mean temperature T by:

T(e) = 1 [0 —TetBe | moOr
p mcp + mcpRe+1

QL [tk | [4.55]

2 mcp + mcpRe + 1

where @ is the convolution product.
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4.8. Hot strip
4.8.1. Principle

The hot strip method, shown schematically in Figure 4.66, involves using a
rectangular electrical resistor called a hot strip on which a thermocouple of small
diameter wires is fixed. The temperature rise T,4(t) is measured at the center of the
resistor, which avoids having to take into account thermal losses by the electrical
wires at one end of the resistor [JAN 04].

Material 1o characterize

Plane hot strip,
Width £, Lenght > 34

F 3

Thermocouple T, (L)

Material to characterize

Figure 4.66. Setup schematic diagram of the hot strip method

A variant involves using a resistor whose temperature coefficient is known in
order to measure its mean temperature and, in this case, the thermal losses at the
ends must be considered. This second variant will be studied in the chapter
concerning the 3m method, which uses the same type of probe.

In the studied variant, the hot strip is inserted between two flat surface samples
of the material to be characterized, the dimensions of the sample being such that the
disturbance caused by the heat flow rate step (¢ = 0if t <ty and @ = @y if t > t3)
imposed on the probe does not reach any of its faces during the duration of the
measurement (semi-infinite medium hypothesis). The length/width ratio of the
resistor is chosen, so that the heat transfer at the center of the strip can be considered
2D for a sufficiently long time. The thermogram corresponding to the beginning of
the heating (during the time t; where the heat transfer in the center of the probe
remains unidirectional) is used to estimate the thermal effusivity by a hot plate
method. A complete modeling of bidirectional transfers in the samples associated
with a parameter estimation method allows the use of the long time duration
thermogram to estimate the thermal conductivity.
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The advantages of this method are the low cost of the probe and an estimation
method based on a relatively simple modeling of the temperature at the center of the
strip:

— monodimensional during the time t; for the estimation of the thermal effusivity
(see hot plate method);

— bidimensional between times t; and t, for the estimation of the thermal
conductivity.

4.8.2. Hypotheses and model

4.8.2.1. Quadripolar model

The notations used are defined in Figure 4.67. The following assumptions are
made:

— the length of the strip is large enough so that the transfer can be considered 2D
at its center;

— conduction transfer is neglected according to Ox in the strip;
— the internal resistance of the strip in the direction Oy is zero (thin system).
The temperature increase Ty(x,t) at a point on the strip and the rise in

temperature T(x,y,t) in the sample satisfy the following equation during time t,
where the transfer at this point remains bidirectional (infinite hot strip):
82T | 9°T _ 19T

dx2 T ay2 aot

with the initial condition: T(x,y,0) =T(x,0) =T;
and boundary conditions: ifx <b: TS(x’t);T(x'o't) =-1 ar(;;o,t)
c
and: @ — (mC)sﬂ Ts(x,t)—T(x,0,t)
2 25 dt Re
if x > b: —2 220 — o
ox
—6T(§)'cy't) =0 by symmetry
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T(L,y,t) = 0 hypothesis of the semi-infinite
medium according to Ox

T(x, e, t) = 0 hypothesis of the semi-infinite
medium according to Oy

where ¢, is the heat flux produced in the heating element (W m?).

In the following, the temperature rise T, in the center of the strip is denoted by

Tcs(t) = TS(O, t)
L :

¥
2l
/ Heating element
| / I7 Sample
]

Figure 4.67. Schematic diagram of hot strip device

| 2b

Thermocouple

By successively applying a Laplace transform and then a finite Fourier
transformation (see Appendix 4) in cosine between y = 0 and y = L to the heat
equation, we obtain:

026(xyp) |, 920(xyp) _ P
dx2 ay2  a 0(x,y,p)
_d%0c(nyp) _ (p , n*n?
then: ‘;T = (Z +—0 )Bc(n, y,p)

nm

where: 6.(n,y,p) = fOLQ(x, y,p) cos(a,x) dx with: a, = Tin2 0
The general solution of this equation is written in the form:

p , n2m?

0.(n,y,p) = C;cosh(qy,y) + Cysinh(q,y) with: g, = |-+ —
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Using the quadrupole formalism [LAD 98], we can write in matrix form at the
center of the probe considered as a thin system (no thermal gradient in the
thickness):

0cs(n, 0, P)] _ [ 1 ] 1 Rc] [ 6.(n,0,p)
®.5(n,0,p)]  Lmc)sp 1110 11 12¢,56.(n,0,p)
where : (mc); product mass X heat capacity of the heating element (J K™)
R, contact resistance at sample / heating interface (K m* W)

S heating element area (m?)

We can deduce:

1+ARcqn sin(anb) ¢o
w(lwl Rc qn)+Aqn an p

Ocs(n, 0,p) = [4.56]

By inverse Fourier transformation in cosine, we obtain:
1 2 v
95(0'0' p) =1 Ocs (0,0, p) + T Zn:l Ocs (n, 0, p)

In addition, the temperature rise T.(t) at the center of the strip can be deduced
by Laplace’s inverse transformation by the Stehfest or De Hoog method (see
Appendix 5).

NOTE.—

This model is not strictly accurate. Indeed, to arrive at the solution proposed by
the Laplace and Fourier transform, it was necessary to add the following limiting
condition:

_ (mo)s dTs | Ts(x,6)-T(x,0t) and Ts(x,t)=T(x,0,t) _
T 25 at Re¢ R¢ -

0

20D e S p
ox

This amounts to considering that the whole surface of the sample is covered by a
(mc)s
s
between —b and +b. The consequence is that this model will slightly underestimate

the temperature in the strip.

layer of surface mass heat capacity , in which a heat flux ¢, is produced only
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4.8.2.2. Simplified model

In the case where the contact resistance and the mass of the heating resistor and
the thermocouple are neglected, it is possible to write [CAR 59]:

10 = 95y (122) - () 457

0 et
with: E;(—x) = [ ‘37 dt

2 povat
wr
neglect its mass and contact resistance.

The term represents the evolution of the temperature of a hot plate if we

4.8.2.3. Case of an anisotropic material

We consider the case of a material with two different thermal conductivities:
Ay = A, and A, # A,. The determination of the three thermal properties necessary
for the characterization of the material requires two different measurements and is
schematically shown in Figure 4.68.

X X

4 -

L v
¥ Measurement 1 z Measurement 2

Figure 4.68. Schematic diagram of the two hot strip measurements for the
characterization of an anisotropic material

In measurement 1, formula [4.56] remains applicable considering E = E, =
JAxpc and A = A, that this first experiment will make it possible to estimate. In the
case of measurement 2, formula [4.56] is applicable if we compute q,, by:

_ /1 Ay n?m? q, =2
qn = o + L, 2 [GOB 04] where: a, = e

Having determined A, by measurement 1, measurement 2 makes it possible to
determine E, and A,. A small difference between the values of the product pc

2 2
estimated by the two experiments, (pc); = EAL and (pc), = ii, validates the
X Z

measurements.
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4.8.2.4. Sensitivity study

The complete model was used to calculate the sensitivity of the temperature rise
T.s(t) at the center of the hot strip to the variations of the parameters E, A, R, and
mec. The objectives of this sensitivity study carried out on three different materials
are:

— to estimate the time t; during which the temperature T,¢(t) evolves like that of
a hot plate;

— to verify that between 0 and t; the sensitivities of T,4(t) to the parameters E,
R, and mc are decorrelated and that these parameters are therefore estimable with
good accuracy over this interval;

—to check that the sensitivity to the parameter A is sufficiently high between t;
and t, to allow an accurate estimation thereof.

Calculations were made for a 1.2 cm wide hot strip for the following materials:
— Extruded polystyrene: A = 0.037 Wm™ K™', E =424 Jm 2K 1s71/?
—PVC:1=021Wm 'K YL E=510]m 2K 1s /2

—Concrete: A =1.4Wm K1, E =1683]m 2K 1s71/2,

The following values were used for this study: mc=02]K™!; SR, =
0.002 m? K W™, The results are shown in Figure 4.69.

For the extruded polystyrene, a hot plate behavior is observed for about t; =
30 s; however, the sensitivity to mc is strong during this period and almost
proportional to the sensitivity to E. It will therefore be difficult to estimate E with
precision between 0 and t; in this case. A broader strip should be used to evaluate
the measurements over a time interval [0, t; ] in which the sensitivities of T_.¢(t) to
the parameters mc and E are sufficiently decorrelated. A recording time greater than
180 s will then be necessary to obtain a variation of T, (t) sufficiently sensitive to A
to allow a good estimate.

For PVC, a hot plate behavior is observed for approximately t; = 25s with a
high sensitivity at E and not correlated with the sensitivity to the other parameters.
The sensitivity to 4 is also sufficient for an accurate estimation after determination
of the other parameters.

For concrete, the hot plate type behavior for a half width band b = 0.6 cm is
reduced to a time t; = 6 s during which the sensitivities to the parameters E, R, and
mc are weakly decorrelated, thus their estimation will be difficult and inaccurate.
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The increase in the width at b = 1 cm makes it possible to obtain a time t; of the
order of 15 s and a decorrelation of the parameters making the estimation of E
possible between 0 and t; while ensuring a good sensitivity at A between t;

and 180 s.

In conclusion to this sensitivity study, it appears that the proposed method is
applicable to the characterization of materials with low thermal diffusivity such as
PVC or concrete with measurement times less than 180 s. Low effusivity materials
such as polystyrene can also be thermally characterized, but using a strip of
sufficient width to observe a hot plate type behavior with good decorrelation of the
parameters E, R, and mc. In this case, the measurement time must be greater than
180 s to allow an accurate estimation of the parameter A.

Extruded Polystyrene, b = 0.6 cm
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Figure 4.69. Sensitivity of T.;(t) to parameters E, A, R. and mc

for different materials: a) R,

4.8.3. Experimental setup

a’r(:S .
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This method can be implemented in an extremely simple and inexpensive way
by using a rectangular planar heating resistor of length equal to at least 3 times the
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width. A thermocouple made of fine wires (diameter <0.1 mm) is fixed at the center
of this resistor. A width of 1.2 cm is sufficient for materials with low thermal
diffusivity (plastics, wood), and a width of the order of 2.5 c¢cm is necessary for
materials that are more diffusive (stone, sandstone, etc.). The smallest dimension of
the sample must be greater than 1.5 times the total width of the tape. The method
leads to probe and sample dimensions that are too high for the most diffusive
materials (metals) for which it is poorly adapted.

A calibration of the probe is necessary from a material of known thermal
properties on which several tests are carried out. The useful surface S of the probe is
that which makes it possible to recover the known value of the effusivity. The half-
width b of the probe is then determined: it is that which makes it possible to recover
the known value of the conductivity.

The implementation of the method also requires a stabilized power supply and a
device for recording the voltage delivered by the thermocouple or directly by the
temperature. Recording 180 seconds after the start of heating in most cases allows
for good accuracy. A time step of 0.1 s for recording the temperature gives
satisfactory results.

4.8.4. Practice of the measurement

4.8.4.1. Methods for estimating parameters
4.8.4.1.1. Thermal effusivity

During the time t; where the transfer of heat to the center of the strip remains
unidirectional, the temperature at the center of the strip evolves like that of a hot
plate, that is to say in Laplace space:

1+RE\D

%o
0 =— 4.58
es(P) 2p (7'21?51)+(1+RC(72?511)E\/5 [ ]
In addition, by inversion at “long times”:
_ %o %o _ (mo)s
Hence Toe(t) = To(0) = 2LvE + & (Re =29 ) [4.59]

The simulated representation using formulas [4.56] and [4.58] shows the
evolution of the temperature at the center of a hot strip with characteristics: R =
619Q,L=53cm,b = 0.6 cm used on PVC at a voltage U = 6 V considering a
contact resistance R, = 0.001 KW~ and a zero mass probe. It can be seen that the
two curves coincide until t; = 25's.
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A first approximated value of the thermal effusivity E is estimated from the
slope a of the experimental line T.(t) = f (\/f) determined by linear regression
between times t, (chosen such that the sensitivity of T,.(t) to mc stabilized, or
about 5 s for PVC in Figure 4.69) and t;. The result obtained is then used as the
initial value for estimation by the Newton method of the parameters E, R, and mc,
which minimize the sum of the quadratic deviations between the experimental curve

T.s(t) and the curve representing the values calculated by inversion of the formula
[4.58] by the Stehfest method.

It should also be noted that a slight offset of the thermocouple from the center of

the probe will not affect the precision of the measurement but will simply modify
the time during which the hypothesis of unidirectional transfer can be assumed.

. Hotplate7T//

Tes(t)
Tes(t)

i
6 8 (8] 20 40 BC

2 a
Nt (tins) t(s)

Figure 4.70. Comparison of simulated hot strip and hot plate thermograms

4.8.4.1.2. Thermal conductivity

The temperature of a hot strip of long length tends asymptotically towards that of
the hot wire [LAD 98]. By neglecting the effect of the inertia of the probe, the
temperature of the hot wire is written in Laplace space:

_® _ Kolgro)
Ocs(p) = P [RC + 2mALqroK1(qTo) [4.60]

Moreover, by inversion at long times:

()
Tes(£) = 2= In(t) + @ [RC - ] [4.61]
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The time after which the hot strip can be assimilated to a hot wire is however too
long for this asymptotic behavior to be used in practice for the estimation of the
thermal conductivity. The graph in Figure 4.71 represents the slope of the curve
T.s(t) = f[In(t)] calculated for a hot wire of radius 0.25 mm and for a hot strip of
dimensions 5.3 cm X 1.2 cm and of thermal capacitance mc = 0.2 ] K~! subjected
to the same linear heat flux. The slope for the hot wire was determined by
calculating the temperature T,;(t) by inverting the relation [4.60] by the Stehfest
method and then by derivation with respect to In(t). The slope for the hot strip was
determined by calculating the temperature T,;(t) by equation [4.56] of the complete
model.

45 . S—
Hot wire

35 347

Tes()

/l’.
" 4—— Hot strip

10 - ad I
t(s)

Figure 4.71. Calculated slope of the curves T ;(t) = f[In(t)] as a function
of time for a hot strip with a width of 1.2 cm and for a hot wire with a
diameter of 0.5 mm on a PVC sample

1} /

20 140 160 180
t(s}

TCS(t)

Figure 4.72. Calculated curve T,;(t) at the center of a hot strip with a width
of 1.2 cm, shown in semi-logarithmic scale between 120 and 180 s for PVC

A first approximated value of the thermal conductivity A is estimated from the

slope B = 4;% of the experimental line T.s(t) = f[In(t)] determined by linear

regression between 120 and 180 s (see Figure 4.72). The result obtained is then used
as the initial value for an estimate by the Newton method of the value of A, which
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minimizes the sum of the quadratic deviations between the experimental curve
T.s(t) and the curve representing the values calculated by the formula [4.56]. In this
formula, the values of E, R, and mc estimated between 0 and t; are considered as
data.

4.8.4.2. Hot strip dimensions

The width 2b of the resistor must be such that the time t; during which the
transfer is unidirectional at the center of the heating resistor is sufficient to allow a
satisfactory estimate of the effusivity E.

This time (by default) can be estimated in the case of a zero mass + resistance
probe and a zero contact resistance using equation [4.56]. The time at the end of
which the temperature at the center of the hot strip has not varied by more than 1%
with respect to that of the hot plate subjected to the same flux density is given by the
equation:

erf(X) — % E;(=X?) = 0.99 [4.62]

. b . . .
with: X = N The solution of equation [4.62] is: X = 1,31.

From this, the value of the width 2b of the hot strip is deduced such that the
temperature at the center of the hot strip has not varied by more than 1% with
respect to that of the hot plate after a time t; by:

2b = 4X Jat, [4.63]

It will be noted that this width depends only on the thermal diffusivity of the
material. This formula also makes it possible to estimate the upper bound ¢t; of the
estimation interval of effusivity E if we have a first estimate of A and E.

The length L of the resistor must be chosen so that the heat transfer at the center
of the hot strip remains bidirectional during the time t, of the measurement. This
length can be estimated in excess by the formula [4.63] in which ¢; is replaced by t,
by considering that it is the dimension necessary for the transfer to be assimilated to
that of a hot plate during t, and gets:

L = 4X\/at, [4.64]

It has also been verified that an increase in the length at fixed width does not
modify the sensitivity of T.(t) with respect to effusivity and conductivity. We shall
therefore choose the smallest possible length, namely that given by formula [4.64].



Flux/Temperature Transient Methods 209

bh=05cm h=1ecm h=15cm
1 1 1 5
o AN N Ot 8T 0
i i : [ S R :
} i 6T - -1 : w i :ﬂj O] m— : e aT
AR s 4> = A ¥ ] - SP S—— | } i ! A [#
NG Y N L S Py N e
_2 i b I O |
i aTc'S\é,‘ ‘ 3 EGTcg e 3 T s s
o FaE PR B e = P 8E . T
30 80 90 120 50 180 S % s w i e i %0 w0 e w0 o 10 180
t(s) t(s) £(s)

Figure 4.73. Sensitivity of T.s(t) to thermal effusivity E and thermal
conductivity A for several values of b for extruded polystyrene

On the other hand, an increase in width to fixed length increases the sensitivity to
effusivity E and decreases the sensitivity to conductivity A as shown using an
example, the curves of Figure 4.73 representing, for extruded polystyrene, the
sensitivity of T.s(t) of a probe of length S5¢cm with parameters E and A for 3 different
widths: 1 cm, 2 cm and 3 cm. As effusivity is estimated during time t; when the
sensitivity of T.4(t) to conductivity is negligible, then it is preferable to maximize
the sensitivity to conductivity and thus to choose the smallest acceptable width given
by formula [4.63].
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Figure 4.74. Dimensions of the hot strip as a function of the effusivity of the tested
material. For a color version of the figure, see www.iste.co.uk/jannot/thermal.zip

Figure 4.74 shows the minimum dimensions (calculated by the relations [4.63]
and [4.64]) of the hot strip presenting at its center a hot plate type of behavior for
30 s and a 2D transfer for 180 s. In order to remain in limited sample sizes
(dimensions <0.1 m), the effusivity of the material to be tested should not exceed
2 x 107° m?s~1, which sets the limits of this method.
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4.8.4.3. Measurement results

An experimental study was carried out using a MINCO electric heating element
HK913P with electrical resistance 61.7 Q and dimensions 5.3 cm X 1.2 cm. A
K type thermocouple with a diameter of 0.05 mm was attached to one side of the
resistor. A flux step was applied to the resistor placed between two samples of the
material to be characterized and the temperature of the thermocouple was recorded
for 180 s with a time step of 0.1 s by an ALMEMO 2290-4 apparatus with a
resolution of 0.1°C. Three materials were tested: PVC, PCTFE and polyethylene.
The surface area of the samples was 4 cm x 6 cm and their thickness 1.5 cm. They
have been selected for their low thermal effusivity ensuring a hot plate type of
behavior of the temperature at the center during a time ¢; that is sufficiently long
given the width of the heating element used. The density values of the three
materials were measured at the mercury volumenometer [TAL 04]. Their specific
heat was measured in a SETARAM TG-DSCI111 differential calorimeter. Five
measurements were taken on each sample. An example of an experimental curve
T(t) = f(\/f) between 0 and 60 s and T,,(t) = f[In(t)] between 120 s and 180 s is
shown in Figure 4.75. These curves were obtained with the hot strip described above
subjected to an electrical voltage of 5.6 V and placed between two samples of PVC.

It can be noted that, between 5 and 25 s, the curve T.(t) = f (\/f) is almost a
straight line. This makes it possible to estimate a first value of the thermal effusivity:
E=5250]m 2K 1s"1/2

An estimate of the parameters E, R, and mc by Newton’s method (integrated
with the solver of a very common spreadsheet) applied to the complete model leads
to the following result: E = 547.7) m~2 K™1s~%/2; SR, = 0.0025 m* KW' and
mc = 0.31] KL

The complete 2D model was then used by considering these values of E, R, and
mc as data. An estimate by minimizing the sum of the quadratic deviations between
the experimental and theoretical curves between 0 and 180 s led to the following
value: 1 = 0.215 W m™! K~1. The experimental curve as well as the curves obtained
by the complete 1D models of the hot plate and 2D model of the hot strip are
represented in Figure 4.75. A very good concordance is observed, and the summary of
the experimental results obtained by the various methods is presented in Table 4.6.

The values of the thermal capacitance mc estimated by the hot strip method on
the one hand and by the joint measurement of the density with a mercury
volumenometer and the specific heat with a differential calorimeter on the other
hand are in good agreement (difference < 6.2%) for the materials tested. The
standard deviations of the estimated values of thermal effusivity E and thermal
conductivity A are also quite low (< 3.6%).
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Figure 4.75. Experimental and theoretical curves
obtained with a 1.2 cm wide hot strip on polyethylene

The method has been experimentally validated for materials with low thermal
diffusivity: a < 2 X 1077 m?s™1, typical values for plastics and wood and even for
bricks [EDW 69]. The sensitivity study and the calculation of the dimensions of the
hot strip allowing an accurate estimation of the thermal properties have shown the
limits of this method, not adapted to the materials of higher thermal diffusivity
(> 2 % 107® m2s™1) that would require hot strip dimensions and too large samples.

pVC PCTFE | Polyethylene
Time interval:
For the estimation of E | 0—-30s 0-40s 0-25s
For the estimation of A | 30— 180s |40 —-180s 25-180s
E(Jm?K's"? 530.4 692.8 888.6
Standard deviation (%) 1.7 (1.4) (3.4)
A (Wm'K™ 0.214 0.228 0.456
Standard deviation (%) [4.2] (3.0) (3.6)
Hot strip pe = 572 (I m?> K 1315 2105 1732
R, (WK™ 3.1 2.58 3.18
Standard deviation (%) | (23.1) (13.0) (29.3)
mec (JK™) 0.249 0.172 0.208
Standard deviation (%) (23.0) (13.5) (21.0)
Volumenometer po (kg.m™) 1459 1782 929
DSC co Tkg' K™ 930 1112 1830
poCo (KIm>K™) 1357 1981 1700
Deviations 100 £222E5 (%) 3.1 6.2 1.9

Table 4.6. Experimental results obtained with hot strip
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4.8.4.4. Conclusion

Without being a reference method, this method based on a simple device to be
implemented makes it possible to rapidly obtain the thermal properties of a solid
with the following reservations:

— The hypothesis of a negligible heat transfer in the plane of the probe is not
necessarily satisfied for the insulating materials: the thermal conductivity will be
overestimated in this case.

— For this hypothesis to be verified, it is necessary to avoid any contribution from
the trace of the resistive track (metallic and therefore of high thermal conductivity)
to an increase in the conductivity of the probe (see Figure 4.76) in the direction Ox.

— The value b of the half-width of the strip can hardly be obtained from a direct
measurement (see Figure 4.77), so it is preferable to estimate it from the
measurement of the thermal conductivity of a reference material.

-4

-

2b?r

-

«+
>
d

Ox

Ox 2, high 1, low

Bad (rood

Figure 4.76. Schematic of the optimal configuration of the resistive track

4.9. 3w Method
4.9.1. Principle

The 3w method is a method of measuring the thermal conductivity under
periodic conditions designed for the characterization of thin layers (<0.1 mm). Its
schematic diagram is given in Figure 4.77. A layer of thickness e, and width 2b
(hereinafter referred to as the strip) of a known electrical resistivity material is
deposited on the thin layer of thickness e; to be characterized. This thin layer of
thickness e; is itself supported by a substrate of great thickness. A sinusoidal current
of pulsation w is passed in the strip, which causes the production of a heat flow by
Joule’s effect. The resistive strip also acts as a thermometer: the variation of the
voltage U(t) on its central part is measured (see Figure 4.79), which makes it
possible to deduce its mean temperature rise knowing the initial value R, of its

resistance and its coefficient of temperature .
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The modeling of the heat transfer in the strip + thin film system makes it possible
to establish a theoretical expression U,,,4(t) as a function of the parameters of the
system particularly the thermal conductivity 4 in the thin layer. This last parameter
is estimated by minimizing the sum of the quadratic deviations between the model
curve and an experimental curve.

I
Layer to characterize
B _
* * Substrate
ut), Ra(t)
—

Figure 4.77. Diagram of a typical device for the 3w method

4.9.2. Hypotheses and model
A simplified model has been developed by Cahill with the following simplifying
assumptions [CAH 90]:

— the thin layer is very large with respect to the strip, in particular its thickness is
assumed to be infinite;

— the thermal capacity and thermal resistance of the hot strip are zero;

—the thermal contact resistance between the hot strip and the thin layer is
negligible;

— heat transfer on the upper side of the strip is negligible;

— the power delivered by the strip is constant.

The increase in temperature in the strip is proportional to the dissipated heat
power, which comprises a continuous part and a sinusoidal part:

AT (t) = ATpc + AT cosQCwt + )

where 1 is the phase difference between the current and the temperature. The
resistance of the strip varies linearly with the temperature, and hence, we can write:

Rei(t) = Reyy(1 + agAT) = Ry |1 + ar(ATpc + ATac cos(2ot + )]
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where: @y strip temperature coefficient (K™).

Rgy, electrical resistance of the strip at the initial temperature Tj.
The voltage drop in the strip can be expressed by:

U(t) = Reyylo(1 + agATpc)cos(wt) +% Re1ylo@grATac cos(wt + )
+% ReiyloarATyc cos(3wt + )

The third harmonic of the tension has an expression as:
Usey(£) = 3 Rerglo@tgATac cos(3wt + ) [4.65]

It can be extracted from the experimental signal by a synchronous amplifier and
can also be calculated by modeling the amplitude of the temperature rise ATy,
which is a function of the thermal properties of the thin layer.

Cahill has established the expression of the elevation of the average temperature
of the strip:

Py foo sin?(ub) 1

ATy =
AC mAbL, 70 ub

— du [4.66]

u2+
where: P, power produced in the strip by Joule’s effect
A thermal conductivity of the thin layer
a thermal diffusivity of the thin layer
L, strip length.

The depth of penetration of heat into the layer can be estimated by:
ep= |— [4.67]

This value must remain less than the thickness of the thin layer, so that the
hypothesis of the semi-infinite medium is verified.



Flux/Temperature Transient Methods 215

If this value is much greater than half the width of the strip, equation [4.66] can
be written in an approximate way:

ATpc = n’% [ln (\/% b) +1— l%] [4.68]

where 1) is a constant. It was later shown that 7 = 0.923 [DUQ 04]. These authors
have proposed an exact solution of [4.66] in the form:

a

ATc = oo Meijer 6 ([0.2]. 11] [ 0.0, [~ 2, -1]| 25 [4.69]

In the domain of validity of equation [4.68], the plot of the real part of AT, as a
Po

TTAL,
makes it possible to estimate the thermal conductivity 4 of the thin layer, knowing

function of In(w) is therefore a straight line of slope whose determination

the linear power :—0 dissipated in the wire by Joule’s effect.
z

Many other analytical or semi-analytical models with fewer restrictive
hypotheses than Cahill have been developed: [GUR 08, ZON 11, DIN 14]. The last
one makes no hypothesis but reaches a level of complexity that can make us prefer a
numerical resolution, especially since the problem is only 2D.

4.9.3. Experimental setup

The thin layer to be characterized is deposited on a substrate which may be
silicon. In order to limit the neglected convective heat transfer in the previously
established equations, the device is placed under vacuum. A synchronous amplifier
can be used to measure the amplitude and phase shift values of the third harmonic
Us,, of the voltage across the strip (see Figure 4.78). The electrical circuit allows the

fundamental component (1®) to be eliminated by adjusting the variable resistor
Rey,-

The strip is made of one of the following materials: aluminum or platinum, more
rarely gold or copper. The characteristic dimensions found in the literature range
from 10 um to 50 um for the width and from 100 to 500 nm for the thickness.
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Figure 4.78. Example of an electrical circuit diagram for the 3@
method (GBF: Low-Frequency Generator, AD: Differential Amplifier)

4.9.4. Practice of the measurement

Several measurements of the amplitude of the third harmonic Us,, of the voltage
at the terminals of the strip are made for different values of the pulse 3. We then
plot the graph of the real part of Us,, = f[In(w)], the linear part whose slope S is
estimated on this graph. The thermal conductivity A of the thin layer is then
estimated using relations [4.65] and [4.68] by:

1= Py Repgloar
2m B Ly

[4.70]

where ILJ—O is the linear power dissipated by Joule’s effect in the strip.

zZ

Figure 4.79 shows (in semi-logarithmic scale) the amplitude of the 3w
component of temperature, calculated by different methods, as a function of
frequency f [DIN 14]. A linear zone limited to the intermediate frequencies is
clearly visible:

— At low frequencies, the limit f;,,;, is imposed by the thickness of the sample:
when the frequency decreases, the depth of penetration increases and, below a
certain value, the semi-infinite medium hypothesis is no longer verified. This effect
will occur at higher frequencies as the layer is thin.

— At high frequencies, these are the effects of the width and mass of the strip, not
taken into account in equation [4.68], which explain the nonlinearity of the curve
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beyond f;,,4,- This effect will occur at lower frequencies for a wider or thicker strip,
thus reducing the linearity area of the curve.

It can thus be seen that the value of f,,;;, is high for a layer of very small
thickness. In order for the measurement of the thermal conductivity of such a layer
to be possible f,4, must be even higher, which makes it necessary to use a strip of
very small width and of very small thickness. There are technical limitations: the
strips used in the literature have a minimum width 2b = 10 ym and a minimum
thickness e, = 50 nm.

Moreover, when the frequency becomes greater than 10* Hz, the signal-to-noise
ratio becomes low and the measurement is very uncertain. This is another limit of
the method because the lower the thickness e of the layer to be characterized, the
more high-frequency measurements would have to be made.

I ——Cahill
J = n s Duquesne
I

—— Quadrupole

© COMSOL Po constant
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-

Figure 4.79. Real part of the 3w component of the temperature
calculated by different methods. For a color version of the
figure, see www.iste.co.uk/jannot/thermal.zip

The following results will be taken from these remarks:

—1It seems difficult to measure the thermal conductivity of layers of thickness

less than 1 um if A ® 1Wm™' K™1; we can expect it to fall to 100 nm if A=
100 Wm™t K™t

— Equation [4.69] allows a more precise estimate than equation [4.68] for the
high frequencies.
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These remarks can be modulated according to the thickness and the width of the
strip, its thermal properties, thickness and thermal properties of the thin layer. It is
therefore highly recommended to carry out a 2D numerical simulation of the
measuring device for a nominal value 4, of the thermal conductivity of the thin layer
(equal to that obtained by a first estimate from an experimental curve), a curve
T = f[in(w)]. This curve can then be treated as an experimental result (called a
“numerical experiment”) to estimate a value A,g; is of the thermal conductivity of
the layer using equation [4.68] or equation [4.69]. The difference between the values
Aest and Ay will make it possible to determine on which frequency interval these
two equations make it possible to obtain a sufficiently precise estimate. Finally, a
new estimate will be made from the experimental curve by choosing the frequency
interval thus determined.

This choice is important as the example given in Figure 4.80 shows. It can be
seen that the estimation error can exceed 20% even in areas where the curve appears
to be comparable to a straight line if the right frequency range is not chosen.
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Figure 4.80. Thermal conductivity 2 (W m~* K~1) estimated by the
Cabhill and Duquesne models over different frequency intervals

4.10. Calorimetry

The purpose of calorimetry is to measure the specific heat of materials (solid or
liquid). It is the oldest of the thermal characterization methods of which it has
become a discipline in its own right [MAX 91]. It is now perfectly controlled and
the commercial devices currently on the market are able to obtain very high-quality
measurements with an accuracy of the order of 2 to 5% for temperatures up to
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700°C. It is therefore useless to want to mount its own device for this range of
applications. The measurement of the heat capacity above 1000°C is much less well
controlled and therefore the uncertainties on the measured values are much higher.

We are not going to present a course on calorimetry in the following, but simply
state the basic principles and precautions to be taken to achieve good measurements.
For more information, see the following references: [CLA 05, LEG 06, LEG 11].

A description of the operating principle of the two most commonly used types of
calorimeters is given below.

4.10.1. Differential calorimeter

A differential calorimeter consists of two cells: a reference cell and a
measurement cell, assumed to be at the same temperature as a calorimetric block
(see Figure 4.81). The cells are connected to the calorimetric block by fluxmeters of
low thermal resistance. In fact, these fluxmeters are mounted in opposition to
measure the difference 4¢ between the heat flow rate ¢,, exchanged between the
block and the measurement cell and the heat flow rate ¢, exchanged between the
block and the reference cell. The signal delivered by the fluxmeters is a voltage
U = kA¢, a calibration is necessary to establish the value of the constant k.

The cells are the most “identical” possible (same mass), so that the value Ag,, is
as low as possible in the absence of a sample in the measuring cell. An inert gas
sweeps the cells to avoid condensation and to obtain reproducible convective
exchanges.

In order to measure the heat capacity of a material at temperature T, a

AT .
temperature plateau at Ty =T — s programmed and then a temperature ramp

A A e

from T, =T — 7T to T, =T+ ?T and, finally, a new stabilization plateau at
A . . . e

T,=T+ 7T The duration of the bearings must be sufficient to ensure a stabilization

of the value of 4¢.
The value of A¢ is recorded during the execution of these three sequences for
three different scenarios:

1) an experiment (a “blank”) with the empty measuring cell: measurement of
App;

2) an experiment with the measuring cell containing a mass m,. of a material of
known specific heat ¢,: measurement of Ag,;
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3) an experiment with the measuring cell containing a mass m, of a material of
specific heat ¢, to be measured: measurement of Ag,.

Recordings of the type shown in Figure 4.82 are obtained.

— = e

Calorimetric

Block

% Fluxmeter
Reference

cell Measurement

] %‘ cell
T

Inert gas (N2)
U

F Y

A 4

Figure 4.81. Diagram of a differential calorimeter
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Furnace temperature {°C)

Furnace temperature (°C)
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Figure 4.82. Recording of Ap and T(t) in a DSC
experiment: a) blank; b) calibration check with sapphire
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The integration of the difference U of Ag, and A¢, between the two stages
makes it possible to calculate the constant k in the following way:

mycy AT
T2
T, udr

k=

This is the calibration phase of the fluxmeter to be repeated regularly and before
any new measurement campaign.

The integration of the difference of Ag, and Ag, between the two temperature
steps makes it possible to calculate the heat quantity Q, = k fTTl U dT that had to be

supplied to the mass m, of sample to raise its temperature of AT, and we deduce its
heat capacity by:

c, =—2 [4.71]

m AT

4.10.2. Drop calorimeter

This calorimeter is mainly used for high-temperature measurements. Its
operating principle is illustrated in Figure 4.83. A sample of mass m, is introduced
into a lock at constant temperature (T, = 25°C), where it is maintained for a time
sufficient to reach thermal equilibrium (phase a). It is then dropped into a cell in
contact with a block maintained at a constant temperature T; > T, (phase b). A
fluxmeter placed around the cell makes it possible to measure the flow of heat
exchanged between the block and the cell. From the time of the drop, this heat flow
is recorded until the temperature of the sample reaches the value T; (phase c). The
integration of the heat flow rate over the duration of the heating makes it possible to
calculate the enthalpy required to change the mass m, from the temperature T, to
the temperature T;. In the absence of phase change, the average specific heat of the
sample is deduced between T,, and T; as before.

The measurements are repeated for several values of T; so as to obtain an
experimental curve Q, = f(T), from which we can look for a polynomial
representation. It is then easy to deduce the value of the heat capacity by derivation
of this expression:

c, =+ (f%) [4.72]

m
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It is assumed that the duration of the steps is sufficiently long for the sample-cell
assembly to be at a uniform temperature at the end.

Tn(t)qﬁ'__\@—/_}¥_ therrrs:l::tated ,_T=| Iﬁ

Fluxmeter

AV
VAVAN
AVAVAVAVAVA

To(t) o) T,.(0)

n(t)—, ()

T (f)—|—o

Figure 4.83. Diagram of a drop calorimeter
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Transient Temperature/
Temperature Methods

5.1. Introduction

Why do we use the Temperature (T; )/Temperature (T,) methods, i.e. identifying
a transmittance, rather than the conventional Source (q)/Temperature (T) methods,
i.e. identifying an impedance?

At first sight, the conventional method requires only one measurement T, and
therefore the statistical uncertainty on the measurement will depend only on the
measurement noise on T,, whereas the Temperature/Temperature method requires
the measurement of two temperatures (T;) and (T), and therefore noise on (7;) and
(T,); without analysis, it would appear that the classical method is better.

In fact, the T/T method makes it possible to eliminate a certain number of
parameters in the identification as will be seen hereafter and it is demonstrated that
the noise on (T;) does not intervene practically in the calculation of the standard
deviations: the convolution performed on (T;) is equivalent to an integration, which
reduces the effect of the measurement noise in large proportions, see [MAI 13].

To show in a simple way the interest of the T /T methods we illustrate the case of
a uniform source (the geometry is arbitrary, Cartesian, cylindrical or spherical, but
the transfer is 1D) on a homogeneous medium (characterized by two parameters, for
example, ;iz and /51). The medium is thermally connected to the outside by a system
S for the face receiving the source and by a system S, for the face opposite to the

source (these systems can be quite arbitrary, from the simple coefficient of exchange

Thermal Properties Measurement of Materials, First Edition.
Yves Jannot and Alain Degiovanni.
© ISTE Ltd 2018. Published by ISTE Ltd and John Wiley & Sons, Inc.
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to several media with or without contact resistance). The number of parameters of
the system S is called ny and the number of parameters of the system S, is called
n,.. The exterior is taken as the origin of the temperatures (T, = 0).

Figure 5.1 shows the overall system.

Ty (1)

T,(t)

Front face
system
Tex!. =0 Y

Homogeneous
sample

Rear face
system

Source q(t)

Figure 5.1. Schematic diagram of the overall system

Toxt =0

After performing a Laplace transform on time, each element (the medium, the
systems S¢ and S,.) is a quadrupole; Figure 5.2 represents the global system after the
Laplace transform. In the figure is shown:

— Q the Laplace transform of the source q(t) (in W/m?);

— @, the Laplace transform of the heat flow rate on the front face;

— 0, the Laplace transform of the temperature of the front face;

— 0, the Laplace transform of the temperature of the rear face.

Figure 5.2. Representation of the equivalent schematic

Q
N
A B o ——9
o | o o | ta
* ———

Zp

diagram after Laplace transformation
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In the conventional estimation, the heat source q(t) is assumed to be known,
namely: 8, = Z; Q or q(t) = qof (t), f(t) being known (with F = L[f(¢t)]), i.e.
92 = ZZ F.

The impedance to be identified (Z; or Z,) comprises the two parameters of the
medium (;12 and %) or (e% and q, %) and n; and n, parameters of the two systems

(front and rear):
N=ns+n,+2

In the case of the T /T identification, i.e. 8, = W 6, the parameters of the front
system do not intervene and the number of parameters of the medium is now only 1,
it is not necessary to transform a temperature into a flux. The transmittance W to be
identified comprises one parameter of the medium (;iz) and the n, parameters of the

rear system, namely:
N=n,+1

We might wonder if it would not be interesting to measure the temperature on
the front face before measuring the flow on the front face, i.e. 6, = Z; ®;.

There are two drawbacks to this approach: the first one comes from fluxmeters
themselves which are rarely linear and require difficult calibrations; the second one
is that we add a parameter that needs to be identified (we must pass from a flux to a
temperature). The impedance to be identified Z5 comprises the two parameters of the
medium (;iz and %) and the n,. parameters of the rear system, namely:

N=n,.+2
EXAMPLE.— Conventional flash.

Refer to section 4.5 for a description of the method. The equivalent electrical
diagram after Laplace transformation is shown in Figure 4.32.

The impedance Z and the Laplace transform 6, of the temperature are related by:

_ do
7 =— 10
C+(hq+hy)A+h1h, B

K

\/gsinh<\/g>+(H1+Hz)cosh< \/§>+%sinh( \/g)

In reduced variables: Z =

a
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The impedance depends on four parameters (nf +n, +2 =1+ 1+ 2 = 4):
—QOA, Hy=—; Hy=—-; a==

For the transmittance: 68, = W 6,

1
A+h,B

where: W =

1

=

In reduced variables: W =

(4

The transmittance depends only on two parameters (n, + 1 =1+ 1 = 2):

hye a
B="a=a

EXAMPLE.— Three-layer method.

See section 5.2 for a description of the method. The equivalent electrical diagram
after Laplace transformation is shown in Figure 5.3.

N 0,
® ) A B ®

0, T P15131P /hl 1/h2 P2Ca€3p T 02
® ¢ b ®

Figure 5.3. Representation of the three-layer
equivalent diagram after Laplace transformation

The impedance Z and the Laplace transform 6, of the temperature are related by:
92 = Z F

do
C+(hyi+picieip+hat+paczresp)A+(hyt+picierp)(ha+pzczez2p)B

where: Z =

or, in reduced variables:

K

D 4
\/%sinh( E>+(H1+615+H2+62§)c05h( \/g)+—(H1+C1“)(HZ+CZ“)sinh( J%)

7 =

=
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The impedance depends on six parameters (nf +n, + 2 =2+2+2 = 6):

e hze a Piciey p2C2ez
K=qy-; HH=—7, H,=—; a=—=,(C, = ; Gy =
qOA:- 1 s 2 ) e2? 1 pce s 2 pce

For the transmittance: 8, = W 0,

1

Where: wW=—mMW—
A+(ha+pzcae2p)B

1
P
Hy+Co -
cosh(\/ﬁ>+ﬁsinh( E)
a \/E a
a

The transmittance depends only on three parameters (n,, + 1 =2 + 1 = 3):

or, in reduced variables: W =

hpe a

_ . _ P161€y
= Cz ===

pce

5.2. Planar three-layer
5.2.1. Principle

Conventional measurement methods are sometimes poorly adapted to the
determination of the thermal conductivity of very light insulating materials. The
transient contact methods using plane heat sources (hot disc [GUS 91, HE 05], hot
wire [NAG 81], hot plate [ZHA 93], hot strip [HAM 03, JAN 04]) do not allow for a
good estimation of the thermal conductivity in the case of very light insulators for
the following reasons:

—the capacity and thermal resistance of probes (heterogencous, generally
consisting of a metal filament inserted between two plastic films) which are not
known with precision are often taken into account in a simplified way in the models;

— the sensitivity of the measured temperature to this capacity is all the stronger as
the heat capacity of the insulation is low;

—the thermal conductivity of the probe is greater than that of the insulation
which implies that the longitudinal heat transfer (parallel to the contact
probe/sample surface) in the probe that is not taken into account in the models
cannot become negligible thus biasing estimates.
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The flash method [DEG 86] is also difficult to apply for the following reasons:
— insulators are often semi-transparent with respect to flash radiation;

— the measurement of surface temperature on a very light material is difficult to
realize with precision;

—the exchanges on the irradiated surface are often very different from the
exchanges on the opposite surface (significant temperature differences).

It therefore becomes essential to sandwich the material between two conductive
metal plates in order to avoid the first two disadvantages; a device based on this
principle has already been used for liquids [REM 06]. In the case of very light
materials, it is demonstrated that the sensitivity to thermal conductivity of the
temperature of the unheated face is highly correlated with the sensitivity to losses,
and that the sensitivity to thermal diffusivity is very low. The three-layer method
allows estimation of the thermal conductivity of very light insulating materials.

Its principle is given in Figure 5.4. The sample to be characterized is inserted
between two conductive metal plates of the same cross-section as the sample. A
thermal excitation is applied to one face so as to raise the temperature thereof and
simultaneously the temperature changes of the two plates are recorded. Figure 5.5
shows a typical evolution of the temperatures of the two plates. The transfer function
F is then estimated between these two temperatures defined by:

TZ(t) = F(t:A,PC' h) ® Tl(t) [51]

After modeling the transfer function F, the values of the parameters (4, pc, h)
which minimize the sum of the quadratic deviations between the temperature
T, exp(t) and the temperature T, ,(t) = F(t,4,pc,h) ® Ty exp(t) are estimated.

The minimization method used is that of Levenberg—Marquardt.

h

Y

Metal T,(t)

T, (t)
Metal

Heating element

Figure 5.4. Schematic diagram of a three-layer set-up
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One of the advantages of the method is that it is not sensitive to heat transfer on
the heated face; in the case of a convective transfer and considering the important
temporal variations of the temperature on this face, the hypothesis of a constant
convection coefficient and especially equal to that of the unheated face is not
completely satisfied.

Compared to the limits of the contact methods and of the flash method for
measuring the thermal conductivity of light insulators, the proposed method has the
following advantages:

— the temperature measurements made on a good conductive metal are precise;

— the thermal capacity of the two discs (homogeneous) is known precisely and
accurately taken into account in the model;

— longitudinal heat transfer in the discs is integrated into the model (uniform
temperature limit condition).

12
10 Tt}
8 - oT2(t}
o
g .
4
5 - enE» o -h
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Figure 5.5. Typical temperature changes T, (t) and T,(t) of the two plates

5.2.2. Hypotheses and model

5.2.2.1. Hypotheses
— Uniform temperature in metal discs.
— Negligible contact resistances between sample and metal discs.

— Convective transfer coefficient constant and identical on all faces.
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Metal
Metal
X h
Figure 5.6. Schematic diagram of a three-layer experiment
5.2.2.2. Model

The cylindrical device shown in Figure 5.6 is modeled in cylindrical 2D. The
resolution is done by a Laplace transform on time and separation of the space
variables. For details of the modeling and its solution, see [JAN 09].

The transfer function H (p) of the system is written as:

O(ep) _ 1

H(p) = 90p) Z?‘f’=1m [5.2]
wﬂ%:wmmmgzénmmg [5.3]
2 2
b= {5+ () o’ 4
where wy, is a solution of: w J; (w) = H; Jo(w) [5.5]
. h
with: H, = % (h + pyCrep + 2%) [5.6]
_hR
Hy =" [5.7]

Equation [5.2] is true whatever the boundary condition on the heated brass disc,
especially if the heated brass disc is in contact with an insulator rather than
convection with ambient air.
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5.2.2.3. Consideration of conduction in ambient air

The previous model implicitly assumes that the heat flux lost by the hot surfaces
is transmitted to the ambient air without affecting the other surfaces. In fact, a part
of this lost flux can be transmitted by conduction to the unheated brass plate
according to the diagram in Figure 5.7 and contribute to the elevation of its
temperature.

Figure 5.7. Diagram of the thermal coupling
between the two plates by the ambient air

This phenomenon of heat transfer in parallel by conduction in ambient air can be
represented by the quadrupole diagram in Figure 5.8, and it will be more important
when the thermal resistance of the sample to be measured is large.

Figure 5.8. Quadrupole representation of thermal impedance in parallel
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It has been shown [BAH 14] that this impedance can be represented by a pure
resistance R and that the expression of the transfer function retains the same form as
in equation [5.2] by replacing A by A" and B by B’ given by:

=28 p =2 [5.8]
R

The value of this resistance in parallel is estimated experimentally.

5.2.2.4. Sensitivity study

The reduced sensitivity of the transfer function H(p) was calculated for a three-
layer system with the following characteristics:

Brass: e, = 04mm,D =40 mm,A=110Wm K™%, pc =3.2x10°Jm3 K™

Samples:

Low density superinsulator: 4 =0.02Wm™*K™!, pc=1.0x%x10*]m 3K,
e=5mmand e =10 mm.

Polystyrene: 1 =0.03Wm 1K™ pc=5x10*]m 3K, e =10 mm.

Cellular concrete: A=015Wm 1K1, pc=3x10°] m 3K,
e =10 mm.

The reduced sensitivity curves obtained are shown in Figure 5.9.

The following conclusions can be drawn from the figure:

— for the same material, the sensitivity to the heat capacity increases with the
thickness of the sample and the sensitivity to thermal conductivity decreases;

— for the same sample thickness, the sensitivity to the heat capacity increases
with the heat capacity of the sample;

— the sensitivity to heat capacity is very low for very light materials and will not
be measurable by this method for this type of materials; it is sufficient to estimate
the heat capacity of lighter insulators such as polystyrene or cellular concrete;

— the sensitivity to thermal conductivity is high in all cases and decorrelated to
sensitivities to the convection coefficient and thermal diffusivity, conductivity is
therefore a priori estimable by this method for all types of insulators.
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Low density super-insulator, e = 0.5 cm
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Figure 5.9. Reduced sensitivity curves of temperature T,(t) calculated by
equation T, .(t) =F(t,A,pc,h) ® Tlexp (t) for different samples. For a
color version of the figure, see www.iste.co.uk/jannot/thermal.zip

5.2.3. Experimental set-up

The section of the sample can be a square or a disc. On deformable materials,
which are therefore difficult to machine, it is often easier to cut square-section
samples than cylindrical samples. If a square section of side b is used, it has been
verified that the cylindrical model presented can be used for estimation by fixing the

radius R at the value R = \/%. The experimental set-up used in LEMTA consists of

two plates of brass 1 mm thick and area 45 x 45 mm®. Figure 5.10 shows a view of
this device. The thickness of the brass plates was chosen to be equal to 1 mm (thus
relatively high) in order to favor the sensitivity to the thermal conductivity A at the
expense of the sensitivity to the volume heat capacity pc, the latter being measurable
with good accuracy per DSC. A sample of the material to be characterized, having
the same cross-section as the two brass plates, is inserted between them. Two K type
thermocouples with a wire diameter of 0.05 mm are attached to the outside of each
brass plate with an aluminum adhesive. The bottom plate is in direct contact with a
plane heating resistor of the same section placed on an insulating block. Pressure is
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applied to the upper face by means of three points made of PVC or wood (materials
chosen for their low thermal conductivity) with very small contact area. The rest of
the top surface exchanges by natural convection and radiation with the ambient air.

For better control and reproducibility of measurements, it is preferable to equip
the installation with a force sensor and a displacement sensor.

The choice of a gate of a few seconds produced by a flat resistance rather than a
very brief flash sent by a lamp (initially tested set-up) is motivated by several
reasons:

— the rise in temperature of the heated face must have a speed compatible with
the response time of the thermocouple;

—the plane resistance makes it possible to more easily exert pressure on the
metal plates, thus making it possible to minimize the contact resistances;

—a small part of the flash can reach the side surfaces by reflection; this
inconvenience is avoided with a plane-heating resistor.

Force sensor

SMART S-BEAM |

10KN

. }
W_‘ - ' Thermocouples
Sample Brass

Figure 5.10. View of the LEMTA three-layer device

5.2.4. Practice of the method

The sample to be characterized is inserted between the two plates and pressure is
applied to the tips in order to prevent the sample from slipping. Care should be taken
not to apply excessive pressure which would change the thickness and conductivity
of the sample.
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A heat flow rate is applied to the heating resistor by modulating it so that the rise
in temperature of the front face does not exceed 10°C. This heat flow rate is
canceled as soon as the temperature rise of the rear surface reaches at least 2°C and
the temperature record is allowed to continue for a time at least equal to twice that
required for the temperature T, (t) to reach its maximum.

The mass m, is measured on the sample’s unheated surface, which makes it
possible to deduce the value of the product p,c,e,, which appears in equation [5.2]:

1]
P2Ca€z = ——

where: S is the surface area of the brass plate (m?);
¢, is the specific heat of the brass (J m~> K ).

For example, in Table 5.1, measurements are made on different materials for
which the thermal conductivity has also been measured by another method (4,.¢).
The table presents the result of a first estimate made by neglecting the heat flux by
conduction in the ambient air (R = o0) and by a second one made by considering an
optimum value which minimizes the deviations between the reference values and the
values measured by the three-layer method (R = 1.1). This value of R depends on
too many parameters to be able to be estimated by the calculation, and this
calibration phase is essential and must be carried out for any new set-up. It can be
seen that by considering this optimum value of R, the deviations between the
measured values and the reference values (themselves known with an uncertainty of
at least 2%) are quite satisfactory.

It is important to note that the air coupling is no longer negligible as soon as the
resistance % of the medium is greater than 0.1 m> W' K.

R=0m?W 1K R=11m?>W 1K
e 1 AL A AL e

mm |Wm™!K™? % Wm 1K1 % Wm™tK™?!
Silica aerogel | 5.08 0.0179 29 0.0134 -3 0.0138

3.35 0.0359 11 0.0328 1 0.0325
Polystyrene 5.75 0.0396 18 0.0344 2 0.0336

10.26 0.0423 29 0.0329 1 0.0327
PVC foam 5.95 0.0685 6 0.0646 0 0.0648

Table 5.1. Values of thermal conductivities estimated by the three-layer method
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Figure 5.11 shows the experimental and simulated curves of T, (t) obtained in a
three-layer experiment on a 10.2 mm thick polystyrene sample as well as the
reduced sensitivity curves.

T2 exp
2H==T2mod |----
—res(x10)

C)

T2t
Reduced sensitivities ("

800

Figure 5.11. a) Experimental and simulated curve of T,(t) for a sample of
polystyrene with a thickness of 10.2 mm; b) reduced sensitivity of T,(t).
For a color version of the figure, see www.iste.co.uk/jannot/thermal.zip

5.3. Cylindrical three-layer
5.3.1. Principle

Knowledge of the thermal properties of clusters or powders is important in many
fields: thermal insulation by filling with a bulk material (cork, vermiculite and
cellulose), cooling or heating of pulverulent food products.

The measurement of the thermal conductivity of clusters or powders can be
carried out by the hot wire method with certain limits related to the density of the
material to be characterized:

—the wire’s small diameter (less than 1 mm) means that the number of
probe/product contact points is small, so it can only be used for materials of very
small particle size;

— like all heated probe methods, it is poorly suited to very low density materials
[COQ 06].

The heat capacity can be measured by a differential calorimeter. The hot disc
method allows the two parameters to be estimated a priori simultaneously but with
the following important restrictions:

—the small size of the probe (a few millimeters in diameter) means that the
number of probe/product contact points is small, so it can only be used for materials
of very small particle size;
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—the measurement of diffusivity is less accurate than that of conductivity
[GUS 91];

—like the hot wire method, it is poorly adapted to materials with very low
density [GUS 94].

The cylindrical three-layer set-up, combined with the appropriate model and
estimation method, allows these two thermal properties to be measured
simultaneously using a single experiment [JAN 13].

The three-layer cylindrical set-up schematically shown in Figure 5.12 consists of
two coaxial tubes:

— a stainless steel inner tube of inner radius 7y=4 mm, outer radius r;=4.5 mm
and height 38 cm;

—an outer brass tube of inner radius r,=39 mm, outer radius r3=40 mm and
height 38 cm.

The external diameter of the inner tube was chosen to be large enough (9 mm) so
that the number of contact points between the grains and the tube is important even
for grains of large diameters.

Metal tube at T, (t)

Heating element

Copper tube at T, (t)

Bulk product

Insulating material ! e

Figure 5.12. Schematic diagram of the three-layer cylindrical set-up

The external surface of the outer tube is surrounded by a flat, flexible resistive
heating element of small thickness which makes it possible to ensure uniform
heating thereof.
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Two K type thermocouples are placed at mid-height respectively on the inner
tube to measure T;(t) and on the outer tube to measure T,(t). The thermocouple
wires with diameters of 0.05 mm are glued to the two tubes a few millimeters apart
to obtain a mounting with separate contacts.

The inner tube is centered by two hollow discs of expanded PVC with a
thickness of 8 mm, an internal diameter of 9 mm and an outer diameter of 78 mm.
These two discs placed respectively at the bottom and at the top of the tubes make it
possible to keep the product to be measured in the annular space between the tubes
and to isolate it from the outside environment.

The experimental procedure is as follows: the annular space between the two
tubes is filled with the product to be characterized and we wait until the
temperatures T; and T, reach an identical stable value. The outer tube is then heated
until its temperature rises to 10°C, then the heating is stopped when the temperature
T, has reached a few degrees. The temperatures T; and T, are recorded from the start
of heating and until the temperature T; reaches its maximum value.

5.3.2. Hypotheses and model

Modeling is based on the following hypotheses:

— the temperature of the product and of the tubes is uniform and equal to T; at the
initial time;

— the product is dry: no mass transfer;

— the temperature gradients according to Oz are negligible at mid-height of the
set-up;

—the radial temperature gradient is negligible in both tubes (small body
hypothesis).

By reason of cylindrical symmetry, the radial heat flux on the inner surface of
the inner tube is zero and the quadrupole equation can be written as:

A/ S| e P o

where:

QI3
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A = qr, [K1(qry) Ih(qr) + Ko(qry) Li(qr2)];

B = —[Ko(qry) Io(qrz) + Ko(qrz) Io(qm)];

C =2zl pcp ryry [K1(qry) Li(qri2) + K1(qry) Li(qry)];
D = qry [Ko(qr>) Li(qry) + Ki(qm1) Lo (qr2)];

C; = mycq;

Gy = mycy;

Py(p) = [~ 2L 4 1, )] oy L.

where:
0/(p) is the Laplace transform of the temperature T;(t) - T;;
@/(p) is the Laplace transform of the heat flow rate ¢;(t);
a is the thermal diffusivity of the product;
p is the density of the product;
c is the specific heat of the product;
¢, is the specific heat of the inner tube;
¢, is the specific heat of the outer tube;
1y is the internal radius of the inner tube;
7, is the external radius of the inner tube;
1, is the internal radius of the outer tube;
13 is the external radius of the outer tube;
m, is the mass of the inner tube;
m, is the mass of the outer tube;

L is the length of the tube;
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¢, is the heat flux on the outer tube;
t. is the duration of heating;
h is the convective heat transfer coefficient.

We thus deduce:

- — D)
0,() = AC1p + C + Cap (BC1p + D) [5.9]

. _ __ —(BC1p+D) Py(p)
and: HZ(p)_A61p+C+C2p(BC1p+D) [5.10]

and the Laplace transform of the system’s transfer function:

1(/—
Hp)= ) == 560 [5.11]

or in real space:

T;(t) = T2 (6) @F(t) [5.12]
with: F(t) = L [Bc;,w] [5.13]

5.3.2.1. Method for estimating unknown parameters

This modeling of the system makes it possible to obtain the analytical expression
of the transfer function of system F(t) between the input T, (t) and the output T, (t).
This transfer function depends only on A (thermal conductivity), a (thermal
diffusivity) and C; (heat capacity of the inner tube):

—the choice of the cylindrical geometry makes it possible to eliminate losses
(that are unknown and to be estimated in other configurations) on the unheated face;

—the choice of carrying out the estimation on the transfer function makes it
possible to eliminate the influence of all the parameters situated upstream of the
heated surface, in particular the heat flux ¢, the heating time t., the heat capacity
of the outer tube C, and the convective heat transfer coefficient h outside of this
tube.

The two parameters a and pc are estimated by minimizing the sum of
the quadratic deviations between the experimental curve T, (t) and the model
curve calculated by an equation of type Typoq(t) = Taexp(t) ® F(t, 4, a, C;) where
Thexp(t) and C; are considered as data.
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The transfer function F(t) is calculated by calculating the inverse Laplace
transform of equation [5.11] giving H(p) using the De Hoog algorithm [DEH 82].
The minimization of the sum of the quadratic deviations is performed by the
Levenberg—Marquardt algorithm.

This method leads to the following remarkable result and to our unique
knowledge for a transient method using the entire thermogram: the only unknown
parameters to be estimated are the thermal properties of the product to be
characterized.
5.3.2.2. Study of reduced sensitivities

The sensitivity study was carried out on three materials with very different
properties:

— heavy material: glass beads;
— medium density insulator: cork;
— a very light insulating material: expanded polystyrene beads.

The average properties used (based on data from several suppliers or measured)
for each of these materials are reported in Table 5.2.

Material AWm™K™) | pc(Jm™3 K1)
Glass beads 0.22 1.23x10°
Cork aggregates 0.038 1.1x10°
Polystyrene beads 0.035 2.5x10*

Table 5.2. Properties of the materials considered
for the study of reduced sensitivities

The heating time t. has been adjusted so as to remain less than the time from
which the temperature of the inner tube begins to rise. The heat flow imposed on the
outer tube was adjusted so that its temperature did not exceed 10°C.

We first place ourselves in the case where we try to estimate a and pc. The
simulated curves T;(t) and T,(t) as well as the transfer function F(t) have been

computed by inverse Laplace transformations applied to equations [5.9], [5.10] and

[5.11]. The reduced sensitivities a% (t) and pc Z_Zlc (t) were calculated as follows:

a%(t) =T,(t) ® ag—’;(t) [5.14]
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pe SE(0) = T,(6) ® pe 5 (0) [5.15]

The set of these curves are shown for each of the three materials in Figure 5.13.

For glass beads, it can be seen that:
— the maxima of the sensitivities of T; to a and pc are almost confounded and
the sensitivities are almost proportional;

— the sensitivity to pc is about 10 times lower than the sensitivity to a.

This leads us to predict that the value of pc will be estimated with high
uncertainty.

On the contrary, in the case of bulk cork and polystyrene beads, the ratio of
sensitivity maxima to a and to pc is about 2.5 for cork and 1.3 for polystyrene and
also the sensitivities are not proportional. The two quantities a and pc can therefore
be estimated in this case with good precision.
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Figure 5.13. Typical temperature changes (a) and reduced sensitivities of T; for

glass beads (b), cork aggregates (c) and polystyrene beads (d). For a

color version of the figure, see www.iste.co.uk/jannot/thermal.zip
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5.3.2.3. Influence of the diameter of the outer tube
The sensitivity study was carried out for the same products but now considering
an outer tube with diameters of 24.5 mm/25 mm. The results obtained are shown in

Figure 5.14.

It can be seen that the reduction in the diameter of the outer tube makes it

possible to increase the sensitivity of T; to the thermal conductivity A without this

being sufficient for a material as heavy as the glass beads. This also reduces the
measurement time and reduces the height necessary to avoid 2D effects in the

middle of the tube.
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Figure 5.14. Typical temperature changes (a) and reduced sensitivities of T;

for glass beads (b), cork aggregates (c) and polystyrene beads (d). For a
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5.3.2.4. Evaluation of the effect of an error on a given data

The temperature T; not only depends on a and pc but also on the following
parameters: 1y, 1, and m;c;. The influence of an error on each of the parameters was
estimated in the following way [JAN 13]: a simulation was carried out with the
nominal values of the parameters, parameter estimation in which the following
measurement errors were successively simulated: absolute error of 0.01 mm on 7,
and on 77, of 0.05 mm on r,, and relative error of 1% on m,c;. The estimated values
for each simulation were then compared to the nominal values introduced in the
simulations.

Given the different calculated deviations that can accumulate in the worst case, it
is possible to estimate the accuracy of the measurement of the thermal diffusivity a
with less than 2% whatever the material. Thermal conductivity can be estimated
with accuracy better than 2% for insulating materials but is not measurable
accurately for heavier and less insulating materials such as glass beads. These results
are consistent with the findings of the reduced sensitivity study.

5.3.2.5. Evaluation of the effect of a centering error

The influence of an error in centering the inner tube with respect to the external
tube on the estimated values of the thermal conductivity and the volumic heat
capacity was also studied using 3D simulations carried out under COMSOL
[JAN 13].

It has been shown that an offset of the axes as large as 0.25 mm produces an
error of less than 0.3% on all the parameters except for the thermal conductivity A
and the volumic heat capacity pc of the glass beads. An improvement consists of
using two thermocouples placed at diametrically opposite points on the outer tube to
measure T, and to retain the average of two values for the use of the results. It has
been shown that this arrangement of the thermocouples makes it possible to obtain a
deviation of less than 1% for all the parameters including for glass beads provided
that the shift of the axes is less than 0.25 mm, which is easily realized in practice.

5.3.2.6. Evaluation of standard deviations on estimated values

The specific problem that arises here is the taking into account of the
measurement noise on T, for the calculation of the standard deviation on the
estimated values of ¢ and pc.

These two parameters are estimated by minimizing the sum of the quadratic
deviations between the experimental curve Ty, (t) and the model curve Tjpeq
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calculated by a convolution between the experimental curve T,ey,(t) and the
transfer function, namely:

2
](ﬁ) = Zi[Tlexp (ti) - Tlmod(ti: TZExp,ﬁ)]
with: T} (ti' TZexp,ﬁ) = TZexp(ti)®F(ti' ﬁ)
a
where: f§ = [ P c] is the vector of the parameters to be estimated.

The function J() is not “classical” for two reasons:

—the temperature T; depends on a parameter vector B’ different from B (B’
contains six parameters) leading to a calculation of the sensitivity matrix of T:

S(B) =5 = Taewp ® 5 = T2exp®X (B)

where X () is the sensitivity matrix of F;

— the two temperatures T ey (t) and Ty, (t) are noisy.

A complete calculation of the parametric estimation has shown that the
estimation bias is of second order and that the covariance matrix is written as
[MAT 13]:

cov(B) = a7?[(STS)™L + (STS)™L ST Mz Mz S (STS)7] =

[au a12] [5.16]
az1  Az2

where:  § = Mp X
and:
My, is the Toeplitz matrix of Ty;
oy 1s the standard deviation of the measurement noise on T;;

M. is the Toeplitz matrix of F;

X is the sensitivity matrix of F.
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The standard deviations o, and g,, on the estimated values of a and pc are
calculated by:

Og = Vaiq
Opc = Vaz2

The standard deviations were calculated for a recording time corresponding to
the maximum value reached by the temperature of the small tube with an acquisition
time step of 0.1 s and a standard deviation of the measurement noise o = 0.1 K.

It has been shown that, by choosing an acquisition time step of 0.1 s, the
standard deviations due to measurement noise on the temperatures are negligible for
the thermal conductivity of light materials (cork, polystyrene) and for thermal
diffusivity of all materials [JAN 13]. The standard deviation on the thermal
conductivity also remains less than 1% for heavier materials such as glass beads.

5.3.3. Experimental set-up

A set-up identical to that shown schematically in Figure 5.12 was made at
LEMTA.

The choice of the material of the inner tube results must satisfy the following:

—it must be sufficiently conductive so that the temperature gradient in its
thickness is negligible;

— it should not be too conductive to limit the longitudinal heat transfer which
could invalidate the hypothesis of a purely radial heat transfer to mid-height if they
were too large.

The final choice was a stainless steel with a thermal conductivity A =
16 Wm K™%

The external diameter of the inner tube was chosen to be large enough (9 mm) so
that the number of contact points between the grains and the tube is important even
for grains of large diameters. Its thickness must also satisfy the following:

— it must be thick enough to be non-deformable;

— it should not be too thick to limit longitudinal heat transfer which could
invalidate the hypothesis of a purely radial heat transfer at mid-height if they were
too large.
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The final choice was for a thickness of 0.5 mm.

The diameter of the outer tube was chosen to be large enough so that the distance
between the two tubes is large compared to the size of the grains whose cluster
properties are to be measured. Its thermal conductivity must be the best possible in
order to ensure a uniform temperature over its entire surface. Its mechanical strength
must be the best possible in order to avoid any deformation. All these constraints led
us to choose a brass tube with an external diameter of 80 mm and a wall thickness of
1 mm.

The height of the tubes was chosen to be sufficiently large for the hypothesis of
the 1D transfer at mid-height to be respected; a height of 38 cm was chosen. The
validity of the 1D hypothesis for these dimensions has been validated by numerical
simulations with the COMSOL® software.

Figure 5.15. Diagram of a centering element

This numerical study has shown the paramount importance of the dimensions
and the thermal conductivity of the two discs ensuring the centering of the inner tube
with respect to the outer tube, for the respect of the 1D transfer hypothesis at mid-
height. This led us to make this part in a rigid and insulating material: rigid PVC
foam with thermal conductivity = 0.065 W m~! K. These discs with a thickness
of 8 mm were also “hollowed out” to reduce the heat transfer from the large tube to
the small tube, according to the diagram in Figure 5.15.

5.3.4. Experimental practice

An experimental study was carried out at LEMTA on three products:

— glass beads;
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— cork aggregates;

— polystyrene beads.
Before each experiment the products were dehydrated by evacuation for 48 h.

The specific heat values of each of these products and of the inner tube were
measured using a SETARAM uDSC3 calorimeter. The bulk densities were deduced
from the weighing of a known volume of product. The results are shown in
Table 5.2.

The thermal effusivity E of the glass beads was measured using an asymmetric
hot plate type device described and used by Bal [BAL 11]. The measured value at
30°C is: Egjqss = 470.9] m™2 K= s7%/2 which couples to the value of the volumic
heat capacity pc to deduce the thermal diffusivity and thermal conductivity at 30°C:
a=154%x10""m?s tand 1 = 0.185Wm™t K1

Measurements were then carried out on each of the three materials using the
cylindrical three-layer device. The heat flux density applied to the outer tube was
modulated to maintain the temperature rise of the outer tube at approximately 10°C
until the temperature of the inner tube had increased by about 2.5°C. The heating
was then switched off and the recording continued until the temperature of the inner
tube reached its maximum.

The results of the estimates obtained for the three materials are presented in
Table 5.3. The deviations between the values measured by the three-layer method
and the values measured by DSC and the centered hot plate are in agreement with
the theoretical predictions: low (< 2.1%) for light materials (cork and polystyrene)
and high for heavy materials (glass beads). The theoretical study predicts for the
latter type of material that only the thermal diffusivity can be measured with
precision. It has indeed been found that the value of the thermal diffusivity measured
by the cylindrical three-layer method: @ = 1.56 x 1077 m?s~! differs only by 1.6%
from the DSC measurements and the centered hot plate: a = 1.54 x 1077 m?s™1.

As an example, Figure 5.16 shows the changes in measured temperatures T; and
T, as well as the changes in measured and simulated temperatures T; with the
parameters estimated for dry cork aggregates. Estimation residues (x10), i.e. the
difference between the experimental values and the measured values of T;, were also
included. It is observed that the residues are weak and perfectly centered at
approximately 0°C, which validates the 1D model.
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Cylindrical three-layer DSC + centered hot plate

Material Glass Cork Polystyrene Glass Cork |Polystyrene
am’s™) [1.564x107|3.45x107|1.377x 10°/1.54x1077| - -
pc (Tm> K1) 0.965x 10°|1.113x 10°| 26443 | 1.20x 10° |1.14x 10°| 26107
AWm'K"Y 0151 0.0384 0.0364 0.185 - -

Table 5.3. Values of the thermal properties estimated by the
cylindrical three-layer and the DSC + centered hot plate methods

A measurement was also carried out on cork with a water content of 3% in
equilibrium with the ambient air. Figure 5.17 shows the evolution of the measured
temperatures T; and T, as well as the evolutions of the measured and simulated
temperatures T; with the estimated parameters, the estimating residues (x10) have
also been included. It is found that the model which does not take into account the
heat transfer produced by the evaporation/condensation phenomena does not make it
possible to obtain a satisfactory representation of the experimental curve. The
properties of a wet material can therefore only be achieved by a steady-state
measurement or by a transient measurement modeled by taking into account the
mass transfers. In the latter case, it is necessary to know at least the mass diffusion
coefficient, which leads to a source of additional uncertainty. This applies not only
to the cylindrical three-layer method but also to all transient measurement methods.

Finally, additional measurements were made on the glass beads with a device of
a height reduced to 20 cm with an outer tube with diameters of 24.5/25 mm, the
inner tube remaining the same. The values obtained are the following: A =
0.167Wm K™, pc=1.07x10°]m 3K tand a = 1.574 x 1077 m?s~1. The
estimated value of the volumic heat capacity is slightly closer to the real value than
that obtained with the large tube (10%, instead of 19.6%). The thermal diffusivity
values obtained with the two devices differ by less than 1%.

The cylindrical three-layer method allows us to measure the thermal properties
of powder-type materials or clusters of dry pellets. For insulating materials
(therefore low density), it is possible to measure in a single experiment and with a
precision better than 5% both the thermal conductivity and the volumic heat
capacity. For heavy materials, it is possible to measure the thermal diffusivity,
another method of measurement is then necessary to fully characterize the product,
the simple method of the asymmetric centered hot plate [JAN 10] can in this case be
used as a complement.
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Figure 5.16. a) Experimental curves of T, (t) and T,(t); b) experimental and model
curves of T, (t) and estimation residues x 10 for dry cork aggregates. For a color
version of the figure, see www.iste.co.uk/jannot/thermal.zip
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Figure 5.17. a) Experimental curves of T;(t) and T,(t); b) experimental and model
curves of T, (t) and estimation residues x 10 for wet cork aggregates. For a color
version of the figure, see www.iste.co.uk/jannot/thermal.zip

5.4. Transient fin method

5.4.1. Principle

Knowledge of the thermal properties of materials available and used in thin
plates is important in several fields including that of printed circuits. The support of
the printed circuits is most often made of a plastic plate with a thickness of less than
1 mm. The conductivity in the direction perpendicular to the plate is between
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A, =02Wm 1K™ and 3, =2Wm™ K™! with a factor of anisotropy gﬂ that

can be up to 2.

To predict and limit the heating of the supports (and therefore of the circuits
deposited therein), it is necessary to know precisely the conductivities 4,,, and 4,.

The thermal conductivity 1, can be deduced from the thermal diffusivity a,
measured by the flash method. The thermal conductivity 4, can be deduced from
the thermal diffusivity a,, measured by the transient fin method [HAD 92] whose
principle is shown in Figure 5.18.

It is considered that the sample is initially at a uniform temperature and equal to
the temperature T, of the ambient air. A heat flow rate ¢, (t) is applied on one of its
ends, the intensity and the time variations of which are not required to be known.
The temporal evolutions of the temperatures T; and T, are measured at respective
distances x; and x, of the heated edge by bonded thermocouples or by an IR
camera. These measurements, combined with a modeling of heat transfer, make it
possible to deduce the thermal diffusivity a,,,.

] v
Flux Ty (t)s” T(t)e” £ er

=Y

| X1 X3 v

Figure 5.18. Diagram of the principle of the transient fin

5.4.2. Hypotheses and model

5.4.2.1. Model
This model is based on the following hypotheses:

— the thermal gradient in the direction of thickness e is negligible (thin system),

which is verified if Bi < 0.1, where Bi = % is the Biot number;

— the plate is long enough so that it can be considered as a semi-infinite medium
for the duration of the measurement;
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— the plate is wide enough so that the edge effects in the direction Oy have no
effect at the center of the plate;

— heat transfer by conduction in the air is negligible.

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

s =
with:  T(x,t =0) =T,;
T(xy,t) =Ty;
T(x - oo, t) =T,.
and where: P, = 2(e + ¢) is the perimeter;

S = e? is area of the section associated with the heat flow rate.

Given T =T — T, and designating 8(x,p) the Laplace transform of T(x,t),
these equations become:

‘12_9_<L+ﬂ>9= 0

dx? Axy  AxyS
The general solution is written in the form: 8(x,p) = A exp(—qx) + B exp(gx)

hP
where: ¢ = |2+ <%
axy  AxyS

The semi-infinite medium hypothesis leads to: B = 0.
The solution thus takes the form: 6(x, p) = A exp(—qx).
In particular: 8; (p) = A exp(—qx,) and 0,(p) = A exp(—qx;).
Hence: 0,(p) = 0,(p) exp(—qd).
where: d = x, — x;.

2 2
Thus 8, depends only on 8, and the following parameters: p, :— and %
Xy Xy
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and we can write it in real space as:

T,(t) =Ti(t) ® F(t) [5.17]
where: F(t) = L™'[H(p)] is the inverse Laplace transform of H(p).
with:  H(p) = exp(—qd) [5.18]

1 d
mt3ayy

5.4.2.2. Method for estimating unknown parameters

and: F(t) =

exp (—@t—ld—z) [5.19]

pcS 4 axyt

N |

This modeling of the system makes it possible to obtain the analytical expression
of the transfer function of the system F(t) between the input T,(t) and the output
T,(t). This transfer function depends only on t, ay, (thermal diffusivity) and h
(convection—radiation transfer coefficient):

The two parameters a,, and h are estimated by minimizing the sum of the
quadratic deviations between the experimental curve Ty, (t) and the model curve
calculated by an equation of type Tpmea(t) = Tiexp(t) ®F (t, Ay, h) where
Tyexp(t) is considered as a data point.

The function F(t) is computed by equation [5.19]. The minimization of the sum
of the quadratic deviations is performed by the Levenberg—Marquardt algorithm.

5.4.2.3. Study of reduced sensitivities
a)

Temperatures (°C)

Reduced sensitivities (°C)

Figure 5.19. a) Temperature curves T,(t) and T,(t); b) reduced sensitivities
of T, (t) to a,, and h for a resin. For a color version of the figure, see
www.iste.co.uk/jannot/thermal.zip
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It shall be noted that:

—the sensitivity to h decreases if the thickness e of the plate increases: it is
therefore not necessary to work with plates that are too thin, especially if the thermal
diffusivity is low;

—the sensitivity to h decreases if the value of h decreases: we will therefore
work under vacuum whenever possible, which will also make it possible to limit the
conductive transfer in the air neglected in the model.

5.4.3. Experimental set-up

The heat flow rate @,(t) can be produced by passing a current through a
resistive strip deposited on the substrate. To avoid edge effects, it is preferable to use
a rather large sample (square of 10 cm side in our experiments). The values of x;
and x, must be large enough so that the uncertainty about their difference d is small
(x; =1 cm and x, = 2 cm in our experiments). The distance D (see Figure 5.18)
must also be sufficiently large (about 3 cm) for the semi-infinite medium hypothesis
to remain valid for some time.

The measurement of the two temperatures T; and T, can be carried out either:
— by IR camera;

— by a measurement of the variation of the resistances of two thin resistive strips
of which the temperature coefficient is known.

Whatever the method of measurement chosen, it should be noted that in this type
of method the measurement of two quantities proportional to the temperatures (with
the same coefficient of proportionality) is sufficient. For example, if the two strips
are identical, it is not necessary to know their temperature coefficient. If an IR
camera is used, no accurate calibration is required.

The reduced sensitivity study showed that the sensitivity to h decreases with the
value of h, so it is advantageous to minimize this value. For this reason, the
measuring device should be placed under vacuum whenever possible: the external
transfer will be exclusively due to the radiation and therefore the transfer coefficient
will be lower. Conductive heat transfer will also be avoided in the air layer adjacent
to the surface which can create a thermal bridge causing a slight increase in
temperature T, before that caused by the diffusion of heat in the plate. This effect
was observed for the least diffusive materials.
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5.4.4. Practice of the measurement

An example of recording of temperatures Tyey,(t) and Tpey,(t) as well as the
experimental curves Ty, (t) and model Typmoq(t) plotted on the same graph is
given in Figure 5.20. The temperature measurements were carried out by an IR
camera. The distance d between the measuring points is 10 mm for a value of the
thermal diffusivity a,, = 8.2 x 1077 m?s~" and a plate thickness of 0.8 mm. In this
case, the temperature rise on the rear face is sufficient to obtain a signal-to-noise
ratio allowing a good estimation of the parameters.

v D

L{Q)
b)

Figure 5.20. a) Experimental thermograms T ey, (t) and Tpey, (t);
b) experimental thermogram Ty, (t) and theoretical T5,,,4(t) obtained on a resin

Another series of experiments on a sample of the same thickness but of thermal
diffusivity a,, = 2.2 x 1077 m?s~" led to an elevation of the temperature that is too
low. The distance between the measuring points has to be reduced in this case to
d = 5 mm, which increases the relative uncertainty on its value. To maintain the
value acceptable d = 10 mm, it would have been necessary to work under vacuum
and/or increase the thickness of the plate.

NOTE.—

A series of measurements carried out under different air pressures revealed the
influence of conduction in the adjacent air layer on the result of the estimation. For a
material with a thermal conductivity A,, = 0.48 Wm™ K~" and thickness e =
0.8 mm, the pressure must be lowered to less than 10 mbar to obtain an accurate
estimate of the thermal conductivity. The error obtained by performing the
measurement at atmospheric pressure reaches 30%.
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Choice of an Adapted Method

In this chapter, we will propose a choice of methods adapted to measurement in
different types of situations which depend on:

— the range in which the thermal properties of the material to be measured lie;
— the size of the available samples;
— their moisture state: dry or wet;

— their physical state: consolidated solid, powder or cluster, liquid.

Before that, we will give some general advice for the realization of good
measurements.

6.1. Measurement advice
6.1.1. How many measurements?

The first point concerns the number of measurements to be realized before a
reliable result can be obtained. The minimum is, in our opinion, three measurements
and it is essential to remove the samples from the experimental device and then to
put them back in place between measurements. For example, certain measurements
may be sensitive to the thermal contact resistances and the clamping of the device
whose influences may vary between two experiments. It is therefore important to
repeat this clamping operation to verify that it has no impact on the measurement
result. Moreover, the calculated standard deviation between the results of the three
measurements makes it possible to get an order of magnitude for the uncertainty due
to the measurement noise.

Thermal Properties Measurement of Materials, First Edition.
Yves Jannot and Alain Degiovanni.
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Important reminder:

As for the uncertainty due to errors on the supposedly known parameters of the
model, one way of knowing them is to work on the dimensionless expression of the
model.

For example:

— for the standard 1D Flash method, the dimensioned formula gives rise to three
o

he e?
parameters: —, — and —
A’ a pce

A 1% error on e results in a 2% error on a;

— for the semi-infinite hot plate, the dimensionless formula [4.2] gives rise to
(mc)s
RcEZS

three parameters: R.E, ¢,R. and

A 1% error on ¢ results in a 1% error on E.

6.1.2. Steady-state or transient mode?

A commonly accepted idea is that transient methods allow for a much faster
measurement than steady-state methods. Some manufacturers of measuring devices
advertise less than one second measurement durations. The reality is very different.

Indeed, all the transient regime methods are based on the same hypothesis: at the
initial time, the temperature field in the sample is rigorously uniform and most often
equal to the temperature of the surrounding environment. In order to place the
specimen in place, it has to be held with the fingers with a surface temperature of at
least 32°C, or the sample in place has already been subjected to a first measurement
during which it was heated. Before carrying out a transient measurement, it will be
necessary to wait until the effect of these thermal disturbances has dissipated, which
amounts to waiting for the establishment of a steady state, which can take minutes or
even hours.

In transient conditions, we hypothesize that the medium behaves as a
homogeneous medium, which does not make it possible to characterize certain types
of media such as multilayer ones for which one chooses steady-state methods.

In wet environments, heat and mass transfers occur simultaneously, making the
thermal models inadequate to describe the change in the temperature field in
transient mode. Only the steady-state methods allow precise measurements for light
insulating materials, since the time taken to achieve equilibrium is much longer than
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for a dry material because the mass diffusion coefficient is generally low. You have
to be very patient to measure the thermal conductivity of a wet material!

In the steady-state methods, a single measurement is performed a priori, which
therefore makes it possible to estimate only one parameter which is thermal
resistance. Therefore, to deduce a value of thermal conductivity, thermal contact
resistances must be negligible compared to the sample’s thermal resistance.
Therefore, the steady-state methods do not make it possible to accurately measure
high thermal conductivities.

6.1.3. What if the material is wet?

If the material is wet, the only reliable measurement methods are steady-state
measurements. Experimental studies carried out on wet insulators using the hot plate
and three-layer methods have shown that mass transfer, although slower than heat
transfer, alters the temperature evolution (relative to that obtained on a dry medium)
from the start of the heating and leads to an incorrect estimation of the values of the
thermal properties in this case. For much heavier materials containing less water, a
hot plate-type method may be acceptable. The criterion for determining whether a
transient method is appropriate or not is the study of residues: if they are signed
(not flat) as in Figure 5.17(b), then the obtained result is not reliable.

It is therefore preferable to measure the thermal conductivity with a steady-state
method of the centered hot plate type with the entire device placed in an enclosure in
which both the temperature and the relative humidity of the air can be adjusted. The
time taken to reach equilibrium is much longer than with a dry material because of
the low value of the mass diffusivity.

The specific heat cq,y, of the dry material is measured by differential scanning
calorimetry. If we characterize the moisture content of a material by its dry basis
water content X (kgwater‘kgdry’l) defined by:

X — Mwater [61]

Mary
where
My acer 15 the mass of water contained in a volume V of wet solid;

Mgy is the mass of dry matter contained in the same volume.
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We can deduce the value of its specific heat ¢ by a simple additivity law
[BAL 12]:

[ + Xc
— dry water [62]
1+X

NOTE.—

On the contrary, the thermal conductivity of a wet medium cannot be calculated
by an additivity law. It has been shown experimentally that a small increase in water
content can sometimes cause a significant increase in thermal conductivity. Water
can in fact be placed at the level of contacts between grains or fibers and thus greatly
reduce the thermal resistance of a material [BAL 13].

6.1.4. What if the material is semi-transparent?

In some cases, when it is not perfectly opaque, the material can transmit
radiation, and this radiation flux will be added to the conduction flux and will
disturb the measurement since the thermal conductivity is a characteristic of the
conduction:

¢ = =2 grad(T)

where ¢, is the conduction flux and not the total flux (conduction + radiation).

A material that is not completely opaque is said to be “semi-transparent”. There
are three types of semi-transparent media [DEG 02, MAI 00]:

— purely absorbing medium;

— purely scattering medium;

— medium that is both absorbing and scattering (participating medium).

To be purely scattering, a medium must have very little solid material (low
density), as is the case for light insulators (glass wool, aerogel, etc.). Conversely,

mass materials such as electrical insulators and semiconductors are purely absorbing
(PVC, glass, silicon, etc.).

In practice, to detect a semi-transparency problem, it is necessary to carry out
two measurements at different thicknesses, if the obtained conductivities are
different, this is certainly a semi-transparency problem. In transient experiments,
signed estimation residues may also be a sign of semi-transparency.
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In a steady state, on a single measurement, it is not possible to separate the
radiation contribution from the conduction one; the measurement will give an
apparent conductivity taking into account the two contributions. In transient
conditions, in some cases, it is possible to separate the contributions, the conductive
transfer and the radiative transfer behaving in different ways in transient mode.

6.1.4.1. Purely scattering media

In this case there is no coupling between the conduction and the radiation fluxes.
Figure 6.1 describes the steady state (a) and transient (b) thermal models.

N
[N D
' . " [ 4 An Bn L ]
B 0
] — [P
a) b)

Figure 6.1. Electrical equivalent diagrams for purely
scattering media: a) steady-state mode; b) transient mode

e
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and: A= [6.3]

where:
n is the medium’s optical index (for light porous media n = 1);
o is Stefan’s constant;
e is the medium’s thickness;
B is the extinction coefficient (Se is the optical thickness of the medium);
&1, & 1s the emission coefficients of the sample’s limit;

K is the function of fe which varies from 3/4 (Deissler’s approximation for
optically thick media) to 1 (“two fluxes” approximation for optically thin media).
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In a steady-state experiment, the radiation conductivity 4, is added to the phonic
conductivity A, i.e.:

A=A+ 1,
Note: the radiation conductivity increases with the thickness of the sample.

6.1.4.2. Purely absorbing media

Two cases can be modeled simply, optically thick media (Se > 10) and optically
thin media (fe < 0.1):

— Optically thick media:

- the media follow the Rosseland law, i.e. the radiation transfer behaves like
the conduction transfer (diffusion mechanism), with a radiative conduction 4, which
is added to the phonic conductivity 1., namely: A = A, + 4,

16n20T3
where A= 38

[6.4]

— Optically thin media:
- the heat transfers are in parallel as for the purely scattering media, and the

radiation conductivity is calculated by equation [6.3] with K = 1.

—In the general case, conduction and radiation heat transfers are coupled and
modeling is more complex [DEG 02, MAI 00].

In practice, as we have already pointed out:

— in steady-state measurement techniques, conduction and radiation contributions
cannot be separated in a single experiment. It is necessary to carry out several
measurements with different thicknesses and extrapolate for e = 0;

— in transient mode, the radiation can be taken into account initially by placing a
resistance in parallel on the conductive quadrupole (Figure 6.1(b)), a resistance that
will be identified at the same time as the thermal diffusivity and heat losses.

In some cases, the problem cannot be simplified and a system of coupled
equations must be written and solved [SCH 12, NGU 08, MAI 00, REM 06].
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6.2. Choice of method

THERMAL PROPERTIES OF THE MATERIALS

1.E+07

1.E+06

Concrete
Y % 40,4 Plastic Brick
Plaster \/

1.E405 __9e* ™ Wood
* : Polystyrene

Low density
insulators

pc (J.m3.K1)

1.E+04

Gas
/ . \
1.E+03 ’Q ~

0.01 0.1 1 10 100 1000
A (W.m™L.K?)

Figure 6.2. Representation of the thermal properties of materials [EDW 69]. For a
color version of the figure, see www.iste.co.uk/jannot/thermal.zip

Representative points of a large number of materials in a system of axes (thermal
conductivity A vs. volumic heat capacity pc) have been shown in Figure 6.2. There
is a very wide variety of thermal properties: A varying between 0.015 and
400 Wm™1 K™ and pc varying between 10% and 4 X 10% J m~3 K™%, so that there
is no method for accurately measuring the thermal properties of all materials. The
choice of measurement method depends on the range of thermal properties
to be measured: we do not measure the thermal conductivity of a superinsulator
(1<0.026 Wm™1K™!) with the same method used in the case of a metal
(A>10Wm 1K),

6.2.1. Consolidated solid

Taking into account the characteristics of each of the methods detailed in the
preceding chapters, we have made recommendations concerning the thermal
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characterization methods adapted to the different thermal conductivity ranges of
solids. Table 6.1 summarizes the results.

Whenever possible, several different methods will be used to measure the same
thermal property: this is often where the problems begin, but it is often the only way
to be confident in the accuracy of its measurement. For example, to measure the
thermal properties of a plastic, the following measurements can be carried out:

— hot plate on semi-infinite medium to estimate E;
— hot wire to estimate A;

— differential scanning calorimetry to estimate ¢ and separate measurement of p.

The combination of the first two measurements makes it possible to calculate
2
pc = ET, a value that will be compared with that measured by differential scanning

calorimetry. The difference between the two values will also indicate the precision
that can be given to the measurement. A deviation of more than 5% should lead to
questions about the measurements carried out and to an analysis of any measurement
errors or biases whose possible causes have been analyzed in Chapter 2. A case
study illustrating this approach can be found in Appendix 10.

Conductivity M d
range Recommended methods casured i \otes
o quantities
(W.m .K™)
Flash 1D a
Flash 3D a Suitable for anisotropic materials
1>5 Differential scanning
calorimetry ¢
. Semi-infinite medium condition
Hot wire A .
to be verified
Centered hot plate isolated 1D transfer condition to be
A, pc .
rear face verified
Flash 1D a
Flash 3D a Suitable for anisotropic materials
5>1>05
Differential calorimetry c
. Semi-infinite medium condition
Hot wire A .
to be verified
Hot disc Aa Weak precision on the value of a




Choice of an Adapted Method 265

Centered hot plate

constant T, A
Permanent hot strip A Suitable for anisotropic materials
Differential calorimetry c
05> 1 Guarded hot plate A Reference method
> 0.05 Flash 1D a
Flash 3D a Suitable for anisotropic materials
Hot wire Semi-infinite medium condition
A .
to be verified
Hot disc Aa Weak precision on the value of a
Differential calorimetry c
Guarded hot plate A Reference method
Centered hot plate E, A
constant T,
A <0.05 Permanent hot strip A Suitable for anisotropic materials
Three-layer La Fpr llght insulators of small
dimensions
Hot wire A Semi-infinite medium condition
to be verified
Hot disc Ada Weak precision on the value of a

6.2.2. Liquids

Table 6.1. Recommended methods for measuring the thermal

properties of a solid (as a function of conductivity)

With regard to the measurement of the thermal properties of liquids, the most

reliable methods seem to be the following:

— differential scanning calorimetry to estimate ¢ and separate measurement of p;

— hot tube method for estimating A.

The hot wire method is more difficult to use because it is difficult to know when
convection occurs. Moreover, it must be ensured that the influence of the radius and
the mass of the wire was already negligible before this moment in order to make it
possible to measure the unbiased thermal conductivity.
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6.2.3. Powders

The cylindrical three-layer method makes it possible to measure all the thermal
properties of “light” bulk materials and the thermal diffusivity of heavier bulk
materials. It can only be used on dry materials.

For heavy and dry materials, the measurement of thermal diffusivity may be
completed:

— by measuring the thermal effusivity using the asymmetric hot plate method;

— by measuring specific heat by calorimetry (DSC).

For wet materials, the hot tube method in steady state will be used to measure the
thermal conductivity. The specific heat of the dry material will also be measured by
calorimetry and the volumic heat capacity pc of the wet material will be deduced by

an additivity law. All the thermal properties can then be deduced as a function of the
water content.

6.2.4. Thin films

To measure the thermal conductivity of thin films, the hot strip method is used in
periodic regime (3) or in transient regime.



I

Analogies Between Different Transfers

In the following, we will show the analogies that exist between certain types of
transfers, namely:

— heat transfer;

— mass transfer;

— flow of a fluid in a porous medium.

Of all these fields, the thermal field is undoubtedly the one which has generated
the widest variety of characterization methods; the presentation that has been made
in this book is not exhaustive. The analogy between the equations governing these
different transfers and the physical quantities that characterize them can make it

possible to transpose certain thermal characterization methods to other fields, as we
will see in an example.

7.1. Diffusion of heat by conduction

As seen in the first chapter, heat transfer by conduction is governed by Fourier’s
law:

— 5%
o=—-15 P [7.1]
where 1 is the thermal conductivity (W m ™' K™);

S is the flux cross-section (m?).
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The temperature within a conductive medium in transient state verifies the heat
equation:

2 _ 0T
aviT =2 [7.2]

The ratio a = ﬁ is called the thermal diffusivity.

Initial and boundary conditions can take one of the following forms:

System boundary conditions:
— If the resistance to heat transfer at the surface is negligible:

Ty =Ty
— In the opposite case:
) (Z—DS =h(T, —T,)
where: & is the convection heat transfer coefficient at the interface (W m > K™');

T, is the temperature of the fluid in contact with the solid (°C).

— If the medium is semi-infinite:

limT(x,t) =T(x,t =0)

X =

— If the medium is a wall of thickness e with the same transfer on both sides, the
symmetry imposes:

(Z_i)x=e/2 =0

7.2. Diffusion of water vapor

Let us consider by way of example the unidirectional transfer of vapor inside a
porous medium as represented in Figure 7.1.

The mass transfer is governed by Fick’s first law which is written as:

a
Pm = —Pary D = [7.3]
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where: ¢, is the mass flow rate (kg s™);
Pary 1s the density of dry solid (kg m>);
D is the mass diffusion coefficient (m? s™);

X is the dry basis water content (Kgyqer Kam ')-

Air at (T, HR)

0 T T T T T T < Exchange surface

Figure 7.1. Schematic diagram of water vapor transfer

Let us carry out a mass balance between t and t + dt on the volume element
between x and x + dx:

[@m (x) — @ (x + dx)]dt = Pary S dx dX

[2):¢

ox
or  paryDS (E)x = ParyD S (5 = Pary S dx dX

)x+dx

Hence Fick’s second law:

=(05) =% 74

This equation is easily generalizable to a three-dimensional transfer and, in the
case where the diffusion coefficient D does not depend on X, it is written as:

2y — X
DVX =% [7.5]
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System boundary conditions:
— If the resistance to mass transfer to the surface is negligible:

Xs = Xoo

— In the opposite case:

—Pary D (Z_i()s = hp (X5 — Xo0)

where:  h,, is the mass transfer coefficient at the interface (kg m?);

X 1s the dry basis water content of the solid in equilibrium with air at
(T,HR).

— If the surface is perfectly airtight:
ax
(5),=0
— If the medium is semi-infinite:

limX(x, t) = X(x,t = 0)
X =
7.3. Flow of a gas in a porous medium

Let us consider by way of example the unidirectional (1D) flow of a gas in a
porous medium as represented in Figure 7.2.

The mass transfer is governed by Darcy’s law which is written as:

kSopP
v 0x

Pm = [7.6]
where: ¢, is the mass flow rate (kg s );
k is the permeability of the solid (m?);

v is the kinematic viscosity of the gas (Pa s);

P is the pressure (Pa).
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Gas at P;

o+ b 44

l(pm (x)

@ (x + dx)

Figure 7.2. Diagram of the flow of a gas in a porous medium

Let us carry out a mass balance between t and t + dt on the volume element
between x and x + dx:

[Pm(X) — Pp(x +dx)] dt = e S dx dp

where: ¢ is the solid porosity.
k (9 k (8 a
Hence —- (—P) += (—P) =edx 22
v \ox/y v \0x/yxidx at

By using the law of perfect gases: P = p % T

.9 M 8P
we obtain: £ = — =
at RT ot

and knowing that: v = %, we deduce:

euor

2p —
PVP—kat

[7.7]

Two types of boundary conditions can be considered:

—1In the case of contact of a surface with a gaseous volume, the resistance to
mass transfer in a gas is negligible in comparison with that in a porous medium and



272  Thermal Properties Measurement of Materials

the pressure at the surface is equal to that of the surrounding medium: P,(t) = Pey;.
A gaseous volume can therefore be considered as a pure capacity.

— The surface can be sealed and in this case: (g—z) =0.
S

If Py is the uniform pressure in a porous medium at time ¢ = 0 and if we take
a time interval in which P(t) has varied slightly (a few %), we can write
equation [7.7] in the following simplified form:

vZp _ & 9P

- k Py Ot [78]

7.4. Analogy between the different transfers

The equations governing the transfers of heat, water vapor and air have strong
similarities highlighted in Table 7.1.

The evolution of the temperature, humidity and pressure of a gas inside a porous
medium results from the various transfers that occur through its walls. The physical
data characteristics of the wall that must be known to calculate the different flows
through it are:

— thermal conductivity A (W m > K");

— thermal diffusivity a (m*s™');

— convective heat transfer coefficient # (W m > K');
— diffusivity to water vapor D (m” s ');

— equilibrium water content X (Kguater kgdm’l);

— density of dry material pgry, (kg m>);

— mass transfer coefficient h,, (kg m?);

— air permeability k (m?);

— porosity &.

Table 7.1 summarizes the equations governing these different modes of transfer
and the resulting analogies in terms of physical properties.
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Heat Water vapor Gas
Fourier’s law Fick’s first law Darcy’s law
aT X ksop
(pz_lsa gom__psecDSa qjm:_Ta

Heat equation
VT = oT
eV =%

Fick’s second law

X
DVX =—
at

If weak variation of P
en P

2P=__
VP =Rt

Thermal conductivity A

Mass conductivity psec D

.k
Mass conductivity -

Thermal diffusivity Mass diffusivity Mass iiﬁfusivity
a D E_uo
- Mass effusivity
Thermal effusivity Mass effusivity
E =,/lpc = i En= VD E = kﬂ
P \/E m pdry m= v Po
Heat capacity Mass capacity Mass SZPaCIty
pc Psec P_O

Newton’s law

(ch(Ts—Too) (pmzhm (Xs_Xoo) -

Table 7.1. Analogies between the different modes of transfers

7.5. Example of adaptation of a thermal method to another domain

From the data grouped in Table 7.1, it is possible to transpose a method designed
to measure thermal properties to another transport phenomenon. However, it is
important to take into account the differences between the studied transport modes
from a practical point of view:

— it is possible to measure a temperature at a point (or even a temperature field with
an IR camera) whereas we can only measure the mean value of the water content in a
solid (by weighing) and the value of the pressure in a volume;

—thermal losses at the limits of a solid can never be neglected, whereas the
losses of water vapor or fluid can be strictly zero (possibility of achieving a perfect
fluid tightness).
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From all these considerations, the concept of a thermal characterization device,
the three-layer method [JAN 09], has been transposed to design a new device
characterizing the properties related to the flow of a gas in a solid (porosity and
permeability): the step decay method [LAS 11].

Figure 7.3 recalls the principle of the three-layer method: the sample to be
characterized, initially at thermal equilibrium with its environment, is inserted
between two brass discs (pure capacities). One of these capacities is excited
thermally and the evolution of the temperatures T; and T, of the two plates is
simultaneously recorded. The transfer function F(A, pc) between the two plates is
modeled and the values of the parameters which minimize the sum of the quadratic
deviations between Tyey, and Topmog = Tiexp@Fmoa (4, pc) are estimated.

h

J

Metal T, ()

T, (t)

Metal

e Heating element

Figure 7.3. Schematic diagram of the three-layer method

We designed the step decay method from the analogies highlighted in Table 7.1:

— Potential: T or P.
— Conductivity: A or %

— Capacity: pc or =

Py’

— Pure capacity: thin conductive plate or volume of air.
Its schematic diagram is given in Figure 7.4.

The cylindrical sample is surrounded by a silicone sleeve on which a high gas
pressure is applied to ensure the sealing on the lateral face. At the initial time,
volumes V;, and V; are at pressure Py;. The valves , and V. are closed and the
pressure in Vj is set to a value P, greater than Py;. The valve V, is then opened and
the pressure changes of P,(t) and P, (t) are recorded.
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As in the three-layer method, the transfer function F(k, &) between the two
pressures Py and P; is modeled and the values of the parameters are estimated which
make it possible to minimize the sum of the quadratic deviations between P, ,,,, and

Pimoa = POexp®Fmad (k,€).

In this application, the permeability depends on the pressure according to the
Klinkenberg law:

k=1l (1+2) [7.9]

therefore the calculation of Pj,;,q is carried out numerically by a 1D finite
differences method and several pressure steps are successively applied in order to
obtain a greater sensitivity to the parameter b. Figure 7.5 shows an example of
experimental pressures Py and P;.

The approach adopted for the development of this set-up could be applied to
other thermal characterization methods.

Regulator Manometer P,

Volume Vi ——— 1
Gas
Sample —— Hassler cell
Manometer P,
A
VolumeV, —— 1 U

Figure 7.4. Schematic diagram of the step decay set-up
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Figure 7.5. Experimental and estimation results on a wood sample using the step
decay method. a) Evolution of P,(three pulses); b) evolution of P, measured and
resulting from the estimation; c) residues on P, (t) after estimation
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Appendix 1

Physical Properties of Some Materials

p c A p c A
kgm? | Jkg'K' | Wm'K"' kgm? [Jkg'K' | Wm'K'
Metals and alloys Metals and alloys

Carbon steel 7833 465 54 Lead 11373 130 35
Stainless steel 15% Cr, 10% Ni | 7864 460 20 Liquid sodium 930 1381 84.5
Stainless steel 18% Cr, 8% Ni 7816 460 16.3 Titanium 4500 523 20.9
Stainless steel 25% Cr, 20% Ni | 7864 460 13 Tungsten 19350 134 163
Alumine 29 Zinc 7144 384 112
Aluminum 2707 896 204 Diverse materials
Silver 10525 234 407 Asbestos 575 1046 0.15
Bronze 75% Cu, 25% Sn 8800 377 188 Asphalt 2115 920 0.062
Bronze 92% Cu, 8% Al 7900 377 71 Rubber (natural) 1150 0.28
Carbon graphite 2250 707 147 Rubber (vulcanized) 1100 2010 0.13
Silicon carbide 13 Cardboard 86 2030 0.048
Chromium 7150 450 94 Leather 998 0.159
Constantan 60% Cu, 40% Ni 8922 410 227 Ice 920 2040 1.88
Copper 8954 383 386 Plexiglass 1190 1465 0.19
Cupronickel 70% Cu, 30% Ni 8900 377 29.3 Porcelain 2400 1088 1.035
Duralumin 2787 883 164 Polyethylene 929 1830 0.46
Tin 7304 226 64 PVC 1459 930 0.19
Iron 7870 452 73 Sand 1515 800 0.2-1.0
Cast iron 7849 460 59 Teflon 2170 1004 0.25
Brass 70% Cu, 30% Zn 8522 385 111 Earth, dry 1900 2000 2
Magnesium 1740 1004 151 Earth, wet 1500 1900 1
Gold 19300 128 312 Glass 2300 837 1.05
Platinum 21400 140 69 Pyrex glass 2220 728 1.13
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p c A p c A
kgm? | Jkg'K' | Wm'K"' kgm? [Jkg'K' |Wm'K'
Building materials Insulating materials
Slate 2400 879 2.2 Balsa 140 0.054
Basalt 2850 881 1.6 Cotton 80 1300 0.06
Cavernous concrete 1900 879 1.4 Kapok 0.035
Solid concrete 2300 878 1.75 Rock wool 20 880 0.047
Bitumen (cardboard) 1050 1305 0.23 55 880 0.038
Low density wood 525 | 1250 (dry) 0.12 135 880 0.041
Medium density wood 675 | 1250 (dry) 0.15 Glass wool 8 875 0.051
High density wood 800 | 1250 (dry) 0.23 10 880 0.045
Clay brick 1800 878 1.15 15 880 0.041
Hard limestone 2450 882 24 40 880 0.035
Soft limestone 1650 879 1 Expanded cork 120 2100 0.044
Floor tile 2400 875 2.4 Carpet 200 1300 0.06
Okoumé plywood 400 1600 0.12 Polyurethane (foam) 32 1300 0.03
Pine plywood 500 1600 0.15 50 1360 0.035
Granite 2600 881 3 85 1300 0.045
Gravel (bulk) 1800 889 0.7 PVC (rigid foam) 30 1300 0.031
Sandstone 2500 880 2.6 40 1300 0.041
Washed sand 2350 881 1.1 Expanded polystyrene 12 1300 0.047
Marble 2700 881 2.5 14 1300 0.043
Plaster 1440 840 0.48 18 1300 0.041
Schist 2400 879 22 Styrofoam 30 0.032




Appendix 2

Physical Properties of Air and Water

Properties of saturated water Properties of air at 1 atm
T p c p) 100 |10".a| Pr T p c A 10.u| 10 a| Pr
°C |kgm”|Jkg'K'|Wm'K"|Pas' |m’s" °C |kgm”|Jkg'K'|Wm'K"|[Pas'|m’s"'

0 1002 4218 0.552 17.90 | 1.31 | 13.06 0 1.292 1006 0.0242 1.72 | 1.86 | 0.72

20 | 1001 4182 0.597 10.10 | 1.43 | 7.02 20 | 1.204 1006 0.0257 1.81 | 2.12 | 0.71

40 995 4178 0.628 6.55 | 1.51 | 4.34 40 | 1.127 1007 0.0272 1.90 | 2.40 | 0.70

60 985 4184 0.651 471 | 1.55 | 3.02 60 | 1.059 1008 0.0287 1.99 | 2.69 | 0.70

80 974 4196 0.668 3.55 | 1.64 | 2.22 80 | 0.999 1010 0.0302 2.09 | 3.00 | 0.70

100 | 960 4216 0.680 282 | 1.68 | 1.74 100 | 0.946 1012 0.0318 2.18 | 3.32 | 0.69

120 | 945 4250 0.685 233 | 171 | 1.45 120 | 0.898 1014 0.0333 2.27 | 3.66 | 0.69

140 | 928 4283 0.684 199 | 1.72 | 1.24 140 | 0.854 1016 0.0345 234 | 3.98 |0.69

160 [ 910 4342 0.680 1.73 | 1.73 | 1.10 160 | 0.815 1019 0.0359 242 | 432 | 0.69

180 | 889 4417 0.675 1.54 | 1.72 | 1.00 180 | 0.779 1022 0.0372 250 | 4.67 | 0.69

200 | 867 4505 0.665 1.39 | 1.71 | 0.94 200 | 0.746 1025 0.0386 2.57 | 5.05 | 0.68

220 | 842 4610 0.652 1.26 | 1.68 | 0.89 220 | 0.700 1028 0.0399 2.64 | 543 |0.68

240 | 816 4756 0.635 1.17 | 1.64 | 0.88 240 | 0.688 1032 0.0412 2.72 | 5.80 | 0.68

260 | 786 4949 0.611 1.08 | 1.58 | 0.87 260 | 0.662 1036 0.0425 2.79 | 6.20 | 0.68

280 | 753 5208 0.580 1.02 | 1.48 | 091 280 | 0.638 1040 0.0437 2.86 | 6.59 |0.68

300 | 714 5728 0.540 096 | 1.32 | 1.02 300 | 0.616 1045 0.0450 293 | 6.99 | 0.68
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Correlations between 0 and 100 °C (T temperature in °C)

For air

cp, = 1008 Jkg 'K
A=757x1075T + 0.0242 Wm'K'
u=1075(0.0046 T + 1.7176) kgm's™!
a=1075(0.0146 T + 1.8343) m’s’

Pr = =254 x107* T + 0.7147

B~— K

For water

p =—0.00380 T? — 0.0505 T + 1002.6 kg m™

cp = 4180 Jkg' K

A=-987x10"6T2+2238x10°3T +0.5536 Wm 'K

_4 0.0003354T2-0.07377 T+17.9
8.765.1075 T2+0.03032 T+1

u=10 kgm's

a=10"7(-0.00360 T + 1.340) m’s’

py — 200037 T2+1.387 T+13.06
T 0005297 T2+0.1241 T+1

%’f — (0.0105 T2 + 0.477 T — 0.0363) x 10° K 'm"

2795
T+273

lOglo[psat(T + 273)] = 20.3182 —

—3.868log;o (T +273) mmHg-50 °C <T <200 °C

L,=2495-2346T kIkg' 0°C<T<100°C



Appendix 3

Transfer Coefficients
in Natural Convection

Correlations valid for all fluids: Nu = C (GrPr)™
(according to [HOL 90])
Geometry GrPr c m
Vertical evlind dol 10%-10° | 0.59 1/4
ertical cylinders and plates

Y P 10°-10" 0.1 1/3
102107 | 0.675 0.058
102-10° 1.02 0.148
Horizontal cylinders 1010 | 0.850 0.188
10-10" | 0.480 0.25
10-10" | 0.125 0.33
2x10*-8x10° | 0.54 0.25

Upper face of a hot plate or lower face of a cold plate

8x10°-10"" | 0.15 0.33
Lower face of a hot plate or upper face of a cold plate 10°-10" 0.27 0.25
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Inclined rectangular closed cell

Natural

conveclion

1708 "
Nu = 1+1.4—4[1—m
{1 3 1708[5in(1.8<p)1'6]}
GrPr cos(p)
GrPr cos(p) 3 ’
“ 5830 - 1}

If: 0 < ¢ < tan™1(4800 Pr)

The quantities * are taken equal to
0 if the result of their calculation
leads to a negative number [HOL 75]

Simplified equations for air at atmospheric pressure and at 20°C

Geometry

Laminar Turbulent

10* < GrPr < 10° GrPr > 10°

Y,
Vertical cylinders and plates h =154 (g) ‘ h =1.22(4T)"s
L
AT Ya
Horizontal cylinder h =126 (F) h =1.52(4T)"s

The upper face of a hot plate or the lower face of a cold plate

1
/
h=141 (%) 1 h=1830um)s

The lower face of a hot plate or the upper face of a cold plate

AT)1/4

AT 4
h =071 (T )

h=0.71 (T




Appendix 4

Main Integral Transformations:
Laplace, Fourier and Hankel

A4.1. Laplace transform
A4.1.1. Definition
LIT®] = 0() = [" exp(-pO) T()de  and L [0(p)] =T(t) (Inverse
transform)
A4.1.2. Properties
Linearity: L[a, Ty (t) + ayT,(£)] = a,L[T, ()] + a,L[T, ()], same for L~
Translation: L[exp(at)T(¢)] = 8(p — a); L™ [0(p — a)] = exp(at)T(t)
L [exp(—ap)0(p)] =T(t —a) ift > a
L [exp(—ap)8(p)] =0 ift<a
Change of sale: L[T(at)] = =6 (g); L [0(ap)] =T (g)
Derivation:  L[T'(£)] = p6(p) — T(0); L [6™ (p)]| = (-D)"c"T(t)
L[T"(®)] = p*6(p) — pT(0) — T'(0)

Integration: L [fot T(u)du] = %; L1 [ fp‘x’ B(u)du] = %t)
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Multiplication by £ L[t"T(t)] = (=1)"8™ (p); L~ [p8(p)] = T'(t) — T(0)5(t)
Division by #: L [@] = fpoo 0(w)du; L [%] = fOtT(u)du

t

P
Periodic functions (Period P): L[T(t)] = %

A4.2. Complex Fourier transform

A4.2.1. Definition
FIT(x)] = 8(w) = J% [ et T (x)dx

T() = FH0(w)] = = [ e'* 6(w)dw

A4.2.2. Properties
F [z—i] = iwb(w)
aZ
F [ﬁ] = —w?6(w)
A4.3. Fourier transform in sine and cosine

A4.3.1. Definitions

Sine
RIT] = 0,@) = ([ T(sinwn) dx

T(x) = F, ' [0s(w)] = \/%fow 05 (w)sin(wx) dx

Cosine

RIT) = 6.@) = [} T@cos(wn) dx

T(x) = F. [0, (0)] = J%fom 6. (w)cos(wx) dx
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A4.3.2. Properties
R[2] = b & [Z] = —06,@) - [210)
[— —_ (w)+wfr(0) F, [— = —wzgc(w)—\E(g—Z) i

A4.4. Finite Fourier transform in sine and cosine
A4.4.1. Definitions

If the temperature 7(x) is defined only on the interval [0, L], we can use a finite
Fourier transformation in sine or cosine:

RITGO] = 65 = [y TCsin () dx or: BITGO] = 0.n) = [y TGx)eos (M) dx
T(x) = F,10,(n)] = -z;’:lgs(n)sm (m)
or: T(x) = .7 [6.(n)] = 9 (0) += Zn 16.(n)cos (erx)

Ad4.4.2. Properties
B2 = [r0) - (DM ()] - 2 6, ()

m]% D" (5., (Z—i)x=0—

A4.5. Hankel transform of order v

A4.5.1. Definition

1
Forv > —=:
2

H,[T(M)] = 8,(0) = [, 7)y,(6)T(")dr; T(r) = H,"*[8,(0)] = [;” 0], (a7)8, (0)do

A4.5.2. Properties

H, [} () - VZ—ZT] = —026,(0);

ror or r

atorder 0: Hy[T(r) =T;] = T; f rJo(or)dr = T; jl(ar)



Appendix 5

Inverse Laplace Transformation

A5.1. Analytical method

The Laplace transform 6 (p) of the function T (t) is given by:
LIT(0)] = 6(p) = [;” exp(—pt) T(t)dc.

There is no general analytical formula for calculating T(t) knowing 6(p).
However, we know the exact expression of T(t) for some particular functions 6 (p),
examples of which can be found on the following page (see [SPI 90] for more
complete tables). The use of these tables associated with the particular properties of
the inverse Laplace transformation recalled in Appendix A2.2 can solve a number of
cases. We will always try to decompose a complex function in the sum, product, and
series of simple functions that are more easily inversible.

A5.2. Numerical methods

For those cases where an analytical solution cannot be found, one of the
following two numerical methods can be used:

A5.2.1. Stehfest method

The inverse transform of the function 8 (p) can be calculated by [STE 70]:

n(2 jin(2
CE NI

Thermal Properties Measurement of Materials, First Edition.
Yves Jannot and Alain Degiovanni.
© ISTE Ltd 2018. Published by ISTE Ltd and John Wiley & Sons, Inc.



290 Thermal Properties Measurement of Materials

N = 20 (double precision):

V, = —5.511463844797178 x 1076 V, = 1.523864638447972 x 10~
Vs = —1.174654761904762 X 102 V, = 1.734244933862434 x 10*

Vs = —9.228069289021164 x 10° Ve = 2.377408778710318 x 107

V, = —3.494211661953704 x 108 Vg = 3.241369852231879 x 10°

Vo = —2.027694830723779 x 1010 Vio = 8.946482982379724 x 100
Vi, = —2.870209211471027 x 10 V,, = 6.829920102815115 x 1011
Vi3 = —1.219082330054374 x 1012 Vie = 1.637573800842013 x 1012
Vis = —1.647177486836117 x 1012 Vie = 1.221924554444226 X 102
Vi, = —6.488065588175326 x 101 Vig = 2.333166532137059 x 101
Vio = —5.091380070546738 x 1010 Vao = 5.091380070546738 x 10°

N = 10 (single precision):

v, = 1, v, = _%; v, = 1279 v, = 46871 Vg = 505465

473915 1127735 1020215 328125 65625
Ve=——— Vi=—7%—; Vg= —— Vo= ——;

A5.2.2. Fourier method

WOEELE <"(C) + 32 (Re[6(c + jw)]cos(wit) — Im[B(c + jow)]sin(wt)})

km

where: w;, = :
max

The infinite sum is in practice calculated for a finite number N of terms; we will
generally take N > 100. This method requires choosing two parameters: ¢ and t,,, 4.
We must ensure a posteriori that: exp(—2c¢tmay) Ltmax) = 0.
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A5.2.3. Choice of a method and verification of results

The Stehfest method is simple to implement because it does not require us to
choose certain parameters. The Fourier method can lead to a better result in the case
of inversion of certain functions such as, for example, periodic functions [MAI 00].
It is also possible to directly use the Matlab subprogram “Invlap” based on the De
Hoog algorithm [DEH 82].

The study of the behavior of the function 8(p) at long times (t— o or p— 0)
and at short times (t— 0 or p—» o) can lead to approximate formulas of 8(p) for
which we can then find the inverse Laplace transform analytically. The comparison
of these analytical solutions with the results of the numerical inversion gives an
indication of the accuracy of the numerical inversion.

(According to Spiegel, [SP1 90])

-

() =L[T®)] T(t) () =LI[T®)] T(¢)
% 1 ln;p) —In(t) —y; y =0.57721
. 1 1
1 6(t) Dirac ﬁ \/ﬁ
1 1 2
- -pt ] i
p+pB ¢ NS \/E\/?
w? w
p2w? sin(wt) pz w2 sinh(wt)
p? sz cos(wt) p? )_Dwz cosh(wt)
N bVE =23 e
p(b n \/5) —exp( t)erfc( t) 17 n=23,.. m
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6(p) = L [T ()]

()

< T )

Zen(-2)

e;jx erfe ()

- 2 [Eexn (- 2) ~ xerfe ()

i () erre () = JF e ()

: ;q; \/%exp (—Z) - ha exp(hx + ath?) erfe (5= + hvat)
% a exp(hx + ath?erfc (;7=+ hVat)
% Lerfe (=) - Lexp(hx + ath®erfc (7= + hvat)

purm

pq(q +h)

%\/%exp (— f—;) b ——erfc (zﬁ) —exp(hx + ath®)erfc (ZL\/H + h\/a)




Appendix 6

Value of the Function ERF

Properties:
erf(u) = \%f;‘ exp(—t2)dt ;erfc(u) =1 —erf(u);

ierfe(u) = Zexp(—u?) —ull —erf@)]; 5 lerf @] = = exp(~x?)

exp(—-x2) [1 1 1x3 1x3x5
Forx > w:erfc(x) =——— |- ——+4+ — —
f ) v x 2x3+22x5 23 x7 +
1.2
1
r—
\
\
08 A
\

\

\ —_—rrf X
0.6 A

b / - = erfcx

/\\

0.4 <
N\
A Y
N\
b Y
02 \
~
~
e
v
D - -
o 0.5 1 1.5 2 25 3
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x erf(x) | erfc(x) ierfc(x) x erf(x) | erfc(x) | ierfc(x)

0 0.000000 | 1.000000 0.56419 1.1 | 0.880205 | 0.11980 0.03647
0.05 | 0.056372 | 0.943628 0.5156 1.2 1 0910314 | 0.08969 0.02605
0.1 | 0.112463 | 0.887537 0.46982 1.3 | 0.934008 | 0.06599 0.01831
0.15 | 0.167996 | 0.832004 0.42684 1.4 | 0.952285 | 0.04772 0.01267
0.2 | 0.222703 | 0.777297 0.38661 1.5 | 0.966105 | 0.03390 0.00862
0.25 | 0.276326 | 0.723674 0.34909 1.6 | 0.976378 | 0.02362 0.00577
0.3 | 0.328627 | 0.671373 0.31422 1.7 | 0.983790 | 0.01621 0.0038
0.35 | 0.379382 | 0.620618 0.28193 1.8 | 0.989091 | 0.01091 0.00246
0.4 | 0.428392 | 0.571608 0.25213 1.9 | 0.992790 | 0.00721 0.00156
0.45 | 0.475482 | 0.524518 0.22473 2 0.995322 | 0.00468 0.00098
0.5 | 0.520500 | 0.479500 0.19964 2.1 | 0.997021 | 0.00298 0.0006
0.55 | 0.563323 | 0.436677 0.17675 2.2 | 0.998137 | 0.00186 0.00036
0.6 | 0.603856 | 0.396144 0.15594 2.3 | 0.998857 | 0.00114 0.00022
0.65 | 0.642029 | 0.357971 0.13709 2.4 | 0.999311 | 0.00069 0.00013
0.7 | 0.677801 | 0.322199 0.1201 2.5 1 0.999593 | 0.00041 0.0000
0.75 | 0.711156 | 0.288844 0.10483 2.6 | 0.999764 | 0.00024 0.00004
0.8 | 0.742101 | 0.257899 0.09117 2.7 1 0.999866 | 0.00013 0.00002
0.85 | 0.770668 | 0.229332 0.079 2.8 | 0.999925 | 0.00008 0.00001
0.9 | 0.796908 | 0.203092 0.0682 2.9 10.999959 | 0.00004 0.00000
0.95 | 0.820891 | 0.179109 0.05866 3 0.999978 | 0.00002 0.00000

1 0.842701 | 0.157299 0.05025




Appendix 7

Quadrupole Matrices for
Different Configurations

q= \/g ; 1o, I, Ky, Kq: Bessel’s functions, see Appendix 8

A7.1. Quadrupole associated with unidirectional transfer in a medium
without energy generation [MAI 00]

A7.1.1. Medium of finite thickness

Ty n”
T | R
T. t91 _ A B [Hz] 0.
: 2 [T)l]_ c D] >, P2
P @2
T, r,

Plate of thickness e Hollow cylinder of radii r; and r, Hollow sphere of radii r; and r,
T, sinh(s)
A cosh(qe) qrz o (qr) K1 (qr2) + L1(qr2) Ko (qr1)] T_ZCUSh(S) - ar
1 1
sinh(qe) 1 sinh(s)
B 29S8 2L (1o (qr) Ko (qr1) — Lo (qr) Ko (q12)] AmAqriry
; YK, (qr1) [(1—:—1) cosh(s) +]
c g8 sinh(qe) 2nALqrqr, 1I(L(Ir2 )11< 6(17"1r ) 41'Mrzl z 1 !
IACAEPARACLE: l(qu — —) sinh(s)J
qr
1 sinh(s)
D cosh(qe) qrillo(qr)Ki(qry) + L(qr)Ko(qr2)] riCUSh(S) —
2 2

Where: s = q (1, — 1).
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A7.1.2. Semi-infinite medium

The Laplace transform @ of the heat flow rate ¢ is written as: ® = g with:

Semi-infinite Semi-infinite cylinder with | Semi-infinite sphere with inner
wall inner radius r; radius ry
7 1 1 Ko(gr) 1
ES\/E 2mAL qr K, (qry) 4mAr (1 + qry)

where E = ,/Apc is the thermal effusivity.

A7.2. Quadrupole associated with constriction resistance [MAI 00]

2R
T% Te(r) ! T (1)
e : : ¢
EUE) !
AT ) A
@(r) zgr

Transfer of a flux ¢ (1) to the surface of a cylinder of radius R and of thickness e,
with o(r) =0 ifr > 1

infinite R and e finite R and e
6o, 61 _[1 R.[A B [Qe]
d)__Rc [(p]_o 1 [C D] @,
T(r)=Tyforr <ry | o) =@, forr <mny Te(r) =T, Pe(1) = @,
1 8 = - F
R, T 8 Z E,tanh(y,e) Z —
421, (1 + quo) 322, (1 + Eqro) e ~ tanh(y,e)
sinh(qe) |

With A = D = cosh(qe) ; B =

C = AqmR? sinh(qe)

AqmR? ’
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4J1%(anro)

AnR%1o2an?yy ]Oz(anro)

E, with a,, solution of J; (@,R) = 0 and: y,, = a,,> + §

If: % > 1, then: tanh(y,e) = 1

A7.3. Quadrupole associated with unidirectional transfer in a medium
with energy generation

Inlet temperature = average temperature of the heating element

Inlet flux = total power injected into the heating element

[ =1 5[5

Full cylinder of radi
Plate of thickness e il eyln e'r ot raduus T Full sphere of radius r
and height L
A 1 1 1
B 1 1 1 Iy(gr) 1 1 3
AqS tanh(qe) pcSep | 2mALqr I,(qr) pcnrilp | 4mAr(qr cosh(qr) — 1] 4pcnrdp
C pcSep pcrrilp gpcnr3p
D ae qr L (qr) (qr)?
tanh(qe) 2 I(qr) 3[qr cosh(qr) — 1]




Appendix 8

Bessel Equations and Functions

A8.1. Bessel’s special equations and their solutions

y" + y;’ + mzy =0 f— y= kljo(mx) + kZYO(mx)

2.7

x2y"+xy'+ (x> —n?)y=0 = y =kiJp(x) + kY, (x) (ninteger)
y' + % —-mly =0 = y = kyIy(mx) + k,Ky(mx)

2y +xy —(x2—-nH)y=0 = y = kil,(x) + k,K,(x) (ninteger)
J 1s the non-modified Bessel function of the first kind of order n;

I, is the modified Bessel function of the first kind of order n;

Y,, is the non-modified Bessel function of the second kind of order n;

K, is the modified Bessel function of the second kind of order n.

A8.2. Main properties of Bessel functions

Recurrence
Jnar ) = =Jna () + 2, () Yoo () = Yo (@) + ¥, ()
I (@) = Iy () = 21, () K1 (@) = Ky (1) = 2 Ky ()
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Derivative

D) = ) s = () T = K () s T = )

d[ull(u) u] (u)

A8.3. Limits of Bessel functions of order 0 and 1

Fus0: Jow)—1 JL(w) >0 Yo) > —0  ¥(w) —> — oo
Li(w)—>1 L(u)—>0 Kou) > +o00  Kj(uw) > 4+

Ifu—so: Jo(u)—>0 Ji(uw)—>0 Yo(w) >0 Y;(u) >0
Iy(w) > +0 Lw) >+ Ky(u)—>0 Ki(uw) >0

A8.4. Asymptotic behavior of Bessel functions of order 0 and 1

If u—0:
JoW -1 W Vo) - (2) in(w) AOEE
Lw—>1 Lw- - Ko(w) — — In(u) Ky(uw) > 2
If u — oo:

Jo(w) _’\/% cos (u — %) Ji(w) > —cos (u % Yo (w) _’\/% sin (u — %)

Yi(w) » isin (% - g) Iy (w), Il(u)ﬁ\/% exp(u) Ky(uw), Kﬁu)—)& exp(—u)

A8.5. Integration

I8 Uo@n)? dr = 2 (U (@R)I? + [ (@R)1?)
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Influence of Radiation on
Temperature Measurement

The two examples discussed below are intended to show that measuring the
temperature is not always simple to realize in an accurate manner and that it may
be affected by a large error if certain precautions are not taken. They show the
parameters which influence the result of the temperature measurement.

A9.1. Measuring the temperature of a gas in a hot pipe

A thermometer with a diameter d; possessing an emissivity & = 0.8 is used to
measure the temperature of a transparent gas flowing in a large pipe whose walls are
at 250°C. The actual gas temperature is 500°C and the convective exchange
coefficient is h, = 122 W m2K1,

To calculate the temperature T; indicated by the thermometer, we write the heat
balance of the thermometer: hC(Tg - Tt) = aet(Tt4 - Tp4).

With & = 0.8; T; = 500°C; T, = 250°C and h, = 122 Wm™2K™".
We find: T, = 434.5°C which is an error of 65.5°C.
In order to reduce the measurement error, we can think of covering the

thermometer with aluminum foil of emissivity 0.1. With T, = 500°C, T,, = 250°C;
h, =122 W m™2K™1, we find: T, = 487.9°C, the error is only (or still!) of 12.1°C.
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In order to further improve the accuracy of the measurement, the thermometer is
protected against radiation by a thin cylindrical screen with a diameter of d, = 4d;
and an emission factor &, = 0.3. We admit that T, T, & and h, retain the same
numerical values and that h (convective transfer coefficient on each side of the
screen) is equal to 114 W m > K.

The heat balances are written as [JAN 16]:

For the thermometer: tht(T Tt) + % =0
£t Sg(Ee 1)
For the screen: 2h.Se(T, — T.) + 81 -Te") + 06,5, (T,* —T,*) =0

1.8
st S;(se )

The numerical resolution of the system of equations leads to:

T; = 494.8°C and T, = 483.1°C or a measurement error of 5.2°C.

It should be noted that it is advantageous to use a thermometer that is as thin as
possible and to have the highest possible air velocity to increase the value of h.. It is
also advantageous to have the lowest possible emissivity &, for the thermometer.
A9.2. Measurement of outside air temperature

A cylindrical thermometer with diameter D = 5mm is used to measure the
temperature of the outside air. The user places it outdoors vertically without any
protection from solar radiation. The actual air temperature at midday was measured

at 25°C at a nearby meteorological station.

The absorption factor of the thermometer for 0 < A1 < 3 pm is @y = 0.8 and its
absorption factor for A > 3 um is a; = 0.8.

The radiation emitted by the atmosphere and the night sky towards the surface of
the Earth can be calculated by the following equation:

Gsky =0T,  with T, =T, — 12K
where T, is the atmospheric air temperature (K).

The ground is assimilated to a black body at the temperature T,,.
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The convective coefficient around the thermometer is taken to be equal to:
h=15Wm 2K

The height of the Sun in the sky at midday is H = 45°.

The solar radiation on a horizontal surface is G* = 700 W m ™2,

The solar flux density received by the vertical thermometer is identical to the
flux density G* received on a horizontal plate since the height of the Sun is 45°. The
apparent surface of the thermometer seen by the Sun is: D X height. Radiation of the
atmosphere is assumed to be diffuse (non-directional).

By symmetry, the geometric shape factor of the thermometer with respect to the
ground is identical to its shape factor with respect to the sky and is equal to 0.5. It
can therefore be considered that the thermometer exchanges by radiation with a
body at an average temperature T, = 0.5 (Ta + Tsky).

The heat balance of the thermometer is written as (per unit of height):
aoG*D = oa,(T* = T,*)nD + h(T — T,)nD

We can assume: oo, (T*—T,*) = h,(T —T,) with h, = oa,(T? + T,”)(T +
T,) = 4oa,T,3.

The balance becomes: ayG* = h,.(T — T,)mw + h(T — T)=

.
%G T+hT,

We thus deduce: T = =&
h+h,

With @y = @; = 0.8, we obtain: h, =480 Wm 2K™! and T = 31.1°C or a
measurement error of 6.1°C .

To reduce the measurement error, we can cover the thermometer with aluminum
foil whose absorption coefficients are: @y, = a; = 0.1, we obtain: h, =
0.60 Wm™2K~! and T = 26.0°C which reduces the measurement error to 1.0°C.

It is also possible to envisage moving the air to increase the convection
coefficient which is calculated by the equation [JAN 16]: Nu = CRe™Pr'/3.
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1

With an air velocity u = 2 m s™", we obtain:

__puD _ 1.185x2x0.005
T u T 1.83x10-5

Re = 6475

Thus € = 093 andn = 0.618.

We find: Nu = 39.0 and h = 2% = 2026390 _ »0 9 wm1 K1,

D 0.005

We can deduce for the two previous cases: T = 25.6°C and T = 25.1°C.

The coefficient # would be higher and therefore the measurement would be more
accurate if a thermometer of smaller diameter of the thermocouple type was used.
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Case Study

A10.1. Measurement of the thermal properties of a cosmetic product

An industrial enterprise wanted to know the thermal properties of a cosmetic
product of pasty constitution. It was therefore necessary to choose methods of
measurement adapted to the specificity of the material.

Using a differential calorimeter, we first performed a measurement of the
specific heat, which is advisable for any study if we have this type of equipment.

Next, we must measure another quantity which is thermal conductivity,
diffusivity or effusivity. Given the “sticky” nature of the material, we avoided the
hot wire and hot strip methods, the flash method also seems difficult to implement
practically with this type of material. We therefore opt a priori for an asymmetric
centered hot plate method with realization of a thin-edged frame to contain the paste
under a controlled thickness. We will perform a steady-state measurement to
estimate thermal conductivity and then a confirmation measurement in transient
regime to estimate thermal effusivity.

A10.1.1. Specific heat

The specific heat ¢ (J kg™ K1) of the samples was measured by a Setaram
calorimeter udSc3.

A preliminary verification of the calibration of the device was carried out with
sapphire, the specific heat of which was measured between 20°C and 90°C and
compared with the reference values (see Figure A10.1). The maximum deviation
observed is 0.6%.
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The results obtained for the cosmetic product sample are given in Table A10.1.
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Figure A10.1. Measured and reference
values of the specific heat of sapphire

The accuracy of the measurement is estimated at 3%.
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90°C

c(kg™ K™

1808

1964

2068

2075

2038

2001

1931

1868

Table A10.1. Values of the specific heat c (J kg™ K1)

The density was measured by weighing a container of known volume, empty and
then filled with water, and finally with the pasty product. The value thus obtained is:

p=1070kgm™3

A10.1.2. Thermal conductivity

The thermal conductivity was measured in steady state by the asymmetric
centered hot plate method [JAN 17, DAM 16, JAN 10]. The device used, which has
been placed in a climatic chamber maintained at a temperature T,, is shown
schematically in Figures A10.2 and A10.3. The section of the samples and of the
heating element is 0.102 x 0.102 m?.

e

Thermal conductivity was calculated as: A = P
—I1

measured by the Setaram calorimeter udSc3

et 2 =22 (7 - 1y)
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where:

e is the thickness of the PVC frame (and thus of the pasty product);

% is the ratio of the electrical resistance to the section, calibrated with a material
of known properties (see [JAN 17]);

I is the intensity;
Ag is the (known) thermal conductivity of extruded polystyrene;

ey is the thickness of extruded polystyrene.

TT;elInost}ited aluminum block

e ey L T Very thin plastic film
o r‘!' o Tf_afly product - f‘!'

L

PV frame
Heating element
Thermocouple T

— | Lixtruded polystyrene

Thetmostated altirinurn block

\_:/_{’j

Thermocouple 7y

Figure A10.2. Schematic diagram of the experimental device

Figure A10.3. View of the device used for holding the pasty product
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We first performed a 3D digital simulation under COMSOL of the device to
check that the temperature at the center of the heating element was not affected by
the edge effects due to the presence of the PVC frame and by convection and
radiation heat transfer on the side walls.

According to the established results [JAN 17], in order to carry out a
measurement at an average temperature T, we have imposed the following
temperature values: T =T,, + 5°C; Ty =T, = T,, —5°C and T, = T,, + 3°C.

The experimental results are reported in Table A10.2. The thermal conductivity
is constant over the temperature range [20°C; 50°C] and has the value:

A=0206 Wm 1K1

T To T1 =) e AO 1 Tm A

°C m m Wm!K! A °C | Wm'K!

25.02 | 14.88 | 15.25 | 0.01875 | 0.0156 0.0278 0.19 | 20.0 0.206

403 | 29.6 | 29.91 | 0.01875 | 0.0156 0.0278 0.195 | 35.0 0.206

55.67 | 44.9 | 45.14 | 0.01875 | 0.0156 0.0278 0.195 | 50.3 0.205

Table A10.2. Measured values of the thermal conductivity

A10.1.3. Thermal effusivity

To confirm the results of the first two devices, we used the device shown in
Figure A10.2 for an evaluation of the results of the transient hot plate. For this
purpose, we have fixed the intensity passing through the resistance to a value which
allows a temperature rise of the order of 10°C to be obtained in 180 s and we have
recorded the change in temperature T (t) from the start of heating with a time step of
0.1 s. It has been shown previously that, after a certain time (depending on the
thermal capacity C; of the heating element) and during the time when the semi-
infinite medium hypothesis is valid, the curve T(t) = f (\/f) can be assimilated to a
straight line with a slope a. The thermal effusivity E can then be estimated by

: E=2_
equation (4.2.11): E = = E;

where E; is the thermal effusivity of the extruded polystyrene in our case and ¢
the heat flux produced by the Joule effect in the heating element.
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Preliminary measurements of specific heat by DSC, density and thermal
conductivity by the centered hot plate method allowed us to calculate the effusivity
value of extruded polystyrene at 20°C:

E; =+0.0302 X393 x 1212 =37.9] m 2 K~ s71/2

The experimental curves T = f(t) and T = f (\/f) obtained with the product to
be characterized are given in Figure A10.4.

A first estimate was made by calculating the slope of the curve T = f (\/f) over
the entire recording interval, i.e. [0;290s]. We have thus obtained the value
E =6243]m 2K s7%/2 the estimation residues, i.e. the difference T,y (t) —
Tpoq(t) are shown in Figure A10.5(a). It is found that they are neither flat nor
centered on the zero value over the entire estimation interval, but a horizontal
plateau is observed between 50 s and 150 s. The estimate is then resumed by
reducing the interval to [50 s; 150 s] for calculating the slope of the curve T =
f(VE). We then obtain E = 625.0 ) m 2K~ s™%/2 and flat residues centered on
zero over the chosen estimation interval, shown in Figure A10.5(b). It will be noted,
however, that in this particular case the first value was very close to the final result,
which is not always the case.

The knowledge of the effusivity, the density and the thermal conductivity makes

. . . . E? . .
it possible to estimate the specific heat by: ¢ = o which allows us to obtain:

6252
~ 1070x39,3

=1772] kgt K1

14 T ! ! ] ! 14

121

e T s A

- . 8r
o g
= L S SR S N

L N B .

0 i i | ‘ i 0 i i i

0 50 100 150 200 250 300 0 5 10 15 20

t(s) vt

Figure A10.4. Examples of experimental curves T = f(t) and T = f (\/?)
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This value should be compared with that measured by DSC, namely:
¢ = 1808 ] kg™t K. The difference is only 2%. The last two measurements carried
out with a very simple device of the asymmetrical hot plate type could thus alone
make it possible to measure the thermal properties of this product sufficiently
accurately.

0.1

0.05 0.05
0 ; y 0
o -
L 05 | £ 008
H F
E 01 a) E 01 b)
. ;
3 -0.15 g 015
= 2
02 0.2 — —e—f
-0.25 1 0z () Finite Medium
03 . .
(] 50 100 150 200 250 300 0 50 100 150 200 250 300

t(s) t(s)

Figure A10.5. Estimation residues realized on a) [0; 290 s] and b) [50; 150 s]



Bibliography

[ALH 16] AL HADAD W., Thermique des mini-canaux: comportement instationnaire et
approche convolutive, Thesis, University of Lorraine, Nancy, 2016.

[AND 76] ANDERSSON P., “Thermal conductivity of some rubbers under pressure by the
transient hot-wire method”, Journal of Applied Physics, vol. 47, no. 6, pp. 2424-2426,
1976.

[BAC 82] BACKSTROM G., “Determination of thermophysical properties using a shielded
thermocouple”, Journal of Physics E, pp. 1049-1053, 1982.

[BAH 14] BAHRANI S.A., JANNOT Y., DEGIOVANNI A., “Extension and optimization of three-
layers method for the estimation of thermal conductivity of super-insulating materials”,
Journal of Applied Physics, vol. 116, p. 14, 2014.

[BAL 11] BAL H., Modélisation et mesure de propriétés thermiques d’un milieu poreux
humide: brique de latérite avec gousse de mil, Thesis, Cheik Anta Diop University,
Dakar, 2011.

[BAL 12] BAL H., JANNOT Y., QUENETTE N. ef al., “Water content dependence of the porosity,
density and thermal capacity of laterite based bricks with millet waste additive”,
Construction & Building Materials, vol. 31, pp. 144-150, 2012.

[BAL 13] BAL H., JANNOT Y., GAYE S. ef al., “Measurement and modelisation ot the thermal
conductivity of a wet composite porous medium: Laterite based bricks with millet waste
additive”, Construction & Building Materials, vol. 41, pp. 586-593, 2013.

[BAR 99] BARDON J.-P., “Mesure de température et de flux de chaleur par des méthodes par
contact”, in METTI’99 (ed.), Métrologie thermique et techniques inverses, Presses
universitaires de Perpignan, Odeillo, 1999.

[BAT 94] BATSALE J.-C., “Mesure de résistance thermique de plaques minces a I’aide d’une
mini-plaque chaude”, Revue Générale de Thermique, no. 390-391, pp. 387-391, 1994.

Thermal Properties Measurement of Materials, First Edition.
Yves Jannot and Alain Degiovanni.
© ISTE Ltd 2018. Published by ISTE Ltd and John Wiley & Sons, Inc.



312  Thermal Properties Measurement of Materials

[BEC 77] BECK J.V., ARNOLD K.J., Parameter estimation in engineering and science, John
Wiley and Sons, New York, 1977.

[BOH 00] BoHAC V., GUSTAVSSON M.K., KUBICAR L., “Parameter estimations for
measurements of thermal transport properties with the hot disk thermal constants
analyzer”, Review of scientific instruments, vol. 71, no. 6, 2000.

[BOU 00] BOUROUGA B., GOIZET V., BARDON J.-P., “Les aspects théoriques régissant
I’instrumentation d’un capteur thermique parietal a faible inertie (The theoretical aspects
of the instrumentation of a weak inertia parietal thermal sensor)”, International Journal of
Thermal Sciences, vol. 39, pp. 96-109, 2000.

[BOU 04] BOUDENNE A., IBOS L., GEHIN E. ef al., “A simultaneous characterization of thermal
conductivity and diffusivity of polymer materials by a periodic method”, Journal of
Physics D: Applied Physics, vol. 37, pp. 132—139, 2004.

[CAH 90] CAHILL D.G., “Thermal conductivity measurement from 30 to 750 K: the 3w
method”, Rev. Sci. Inst rum., vol. 61, no. 2, 1990.

[CAR 59] CARSLAW H.S., JAEGER J.C., Conduction of heat in solids, Second Edition, Oxford
University Press, Oxford, 1959.

[CHI 08] CHIEN H.C., YAO D.J., HUANG M.J. ef al., “Thermal conductivity measurement and
interface thermal resistance estimation using SiO, thin film”, Review of Scientific
Instruments, vol. 79, 2008.

[CLA 05] CLAUDY P., Analyse calorimétrique différentielle, Editions Tec et Doc, Paris, 2005.

[COQ 06] COQUARD R., BAILLIS D., QUENARD D., “Experimental and theoretical study of the
hot-wire method applied to low-density thermal insulators”, International Journal of Heat
and Mass Transfer, vol. 49, pp. 4511-4524, 2006.

[CUL 74] CuLL J.P., “Thermal conductivity probes for rapid measurements in rock”, Journal
of Physics E: Scientific Instruments, vol. 7, pp. 771-774, 1974.

[DAM 16] DAMFEU J.C., MEUKAM P., JANNOT Y., “Modeling and measuring of the thermal
properties of insulating vegetable fibers by the asymmetrical hot plate method and the
radial flux method: Kapok, coconut, groundnut shell fiber and rattan”, Thermochimica
Acta, vol. 630, pp. 6477, 2016.

[DE 02] DE PONTE F., KLARSFELD S., “Conductivité thermique des isolants”, Techniques de
l’ingénieur, R2930, 2002.

[DE 52] DE VRIES D.A., “The thermal conductivity of granular materials”, Bulletin de
I’Institut National de Froid, pp. 115-131, 1952.

[DE 82] DE HooG F.R., “An improved method for numerical inversion of Laplace
transforms”, Society of Industrial and Applied Mathematics, vol. 3, no. 3, pp. 357-366,
1982.



Bibliography 313

[DEG 77] DEGIOVANNI A., “Diffusivité et méthode flash”, Revue Générale de Thermique,
vol. 16, no. 185, pp. 420—442, 1977.

[DEG 86] DEGIOVANNI A., LAURENT A., “Une nouvelle technique d’identification de la
diffusivité thermique pour la méthode flash”, Revue de Physique Appliquée, vol. 21,
pp. 229-237, 1986.

[DEG 96] DEGIOVANNI A., BATSALE J.-C., MAILLET D., “Mesure de la diffusivité
longitudinale de matériaux anisotropes”, Revue Générale de Thermique, vol. 35, pp. 141—
147, 1996.

[DEG 02] DEGIOVANNI A., REMY B., ANDRE S., “Transient radiation-conductive heat transfer
problems: the quadrupole method”, Journal of thermal science, vol. 11, no. 4, pp. 359—
371, 2002.

[DIL 04] DILHAIRE S., GRAUBY S., CLAEYS W. ef al., “Thermal parameters identification of
micrometric layers of microelectronic devices by thermoreflectance microscopy”,
Microelectronics Journal, vol. 35, pp. 811-816, 2004.

[DIN 14] DING T., JANNOT Y., DEGIOVANNI A., “Theoretical study of the limits of the 3®
method using a new complete quadrupole model”, International Journal of Thermal
Sciences, vol. 86, pp. 314-324, 2014.

[DIN 15] DING T., JANNOT Y., DEGIOVANNI A. et al., “A new quadripole model of the
transient hot-strip method for thermal conductivity measurement”, High Temperatures
High Pressures, vol. 44, no. 3, pp. 187-209, 2015.

[DOS 05] Dos SANTOS W.N., MUMMERY P., WALLWORK A., “Thermal diffusivity of polymers
by the laser flash technique”, Polymer Testing, vol. 24, pp. 628—635, 2005.

[DUQ 10] DUQUESNE J.Y., FOURNIER D., FRETIGNY C., “Analytical solution of the heat
diffusion equation for 3® method geometry”, Journal of Applied Physics, vol. 108,
pp. 086-104, 2010.

[EDW 69] EDWARDS A.L., A Compilation of Thermal Property Data for Computer Heat-
Conduction Calculations, UCRL-50589, University of California Lawrence Radiation
Laboratory, 1969.

[FEL 12] FELIX V., JANNOT Y., DEGIOVANNI A., “Thermoporosimetry: a new method to
estimate pore size distribution in highly porous insulating materials”, Review of Scientific
Instruments, vol. 83, 2012.

[FRA 07] FRANCO A., “An apparatus for the routine measurement of thermal conductivity of
materials for building application based on a transient hot-wire method”, Applied Thermal
Engineering, vol. 27, pp. 2495-2504, 2007.

[GIL 51] GiLBo C.F., “Experiments with a guarded hot plate thermal conductivity set”,
Symposium on Thermal Insulating Materials, Cincinnati, 1951.



314  Thermal Properties Measurement of Materials

[GOB 04] GoBBE C., ISERNA S., LADEVIE B., “Hot strip method: application to thermal
characterisation of orthotropic media”, International Journal of Thermal Sciences,
vol. 23, no. 10, pp. 951-958, 2004.

[GUR 08] GURRUM S.P., KING W.P., JosHI Y.K., “A semi analytical solution for the 3®
method including the effect of heater thermal conduction”, Journal of Applied Physics,
vol. 103, 2008.

[GUS 79] GUSTAFSSON S.E., KARAWACKI E., KHAN M.N., “Transient hot strip techniques for
simultaneously measuring thermal conductivity and thermal diffusivity of solids and
fluids”, Journal of Physics D: Applied Physics, vol. 12, pp. 1411-1421, 1979.

[GUS 86] GUSTAFSSON S.E., KARAWACKI E., CHOHAN M.A., “Thermal transport studies of
electrically conducting materials using the transient hot-strip technique”, Journal of
Physics D: Applied Physics, vol. 19, pp. 727-735, 1986.

[GUS 87] GusTAFsSON S.E., “Transient hot strip techniques for measuring thermal
conductivity and thermal diffusivity”, The Rigaku Journal, vol. 4, nos 1-2, pp. 16-28,
1987.

[GUS 91] GusTAFssoN S.E., “Transient plane source techniques for thermal conductivity and
thermal diffusivity measurements of solid materials”, Review of Scientific Instruments,
vol. 62, no. 3, pp. 797-804, 1991.

[GUS 94] GusTAVSSON M., KARAWACKI E., GUSTAFSSON S.E., “Thermal conductivity,
thermal diffusitvity and specific heat of thin samples from transient measurement with
Hot Disk sensors”, Review of Scientific Instruments, vol. 65, vol. 12, 1994.

[HAD 92] HADISAROYO D., BATSALE J.C., DEGIOVANNI A., “Un appareillage simple pour la
mesure de la diffusivité thermique de plaques minces”, Journal de Physique III, vol. 2,
no. 1, pp. 111-128, 1992.

[HAM 02] HAMMERSCHMIDT U., “Guarded Hot-Plate (GHP) Method: Uncertainty
Assessment”, International Journal of Thermophysics, vol. 23, no. 6, 2002.

[HAM 03] HAMMERSCHMIDT U., “A new pulse hot strip sensor for measuring thermal
conductivity and thermal diffusivity of solids”, International Journal of Thermophysics,
vol. 24, no. 3, pp. 675-682, 2003.

[HAU 13] HAUDIQUET M., Mesure de la conductivité thermique des liquides, BTS training
report, LEMTA 2013.

[HAY 02] HAY B., FiLTZ J.R., BATSALE J.C., “Mesure de la diffusivité thermique par la
méthode flash”, Techniques de I'ingénieur, R2 995, 2002.

[HE 05] HE Y., “Rapid thermal conductivity measurement with a hot disk sensor. Part 1.
Theoretical considerations”, Thermochimica Acta, vol. 436, pp. 122129, 2005.

[HLA 90] HLADIK J., Métrologie des propriétés thermophysiques des matériaux, Masson,
Paris, 1990.

[HOL 90] HOLMAN J.P., Heat Transfer, McGraw-Hill, New York, 1990.



Bibliography 315

[HU 02] Hu Z., SUN D.-W., “CFD evaluating the influence of airflow on the thermocouple-
measured temperature data during air-blasting chilling”, International Journal of
Refrigeration, vol. 25, pp. 546551, 2002.

[HUE 90] HUETZ J., PETIT J.P., “Notions de transfert thermique par convection”, Techniques
de l'ingénieur, A1504A, 1990.

[JAN 04a] JANNOT Y., BATSALE J.-C., CHAUSI B., “Study of a transient non-intrusive sensor
for internal temperature estimation during freezing”, International Journal of
Refrigeration, vol. 27, pp. 612—620, 2004.

[JAN 04b] JANNOT Y., MEUKAM P., “Simplified estimation method for the determination of
the thermal effusivity and thermal conductivity using a low cost hot strip”, Measurement
Science and Technology, vol. 15, pp. 1932-1938, 2004.

[JAN 06] JANNOT Y., ACEM Z., KANMOGNE A., “Transient hot plate method with two
temperature measurements for thermal characterization of metals”, Measurement Science
and Technology, vol. 17, pp. 69-74, 2006.

[JAN 07] JanNoTr Y., ACEM Z., “A quadrupolar complete model of the hot disc”,
Measurement Science and Technology, vol. 18, pp. 1229-1234, 2007.

[JAN 09] JANNOT Y., DEGIOVANNI A., PAYET G., “Thermal conductivity measurement of
insulating materials with a three layers device”, International Journal of Heat and Mass
Transfer, vol. 52, pp. 1105-1111, 2009.

[JAN 10a] JANNOT Y., FELIX V., DEGIOVANNI A., “A centered hot plate method for
measurement of thermal properties of thin insulating materials”, Measurement Science
and Technology, vol. 21, 2010.

[JAN 10b] JANNOT Y., REMY B., DEGIOVANNI A., “Measurement of Thermal Conductivity and
Contact Resistance Through a Tiny Hot-Plate Experiment”, High Temperatures High
Pressures, vol. 39, no. 1, 2010.

[JAN 11] JANNOT Y., DEGIOVANNI A., FELIX V. et al., “Measurement of the thermal
conductivity of thin insulating anisotropic material with a stationary hot strip method”,
Measurement Science & Technology, vol. 22, 2011.

[JAN 12] JANNOT Y., LASSEUX D., “A new quasi-steady method to measure gas permability of
weakly permeable porous media”, Review of Scientific Instruments, vol. 83,2012.

[JAN 13a] JANNOT Y., DEGIOVANNI A., “Thermal properties measurement of dry bulk

materials with a cylindrical three layers device”, Review of Scientific Instruments, vol. 84,
2013.

[JAN 13b] JANNOT Y., DEGIOVANNI A., Dispositif et procédé de mesure de la conductivité
thermique d’un produit humide en amas, Patent FR13511173/1000181273, 2013.

[JAN 16] JANNOT Y., MOYNE C., Transferts thermiques, Editions Edilivre, Paris, 2016.



316  Thermal Properties Measurement of Materials

[JAN 17] JANNOT Y., DEGIOVANNI A., GRIGOROVA-MOUTIERS V. et al., “A passive guard for
low thermal conductivity measurement of small samples by the hot plate method”,
Measurement Science and Technology, vol. 28, p. 015008, 2017.

[KRA 04] KRAPEZ J.-C., SPAGNOLO L., FRIEB M. ef al., “Measurement of in-plane diffusivity
in non-homogeneous slabs by applying flash thermography”, International Journal of
Thermosciences, vol. 43, pp. 967-977, 2004.

[KUB 00] KUBICAR L., BOHAC V., “A step-wise method for measuring thermophysical
parameters of materials”, Measurement Science and Technology, vol. 11, pp. 252-258,
2000.

[KUB 02] KUBICAR L., BOHAC V., VRETENAR V., “Transient methods for the measurement of
thermophysical properties: The pulse transient method”, High Temepratures — High
pressures, vol. 34, pp. 505-514, 2002.

[KUR 95] Kurrisz K., NowAK A.J., Inverse thermal problems, Computational Mechanics
Publications, Southampton, UK and Boston, USA, 1995.

[LAC 91] LacHr M., DEGIOVANNI A., “Détermination des diffusivités thermiques des
matériaux anisotropes par méthode Flash bidirectionnelle”, Journal de Physique IlI,
France, vol. 1, 2027-2046, 1991.

[LAD 98] LADEVIE B., Mise au point de dispositifs de caractérisation thermophysique de
matériaux isolants solides ou pateux, extension aux fluides cisaillés, ENSAM doctoral
thesis, Bordeaux, 1998.

[LAD 00] LADEVIE B., FubYmM O., BATSALE J.C., “A new simple device to estimate
thermophysical properties of insulating materials”, Int. Comm. Heat Mass Transfer,
vol. 17, no. 4, pp. 473-484, 2000.

[LAS 11] LASSEUX D., JANNOT Y., Measurement of parameters linked to the flow of fluids in
a porous material, Patent WO/2011/089367, 2011.

[LEG 06] LEGENDRE B., DE GIROLAMO D., LE PARLOUER P. et al., “Détermination des
capacités thermiques en fonction de la température par calorimétrie de chute”, Revue
Frangaise de Métrologie, vol. 5, 2006.

[LEG 11] LEGENDRE B., “Détermination des capacités thermiques spécifiques en fonction de
la température”, Techniques de [’ingénieur, R2972 V2,2011.

[LIA 99] LIANG X.-G., ZHANG Y., GE X., “The measurement of thermal conductivities of solid
fruits and vegetables”, Measurement Science and Technology, vol. 10, pp. N82-N86,
1999.

[LIT 96] LiTOVSKY E., SHAPIRO M., SHAVIT A., “Gas Pressure and Temperature Dependances
of Thermal Conductivity of Porous Materials: Part 2, Refractories and Ceramics with
Porosity Exceeding 30%”, Journal of the American Ceramic Society, vol. 79, pp. 1366—
1376, 1996.



Bibliography 317

[LOG 92] LoG T., METALLINOU M.M., “Thermal conductivity measurement using a short

transient hot-strip method”, Review of Scientific Instruments, vol. 63, no. 8, pp. 3966—
3971, 1992.

[LOG 95] LoG T., GUSTAFSSON S.E., “Transient plane source (TPS) technique for measuring
thermal transport properties of building materials”, Fire and Materials, vol. 19, pp. 43—
49, 1995.

[LOU 00] LoureNcO M.J., RosA S.C.S., NIETO DE CASTRO C.A. et al., “Simulation of the
transient heating in an unsymmetrical coated hot-strip sensor with a self adaptative finite
element method”, International Journal of Thermophysics, vol. 21, no. 2, pp. 377-384,
2000.

[LUA 06] Lua A.C., SuU I., “Isothermal and non-isothermal pyrolysis kinetics of Kapton®
polymide”, Polymer Degradation and Stability, vol. 91, pp. 144—153, 2006.

[MAI 91] MAILLET D., Apport des méthodes analytiques a I’identification de paramétres et a
la conduction inverse en thermique, Thesis, National Polytechnic Institute of Lorraine,
1991.

[MAI 00] MAILLET D., ANDRE A., BATSALE J.-C. et al., Thermal quadrupoles , John Wiley &
Sons Ltd, 2000.

[MAI 10] MAILLET D., JARNY Y., PETIT D., “Problémes inverses en diffusion thermique.
Modeles diffusifs, mesures, sensibilités”, Techniques de ['ingénieur, dossier BE 8265,
2010.

[MAI 13] MAILLET D., JANNOT Y., DEGIOVANNI A., “Analysis of the estimation error in a
parsimonious temperature-temperature characterization technique”, International Journal
of Heat and Mass Transfer, vol. 62, pp. 230-241, 2013.

[MAL 04] MALINARIC S., “Parameter estimation in dynamic plane source method”,
Measurement Science and Technology, vol. 15, pp. 807-813, 2004.

[MAR 02] MarouLis Z.B., KROKIDA M.K., RAHMAN M.S., “A structural generic model to
predict the effective thermal conductivity of fruits and vegetables during drying”, Journal
of Food Engineering, vol. 52, pp. 47-52, 2002.

[MAT 07] MATTEIS P., CAMPAGNOLI E., FIRRAO D. et al., “Thermal diffusivity measurements
of metastable austenite during continuous cooling”, International Journal of Thermal
Sciences, 2007.

[MAX 91] MAXWELL J.C., MOURET G., La chaleur. Legons élémentaires sur la thermométrie,
la calorimétrie, la thermodynamique et la dissipation de I’énergie, Editions B. Tignol,
Paris, 1891.

[MCG 14] McGUINNESS T., HEMMINGWAY P., LONG M., “Design and development of a low-
cost divided bar apparatus”, Geotechnical Testing Journal, vol. 37, no. 2, 2014.



318 Thermal Properties Measurement of Materials

[MEU 04] MEUKAM P., Caractérisation de matériaux locaux en vue de I’isolation thermique
de batiments, PhD thesis, University of Cergy-Pontoise, 2004.

[NAG 81] NAGAZAKA Y., NAGASHIMA A., “Simultaneous measurement of the thermal
conductivity and the thermal diffusivity of liquids by the transient hot-wire method”,
Review of Scientific Instruments, vol. 52, no. 2, pp. 229-232, 1981.

[NGU 99] NGUYEN K.T., PRYSTAY M., “An inverse method for estimation of the initial
temperature profile and its evolution in polymer processing”, International Journal of
Heat and Mass Transfer, vol. 42, pp. 1969—1978, 1999.

[NGU 08] NGUYEN H.Q., REMY B., DEGIOVANNI A., “Fast and accurate simplified radiative
model for modeling coupled heat transfers in glass forming process”, Advanced Materials
Research, vols 3940, pp. 575-578, 2008.

[OSS 17] OsSeNI S., AHOUANNOU C., SANYA E. et al., “Hot-plate method with two
simultaneous temperature measurements for thermal characterization of building
materials”, International Journal of Thermophysics, 2017.

[0ZI 93] OzISIK M.N., Heat Conduction, John Wiley & Sons, New York, 1993.

[PAG 05] PAGANO A.M., MASCHERONI R.H., “Sorption isotherms for amaranth
grains”, Journal of Food Engineering, vol. 67, no. 4, pp. 441-450, 2005.

[PAR 61] PARKER W.J., JENKINS R.J., BUTLER C.P. et al., “Flash method of determining
thermal diffusivity, heat capacity and thermal conductivity”, Journal of Applied Physics,
vol. 32, no. 9, pp. 1679-1684, 1961.

[PER 95] PERRY I., BATSALE J.-C., MAILLET D. et al., “Measurement of thermal diffusivities
through processing of infrared images”, Review of Scientific Instruments, vol. 66, no. 1,
pp. 182-192, 1995.

[PET 08] PETIT D., MAILLET D., “Techniques inverses et estimation de parameétres”, Techniques
de l'ingénieur, dossiers: AF4515, pp. 1-18 and AF4516, pp. 1-24, Paris, 2008.

[PHI 94] PHILIPPI L., BATSALE J.C., MAILLET D. ef al., “Traitements d’images infrarouges par
transformation intégrale. Application a la mesure de diffusivité thermique de matériaux
anisotropes par méthode Flash”, Rev. Gén. Therm., vols 392—-393, pp. 486496, 1994.

[REM 85] REMMINGER W., JUGEL R., “A guarded hot-plate apparatus for thermal conductivity
measurements over the temperature range —75 to 200°C”, International Journal of
Thermophysics, vol. 6, no. 5, 1985.

[REM 06] REMY B., DEGIOVANNI A., “Measurements of the thermal conductivity and thermal
diffusivity of liquids. Part II: Convective and radiative effects”, International Journal of
Thermophysics, vol. 27, no. 3, pp. 949-969, 2006.

[REN 83] RENNEX B., “Error Analysis for the National Bureau of Standards 1016 mm
Guarded Hot Plate”, Journal of Building Physics, vol. 7, no. 1, 1983.



Bibliography 319

[RHA 94] RHARBAOUI B., Contribution a I’étude de la mesure simultanée de la conductivité et
de la diffusivité thermiques par la méthode du fil chaud, PhD thesis, University of Angers,
1994.

[SAL 01] SALMON D., “Thermal conductivity of insulations using guarded hot plates,
including recent developments and source of reference materials”, Measurement Science
and Technology, vol. 12, pp. 89-98, 2001.

[SAS 84] Sass J.H., STONE C., MUNROE R.J., “Thermal conductivity determinations on solid
rock - a comparison between a steady-state divided-bar apparatus and a commercial
transient line-source device”, Journal of Volcanology and Geothermal Research, vol. 20,
pp. 145-153, 1984.

[SCH 12] ScHIcK V., REMY B., DEGIOVANNI A., “Measurement of thermal conductivity of
liquids at high temperature”, Journal of Physics Conferences Series, vol. 395, no. 1, 2012.

[SON 93] SoNG Y.W., GrRoB U., HAHNE E., “A new method for thermal diffusivity and
thermal conductivity evaluation from transient hot strip measurement”, Fluid Phase
Equilibria, vol. 88, pp. 291-302, 1993.

[SOU 13] SOUHAR Y., REMY B., DEGIOVANNI A., “Thermal characterization of anisotropic
materials at high temperature through integral methods and localized pulsed technique”,
International Journal of Thermophysics, vol. 34, no. 2, pp. 322-340, 2013.

[SPI 90] SPIEGEL M.R., Transformées de Laplace, cours et problemes, McGraw-Hill, New
York, 1990.

[STE 70] STEHFEST H., “Numerical inversion of Laplace transform”, Communication ACM,
vol. 13, no. 1, pp. 4749, 1970.

[TAL 04] TALLA A., PUIGGALI J.R., JOMAA W. et al., “Shrinkage and density evolution during
drying of tropical fruits Application to banana”, Journal of Food Engineering, vol. 64,
pp. 103-109, 2004.

[TAY 75] TAYLOR A.B., DONALDSON R.E., “Thermal diffusivity measurement by a radial heat
flow method”, Journal of Applied Physics, vol. 46, pp. 4584-4589, 1975.

[TRI 88] TRIGEASSOU J.C., Recherche de modéles expérimentaux, Tec et Doc, Paris, 1988.
[WIE 12] WIENER O., “Lamellare Doppelbrechung”, Phys. Z., vol. 5, 1912.

[WOO 57] WoODSIDE W., “Deviation from one-dimensional heat flow in guarded hot plate
measurements”, Review of Scientific Instruments, vol. 28, 1957.

[XAM 09] XAMANJ., LIRA L., ARCE J., “Analysis of the temperature distribution in a guarded
hot plate apparatus for measuring thermal conductivity”, Applied Thermal Engineering,
vol. 29, no. 4, pp. 617-623, 2009.



320 Thermal Properties Measurement of Materials

[XIN 13] XING C., JENSEN C., FoLsoM C. et al., “An optimal guarding scheme for thermal
conductivity measurement using a guarded cut-bar technique, part 2 guarding
mechanism”, Applied Thermal Engineering, vol. 59, pp. 504-514, 2013.

[XIN 14] XING C., JENSEN C., FoLsoM C. et al., “An optimal guarding scheme for thermal
conductivity measurement using a guarded cut-bar technique, part 1 experimental study”,
Applied Thermal Engineering, vol. 62, pp. 850-857, 2014.

[ZHA 93a] ZHANG X., DEGIOVANNI A., “Mesure de I’effusivité thermique de matériaux

solides et homogenes par une méthode de ‘sonde’ plane”, Journal de Physique III, vol. 6,
pp. 1243-1265, 1993.

[ZHA 93b] ZHANG X., DEGIOVANNI A., MAILLET D., “Hot-wire measurement of thermal
conductivity of solids: a new approach”, High Temperatures-High Pressures, vol. 25,
pp. 577-584, 1993.

[ZHA 03] ZHANG H., HE L., CHENG S. et al., “A dual thermistor probe for absolute
measurement of thermal diffusivity and thermal conductivity by the heat pulse method”,
Measurement Science and Technology, vol. 14, pp. 1396-1401, 2003.

[ZHO 07] ZHou W., Q1 S., AN Q. et al., “Thermal conductivity of boron nitride reinforced
polyethylene composites”, Materials Research Bulletin, vol. 42, pp. 1863-1873, 2007.

[ZON 11] ZoNG ZH. X., QU ZH. J., ZHANG SH. L. et al.,, “A generalized 3® method for
extraction of thermal conductivity in thin films”, Journal of Applied Physics, vol. 109,
vol. 063502, 2011.



Index

A, B,C

analogies, 267, 272-274

Bessel, 32, 52, 138

Biot, 18, 19, 144, 149, 160, 162,
178, 251

calorimetry, 105, 131, 195, 196,
218,219, 259, 264-266

choice, 47, 55, 67, 73, 78, 80, 140, 197,
218, 234, 240, 246, 247, 257, 263

conduction, 3, 4, 6, 8, 10, 17, 87, 114,
115,171, 199, 231, 235, 252, 255,
260-262, 267

cut bar, 107-109, 113, 115

D,E,F

Darcy, 270, 273

detector, 44, 48, 166, 169, 171, 172

dimensional analysis, 55, 57

electrical equivalent, 14, 28, 169, 261

error, 21, 54, 63, 65-71, 73, 79, 96, 97,
111-114, 140, 149, 153, 164, 191, 194,
197, 218, 244, 255, 258

Fick, 268, 269, 273

filtering, 48-50

Fourier, 4, 18, 19, 108, 175, 176, 185,
186, 200, 201, 267, 273

G, HI

guarded hot plate, 69, 84-86, 100, 265

hot disc, 71, 73, 188, 189, 193-196, 227,
236, 264, 265

IR camera, 44-46, 48, 251, 254, 255,273

L,M,N

liquid, 39, 44, 47, 106, 107, 134, 145,
218,257

modeling, 1, 8, 25, 32, 50, 51, 55, 74,
101, 125, 128, 135, 145, 152, 175, 189,
198, 199, 213, 214, 228, 230, 238, 240,
251,253,262

noise, 46, 49, 63, 65-67, 69, 83, 163, 164,
166, 182, 194, 197, 217, 223, 244-246,
255,257

P,Q,R

porous medium, 35, 173, 267, 268,
270-272

powder, 249, 257

quadrupole, 25-32, 50, 51, 55, 60, 63, 73,
136, 153, 169, 191, 195, 201, 224, 231,
238, 262

reduced sensitivity, 57, 59-63, 65, 123,
131, 132, 193, 232, 233, 236, 244, 254

Thermal Properties Measurement of Materials, First Edition.

Yves Jannot and Alain Degiovanni.

© ISTE Ltd 2018. Published by ISTE Ltd and John Wiley & Sons, Inc.



322 Thermal Properties Measurement of Materials

S, T,U

semi-transparent, 48, 145, 166, 169,
228, 260

solid, 5, 6, 25, 28, 35, 39, 47, 105, 134,
212,218, 257, 259, 260, 263, 265,
268-271, 273,274

state, 3, 8, 10, 16, 24, 33, 61, 74, 83, 84,
100, 107, 117, 219, 249, 257-259, 261,
262, 268

steady state, 1, 10, 12, 36, 61, 63, 83, 84,
100, 101, 108, 258, 261, 266

step decay, 274-276

thermocouple, 4042, 47, 48, 71, 87, 89,
92,93, 102, 113, 115, 118, 122, 125,
126, 139, 143, 166, 173, 198, 202, 205,
206, 210, 234, 238

transfer function, 139, 228, 230, 232, 240,
241, 245, 253, 274, 275

transient, 1, 42, 44, 47, 98, 100, 117, 134,
139, 143, 173, 188, 189, 193, 223, 227,
241, 249-251, 258-262, 266, 268
fin method, 250, 251
mode, 42, 143, 189, 258, 261, 262

tube, 12-14, 16, 17, 83, 99-107, 143,
182, 237-241, 243, 244, 246249,

265, 266

unsteady state, 17, 27, 28, 30-32, 58,

146, 160

V,W

validity, 74, 77, 96, 104, 121, 142, 173,
215,247
wet medium, 260



Other titles from
SSlie=
n

Materials Science

2017

CAILLETAUD Georges, SAT Kacem, TALEB Lakhdar
Multi-mechanism Modeling of Inelastic Material Behavior

CARVELLI Valter, JAIN Atul, LOMOV Stepan
Fatigue of Textile and Short Fiber Reinforced Composites
(Durability and Ageing of Organic Composite Materials Set — Volume 1)

DELHAES Pierre
Materials and Thermodynamics: Living and Economic Systems

FRESSENGEAS Claude
Mechanics of Dislocation Fields

GIGLIOTTI Marco, LAFARIE-FRENOT Marie-Christine, GRANDIDIER Jean-
Claude, MINERVINO Matteo

Mechanical Behavior of Organic Matrix Composites

(Durability and Ageing of Organic Composite Materials Set — Volume 2)

2016

TORRENTI Jean-Michel
Materials and Infrastructures 1
Materials and Infrastructures 2



REMOND Yves, AHZI Said, BANIASSADI Majid, GARMESTANI Hamid
Applied RVE Reconstruction and Homogenization of Heterogeneous
Materials

2015
JouD Jean-Charles, BARTHES-LABROUSSE Marie-Genevi¢ve
Physical Chemistry and Acid-Base Properties of Surfaces

LALEVEE Jacques, FOUASSIER Jean-Pierre
Dyes and Chromophores in Polymer Science

2014
HAMAIDE Thierry, DETERRE Rémi, FELLER Jean-Francois
Environmental Impact of Polymers

LAFLEUR Pierre, VERGNES Bruno
Polymer Extrusion

2013

BATHIAS Claude
Fatigue Limit in Metals

LEXCELLENT Christian
Shape-memory Alloys Handbook

2012

DAvVIM J. Paulo
Wear of Advanced Materials

DELHAES Pierre
Carbon Science and Technology: From Energy to Materials

GOUDEAU Philippe, GUINEBRETIERE René
X-Rays and Materials

SAANOUNI Khemais
Damage Mechanics in Metal Forming: Advanced Modeling and Numerical
Simulation

VANBESIEN Olivier
Artificial Materials



VERDU Jacques
Oxidative Ageing of Polymers

2011

BATHIAS Claude, PINEAU André
Fatigue of Materials and Structures: Application to Damage

BATHIAS Claude, PINEAU André
Fatigue of Materials and Structures: Application to Design

PRIESTER Louisette
Grain Boundaries and Crystalline Plasticity

VIGNES Alain

Extractive Metallurgy 1. Basic Thermodynamics and Kinetics
Extractive Metallurgy 2: Metallurgical Reaction Processes
Extractive Metallurgy 3. Processing Operations and Routes

2010
BATHIAS Claude, PINEAU André
Fatigue of Materials and Structures: Fundamentals

CHATEIGNER Daniel
Combined Analysis

CHEVALIER Yvon, VINH TUONG Jean
Mechanical Characterization of Materials and Wave Dispersion V1
Mechanical Characterization of Materials and Wave Dispersion V2

DELHAES Pierre
Carbon-based Solids and Materials

2009

ALVAREZ-ARMAS Iris, DEGALLAIX-MOREUIL Suzanne
Duplex Stainless Steels

DAVIM J. Paulo
Machining Composite Materials

GALERIE Alain
Vapor Surface Treatments



2008

BATTAGLIA Jean-Luc
Heat Transfer in Materials Forming Processes

BLONDEAU Régis
Metallurgy and Mechanics of Welding

FRANCOIS Dominique
Structural Components

REYNE Maurice
Plastic Forming Processes

TAKADOUM Jamal
Materials and Surface Engineering in Tribology

2007

BOCH Philippe, NIEPCE Jean-Claude
Ceramic Materials

CRISTESCU Constantin
Materials with Rheological Properties

2006

LASSEN Tom, RECHO Naman
Fatigue Life Analyses of Welded Structures



	Thermal Properties Measurement of Materials (2018).jpg
	Thermal Properties Measurement of Materials (2018).pdf
	fmatter
	Half-Title Page
	Title Page
	Copryright Page
	Contents
	Preface
	Nomenclature

	ch1
	1. Modeling of Heat Transfer
	1.1. The different modes of heat transfer
	1.1.1. Introduction and definitions
	1.1.2. Conduction
	1.1.3. Convection
	1.1.4. Radiation
	1.1.5. Heat storage

	1.2. Modeling heat transfer by conduction
	1.2.1. The heat equation
	1.2.2. Steady-state conduction
	1.2.3. Conduction in unsteady state
	1.2.4. The quadrupole method

	1.3. The thermal properties of a material
	1.3.1. Thermal conductivity
	1.3.2. Thermal diffusivity
	1.3.3. Volumetric heat capacity
	1.3.4. Thermal effusivity
	1.3.5. Conclusion



	ch2
	2. Tools and Methods for Thermal Characterization
	2.1. Measurement of temperature
	2.1.1. Liquid column thermometer
	2.1.2. Thermocouple
	2.1.3. Thermistor
	2.1.4. Platinum resistance
	2.1.5. IR detector
	2.1.6. IR camera
	2.1.7. Choice of a measurement method
	2.1.8. Data filtering

	2.2. Tools for parameter estimation
	2.2.1. Introduction
	2.2.2. Quadrupole modeling
	2.2.3. Dimensional analysis
	2.2.4. Study of reduced sensitivity
	2.2.5. Method for estimating parameters
	2.2.6. Evaluation of the estimation error due to the measurement noise
	2.2.7. Other sources of error
	2.2.8. Validity domain of a model and estimation time interval
	2.2.9. Choice of the temperature’s origin
	2.2.10. Conclusion



	ch3
	3. Steady-state Methods
	3.1. Introduction
	3.2. Guarded hot plate
	3.2.1. Principle
	3.2.2. Hypotheses and model
	3.2.3. Experimental design
	3.2.4. Practice of the measurement

	3.3. Center hot plate 
	3.3.1. Principle
	3.3.2. Hypotheses and model
	3.3.3. Experimental set-up
	3.3.4. Practice of the measurement

	3.4. Hot strip
	3.4.1. Principle
	3.4.2. Hypotheses and model
	3.4.3. Experimental set-up
	3.4.4. Practice of the measurement

	3.5. Hot tube 
	3.5.1. Principle
	3.5.2. Hypotheses and model
	3.5.3. Experimental set-up
	3.5.4. Practice of the measurement

	3.6. Cut bar
	3.6.1. Principle
	3.6.2. Hypotheses and model
	3.6.3. Experimental set-up
	3.6.4. Practice of the measurement



	ch4
	4. Flux/Temperature Transient Methods
	4.1. Introduction
	4.2. Infinite hot plate 
	4.2.1. Principle
	4.2.2. Hypotheses and model
	4.2.3. Experimental design
	4.2.4. Practice of the measurement
	4.2.5. Asymmetric setup

	4.3. Asymmetric hot plate
	4.3.1. Measuring temperature
	4.3.2. Measurement of two temperatures

	4.4. Hot wire
	4.4.1. Principle
	4.4.2. Hypotheses and model
	4.4.3. Experimental setup
	4.4.4. Practice of the measurement

	4.5. Flash 1D
	4.5.1. Principle
	4.5.2. Hypotheses and models
	4.5.3. Methods for the estimation of diffusivity
	4.5.4. Experimental setups

	4.6. Flash 3D
	4.6.1. Principle and history
	4.6.2. Hypotheses and model
	4.6.3. Identification method
	4.6.4. Example of an experimental setup
	4.6.5. Practice of the measurement

	4.7. Hot disc
	4.7.1. Principle
	4.7.2. Hypotheses and model
	4.7.3. Experimental setup
	4.7.4. Experimental study

	4.8. Hot strip
	4.8.1. Principle
	4.8.2. Hypotheses and model
	4.8.3. Experimental setup
	4.8.4. Practice of the measurement

	4.9. 3ω Method
	4.9.1. Principle
	4.9.2. Hypotheses and model
	4.9.3. Experimental setup
	4.9.4. Practice of the measurement

	4.10. Calorimetry
	4.10.1. Differential calorimeter
	4.10.2. Drop calorimeter



	ch5
	5. Transient Temperature/Temperature Methods
	5.1. Introduction
	5.2. Planar three-layer
	5.2.1. Principle
	5.2.2. Hypotheses and model
	5.2.3. Experimental set-up
	5.2.4. Practice of the method

	5.3. Cylindrical three-layer
	5.3.1. Principle
	5.3.2. Hypotheses and model
	5.3.3. Experimental set-up
	5.3.4. Experimental practice

	5.4. Transient fin method
	5.4.1. Principle
	5.4.2. Hypotheses and model
	5.4.3. Experimental set-up
	5.4.4. Practice of the measurement



	ch6
	6. Choice of an Adapted Method
	6.1. Measurement advice
	6.1.1. How many measurements?
	6.1.2. Steady-state or transient mode?
	6.1.3. What if the material is wet?
	6.1.4. What if the material is semi-transparent?

	6.2. Choice of method
	6.2.1. Consolidated solid
	6.2.2. Liquids
	6.2.3. Powders
	6.2.4. Thin films



	ch7
	7. Analogies Between Different Transfers
	7.1. Diffusion of heat by conduction
	7.2. Diffusion of water vapor
	7.3. Flow of a gas in a porous medium
	7.4. Analogy between the different transfers
	7.5. Example of adaptation of a thermal method to another domain


	app1
	Appendices
	Appendix 1: Physical Properties of Some Materials


	app2
	Appendix 2: Physical Properties of Air and Water

	app3
	Appendix 3: Transfer Coefficients in Natural Convection

	app4
	Appendix 4: Main Integral Transformations: Laplace, Fourier and Hankel
	A4.1. Laplace transform
	A4.1.1. Definition
	A4.1.2. Properties

	A4.2. Complex Fourier transform
	A4.2.1. Definition
	A4.2.2. Properties

	A4.3. Fourier transform in sine and cosine
	A4.3.1. Definitions
	A4.3.2. Properties

	A4.4. Finite Fourier transform in sine and cosine
	A4.4.1. Definitions
	A4.4.2. Properties

	A4.5. Hankel transform of order v
	A4.5.1. Definition
	A4.5.2. Properties



	app5
	Appendix 5: Inverse Laplace Transformation
	A5.1. Analytical method
	A5.2. Numerical methods
	A5.2.1. Stehfest method
	A5.2.2. Fourier method
	A5.2.3. Choice of a method and verification of results



	app6
	Appendix 6: Value of the Function ERF

	app7
	Appendix 7: Quadrupole Matrices for Different Configurations
	A7.1. Quadrupole associated with unidirectional transfer in a medium

without energy generation [MAI 00]
	A7.1.1. Medium of finite thickness
	A7.1.2. Semi-infinite medium

	A7.2. Quadrupole associated with constriction resistance [MAI 00]
	A7.3. Quadrupole associated with unidirectional transfer in a medium

with energy generation


	app8
	Appendix 8: Bessel Equations and Functions
	A8.1. Bessel’s special equations and their solutions
	A8.2. Main properties of Bessel functions
	A8.3. Limits of Bessel functions of order 0 and 1
	A8.4. Asymptotic behavior of Bessel functions of order 0 and 1
	A8.5. Integration


	app9
	Appendix 9: Influence of Radiation on Temperature Measurement
	A9.1. Measuring the temperature of a gas in a hot pipe
	A9.2. Measurement of outside air temperature


	app10
	Appendix 10: Case Study
	A10.1. Measurement of the thermal properties of a cosmetic product
	A10.1.1. Specific heat
	A10.1.2. Thermal conductivity
	A10.1.3. Thermal effusivity



	biblio
	Bibliography

	index
	Index

	oth
	Other titles from iSTE in Materials Science





