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Abstract

The development of a novel approach to the well-known Ångström’s method for the measurement of the thermal diffusivity is rep
this method, the diffusivity is determined from the damping and the phase shift of a periodic thermal signal during its propagation
specimen. The propagation can be easily monitored by infrared thermography. In general, a non-contact source is used to apply t

In the present work, however, a direct-contact source is employed, with a temperature-oscillation signal supplied on a portion of one
the two main surfaces of the specimen, where a homogeneous contact canbe yielded by using a proper contact pressure. Such pra
implies that the measures of surface temperature can be used to estimate the diffusivity only beyond a certain distance from the so
the wave-front of the temperature oscillation within the specimen becomes plane and perpendicular to the main surfaces. This distan
investigated here, to establish a general rule for the performance of the experiments.

A thermoelectric device based on the Peltier effect is employed asthe thermal source. The main difficulty about its use is to obta
perfectly harmonic and well-balanced thermal signal. This is necessary to avoid a complex processing of the experimental data, an
achieved by supplying a current with a properly-chosen time-evolution pattern. Such an approach, which is built upon previous wo
enhanced by improving the underlying analytical model.
 2003 Elsevier SAS. All rights reserved.
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1. Introduction

The development of a novel approach to the well-kno
Ångström’s method for the measurement of the ther
diffusivity is reported. This is based on supplying to a s
specimen a periodic thermal signal with null net input [
The thermal diffusivity of the tested material is determin
from the damping and the phase shift of the thermal sig
during its propagation along the specimen. The propaga
can be easily monitored by infrared thermography.

The aim is to overcome some limitations of the most
lized standard test methods, the guarded-hot-plate an
laser flash, when these are used to characterize thin s
mens with high conductivity or diffusivity. In particular,
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greater accuracy is sought than the guarded-hot-plate, whil
using a simpler experimental procedure than the laser fl

A harmonic thermal signal is used, with null net he
input. In other words, a harmonic temperature oscillat
around the ambient value is imposed onto the surface o
specimen.

The specimen has the shape of a long thin slab
the temperature oscillation is imposed on a strip of
of its two main surfaces. When the temperature oscilla
propagates within the specimen from that strip, its wa
front is initially plane and parallel to the main surface
Hereafter, it starts bending and becoming more and m
curved until, above a certain distance, a plane wave-fro
achieved again, at another time. However, this is no m
parallel but perpendicular to the surfaces, so that the the
signal is now propagating aside of the input strip, along
main dimension of the specimen.

At the end, a perfectly harmonic and one-dimensio
temperature oscillation is obtained within the specimen
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Nomenclature

Latin symbols

A input surface area . . . . . . . . . . . . . . . . . . . . . . . m2

a Seebeck coefficient . . . . . . . . . . . . . . . . . . V·K−1

C heat capacity . . . . . . . . . . . . . . . . . . . . . . . . . J·K−1

c specific heat capacity . . . . . . . . . . . . . J·(kg·K)−1

d specimen thickness . . . . . . . . . . . . . . . . . . . . . . . m
G shape factor of a pellet . . . . . . . . . . . . . . . . . . . . m
h convective heat transfer

coefficient . . . . . . . . . . . . . . . . . . . . . W·(m2·K)−1

I electric current . . . . . . . . . . . . . . . . . . . . . . . . . . . A
k thermal conductivity . . . . . . . . . . . . . W·(m·K)−1

L thermal diffusion length . . . . . . . . . . . . . . . . . . . m
N number of couples in a thermoelectric module
Q heat rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W
r electrical resistivity . . . . . . . . . . . . . . . . . . . .�·m
S cross-section area of a pellet . . . . . . . . . . . . . . m2

s height of a pellet . . . . . . . . . . . . . . . . . . . . . . . . . m
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
t0 period of the temperature oscillation . . . . . . . . s
te external relaxation time . . . . . . . . . . . . . . . . . . . . s
x longitudinal coordinate (distance from the

thermal source) . . . . . . . . . . . . . . . . . . . . . . . . . . m
xaccessible extension of the optically accessible surface m
xstrip extension of the thermal input (strip) surface m
z depth coordinate (distance from the accessible

surface) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

Greek symbols

α actual thermal diffusivity . . . . . . . . . . . . . m2·s−1

αβ apparent thermal diffusivity from wave
phase. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2·s−1

αγ apparent thermal diffusivity from wave
damping . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2·s−1

β phase-modifying factor due to convective heat
transfer

γ amplitude-modifying factor due to convective
heat transfer

�T temperature difference across a thermoelectric
module . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K

�Tx local amplitude of the temperature oscillation K
�T0 maximum amplitude of the temperature

oscillation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
ρ mass density . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

ϕx local phase shift of the temperature
oscillation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . rad

ϕ0 initial phase of the temperature oscillation . rad

Subscripts

a ambient
c cold side
h hot side
s specimen
x at thex-location
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phase-shift and damping can be monitored by measu
the temperature on the specimen surface. Then, these
be correlated to the thermal-diffusivity value through sim
analytical formulas.

The experimental implementation of the proposed m
surement method is investigated in depth in this work
which the focus is on the practice to obtain a thermal sig
both one-dimensional and perfectly harmonic.

2. The measurement method

The measurement method, although well known, is s
cinctly introduced for the sake of completeness. A more
tailed description is reported in [1,2].

The implementation of the method presented her
targeted to measure the thermal diffusivity of a thin s
made of a homogeneous material. A thermoelectric so
supplies a periodic thermal input to a ‘strip’ of the sl
surface. The strip is in the middle of the slab and covers
whole width. The remaining surface is exposed to amb
air and is optically accessible (see Fig. 1).

Neglecting the side effects, the problem can be con
ered two-dimensional in thex–z plane. Symmetry also ex
n
ists about the vertical mid-plane. Therefore, only half of
specimen needs to be considered. The heat diffusion p
lem in the slab is governed by the Fourier’s equation with
generation term:

∂T

∂t
= α

(
∂2T

∂x2
+ ∂2T

∂z2

)
(1)

Because of the thermoelectric device, the boundary cond
tion for the thermal input surface consists in a harmonic t
perature oscillation around the ambient temperature:

T (−xstrip � x � 0, z = 0, t)

= Ta + �T0 sin

(
2π

t

t0
− ϕ0

)
(2)

wherexstrip is thex-dimension of the input surface strip (s
Fig. 1), t0 is the oscillation period,�T0 is the maximum
oscillation amplitude andϕ0 is the initial phase.

Other boundary conditions are those of null heat flux
the symmetry plane and convective-radiative heat tran
elsewhere.

The initial temperature is assumed uniform in the s
and equal to the ambient value,Ta. The initial condition,
however, has an effect on the initial transient only, but
on the long-term steady-periodic response of the system
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Fig. 1. Slab specimen and thermal source.
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A further simplification of the model is possible if th
temperature across the slab thickness,d , is almost uniform
at anyx-location. This occurs only beyond a given distan
from the source, for which one can setx = 0. Hereafter,
the thermal waves induced by the source propagate a
the slab as a plane front, so that the slab becomes therm
similar to a long thin rod. The governing equation thus is

∂T

∂t
= α

∂2T

∂x2
− 2h

ρcd
(T − Ta) (3)

If the slab is long enough, the temperature oscillations
almost completely damped before reaching the far e
In this case, the rod can be considered semi-infinite,
xaccessible→ ∞ in Fig. 1.

The boundary conditions for the one-dimensional mo
are:

T (x = 0, t) = Ta + �T0 sin

(
2π

t

t0
− ϕ0

)
(4)

T (x → ∞, t) = Ta (5)

Beyond the distance at which the wave-front of the temp
ature oscillations becomes plane and perpendicular to
main surfaces of the specimen, a long-term (t → ∞) steady-
periodic analytical solution is available for the system
Eqs. (3)–(5), independent of the initial condition [3]:

T (x, t) = Ta + �T0e−γ x
L sin

(
2π

t

t0
− β

x

L
− ϕ0

)
(6)

where

β =

√√√√− 1

2π

t0

te
+

√
1+

(
1

2π

t0

te

)2

(7)

γ =

√√√√ 1

2π

t0

te
+

√
1+

(
1

2π

t0

te

)2

(8)
The ‘thermal diffusion length’L is a characteristic parame
ter of the thermal problem and it is defined as follows:

L =
√

αt0

π
(9)

The time te in Eqs. (7)–(8) is known as the ‘extern
relaxation time’, and it is defined as:

te = ρcd

2h
(10)

Whente is much larger thant0, heat transfer by convectio
between the slab and the environment is negligible w
respect to the heat diffusion within the solid. Therefo
the last term in Eq. (3) can be neglected. The solution
negligible convection is thus obtained [3]:

T (x, t) = Ta + �T0e− x
L sin

(
2π

t

t0
− x

L
− ϕ0

)
(11)

However, when using a low-frequency source like
thermoelectric heat pumps considered here, convectio
usually significant and Eq. (6) must be used.

Both Eq. (6) and Eq. (11) are obtained under the assu
tion of planar symmetry of the test system. This is achie
by placing the thermal source centrally on the specimen
face. An asymmetrical position of the source, however, is
expected to affect the solutions, provided that the lengt
the shorter part of the specimen is greater than a few timeL.

Different procedures may be used for the estimation
the diffusivity, such as inverse analysis techniques, n
linear fitting of Eq. (6), or the approach eployed he
a classical linear least-square estimation applied to the p
lag and the exponentially decaying amplitude of the therma
waves. This relatively simple approach is made possible
applying a perfectly harmonic thermal signal with null n
heat input. In fact, finding out the practice to obtain t
signal is the purpose of this work.
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Fig. 2. Behavior of factors 1/β2 and 1/γ 2 versust0/te.

From the phase lag, one can calculate an apparent v
of the thermal diffusivity,αβ , that is related to the actua
value,α, by an unknown factor depending on convection

αβ = α
1

β2 (12)

Another apparent value of the thermal diffusivity,αγ , can be
calculated from the wave amplitude, also this one relate
the actual value by an unknown factor:

αγ = α
1

γ 2 (13)

The actual diffusivity is respectively overestimat
(1/β2 > 1) or underestimated (1/γ 2 < 1). In both cases, th
discrepancy depends on the ratiot0/te and, consequently
on the convection coefficient. Fig. 2 reveals, however,
the overestimate by using the linear fitting of the phase
Eq. (12), is negligible ift0 is much smaller thante, and that
the same applies to the underestimate by using the linea
ting of the wave amplitude, Eq. (13). Convection can th
be neglected and the apparent diffusivity coincides with
actual diffusivity. Unfortunately, the condition occurs on
when thin specimens of high-diffusivity materials are test
In the other cases, however, combiningαβ andαγ from the
same experiment would allow to determine the true valu
the diffusivity [3–7]:

α = √
αβ · αγ (14)

An experimental apparatus based on the above-desc
approach was implemented at the CNR-ITC in Padova
2,6,7]. A liquid-cooled thermoelectric source, driven by
computer-controlled power supply, was used to apply
thermal input. A high-resolution Agema Thermovision® 900
thermographic camera [8] measured the surface temperatu
of the specimen.

The diffusivity value wasdetermined from the surface
temperature data through the procedure that is summa
below.

(a) Preliminary data reduction.
The raw temperature data are arranged in a matrix. E

column represents the behavior of a pixel on the sam
surface in time. Each row is the spatial temperature pro
d

of the sample surface at a given time and is the averag
several adjacent lines of the original thermal image. This
first step of the data reduction permits to achieve a typ
standard deviation ranging from 0.02 K for a last genera
sensor to 0.2 K typical of older equipment. Thereafter,
estimation procedure is divided into two more steps: fitt
in time and fitting in space.

(b) Fitting in time.
Each column of the matrix is fitted through a least squ

procedure by a harmonic function of time. Notwithstand
sine and cosine are transcendental functions, the least s
procedure is linear as the model is linear in the parameter
amplitude and phase which are the results of this stage.
error associated to the estimation is also given together
the test ofχ2 for the goodness of fit. Only the paramete
obtained from a good fit are retained for the successiv
spatial fitting. It should be clear that a good fit is genera
obtained close to the source, where the signal is high, w
the fit is less reliable in spatial positions far from the sour
where the noise dominates.

In a typical experiment, the time step between t
successive sampling is 1 to 10 s depending on the pe
of the heating source. The acquisition lasts for one or m
cycles of the thermal source, producing some hund
sample in time.

(c) Fitting in space
The amplitude as a function of space is damped expo

tially, therefore its logarithm is a straight line whose slo
depends on thermal diffusivity. The phase changes line
with space and its slope depends on thermal diffusivity a
The errors associated with the estimations of the two slo
are considered as well. In a typical experiment, a pixel c
ers one square millimeter area of the sample. More than
pixels are taken into account in the spatial fitting, along
heat propagation direction. Only a fraction (say 50–100
meaningful as the thermal signal is highly damped in sp
and that fraction is selected on the base of the aforem
tionedχ2 criterion.

(d) Final estimate.
The final result for thermal diffusivity comes from th

combination of the two estimated slopes. The propagatio
errors from the original temperature data through the var
fitting steps down to the final results is computed accord
to classical rules and good practice of data and error ana

The experiments were conducted on one slab mad
AISI-304 steel (α = 3.99 × 10−6 m2·s−1 measured by
Laser Flash [6,7]). To obtain a statistical validation
the method, 38 tests were carried out. Varying parame
were the period of the thermal wave, its amplitude a
the convective condition (tested with vertical or horizon
specimen, natural and forced convection). Data are reporte
in Fig. 3 with error bar corresponding to+/− one standard
deviation.

Overall, the results were very encouraging. A few tech
nical issues, however, were evidenced by the experim
Among these, the most critical ones are:
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Fig. 3. Diffusivity values obtainedfrom several experiments on AISI-30
specimen.

(a) obtaining a proper thermal input, perfectly-harmo
and with null net heat flux;

(b) determining the distance from the thermal source,
yond which the wave propagation can be conside
one-dimensional.

Both subjects are analyzed in the following paragraph

3. Harmonic thermal signal with null net heat input

A null net input of the thermal signal is needed,
order to set the average temperature of the specimen t
desired value, namely the ambient temperature. If a n
zero direct component occurs inthe signal, the equilibrium
value about which the temperature oscillates differs from
temperature of the test ambient, and is inhomogeneou
over the specimen. Moreover, the direct component mus
de-coupled from the periodic component.

The thermal signal should also be perfectly harmo
In fact, while it is usually possible to develop a period
but non-harmonic signal into a Fourier’s series of harmo
components, a complex processing of the distribution
evolution of the surface temperature is required to sepa
the contribution of each component. Instead, a harmon
thermal signal, with negligible high-order components,
lows recovering the diffusivity value by a simple process
of the experimental data.

In previous studies on AC calorimetric and wave-propa
tion methods, the techniques originated by the Ångströ
method, non-contact sources were usually employed
as light or laser beams chopped by a moving mask [9–
These are relatively practical to use, but yield a positive
input of the thermal signal, which can shift significantly t
reference temperature of the experiment and must be ad
quately filtered. Moreover, strong high-order harmonics
ten arise.
l

Complicated techniquescan be employed to obtain
null net heat input, such as alternating flows of hot a
cold fluids (the method actually adopted by Ångströ
The most practical way, however, may consist in usin
thermoelectric device based on the Peltier effect, se
contact with the specimen. In fact, this device pumps h
when a direct current flows through it, and it can altern
heating and cooling stages by simply switching the direc
of the current. Such an approach was tested by a few au
[16–18] with positive outcomes, and it was adopted in
set-up of the method investigated here [19]. Its enhancem
is the main contribution of the present work.

The dynamic behavior of a thermoelectric device
strongly non-linear. Therefore, even if it is supplied w
a harmonic current input, the thermal output is far fr
being harmonic and well-balanced. An immediate solu
to this seems to be the adoption of a closed-loop contro
based on a temperature sensor. Unfortunately, design
calibration of controllers of this type are quite complex [2
and can result impractical for material testing, with reg
to the ease and the rapidity of the experiment. Moreo
the feedback system requires temperature probes su
thermocouples, which can easily be insufficiently accurate
for small temperature oscillations and must be small eno
to avoid perturbations in the thermal field. Other types
sensor can be too slow for high-frequency oscillations.

For these reasons, an original strategy of use of
thermoelectric source has been developed. The the
signal is generated by supplying a current input with
properly-chosen time-evolution pattern, and there is no n
of a real-time feed-back loop. The pattern is developed f
the analytical formula that governs the transient behavio
a thermoelectric device and its thermal load.

This method was experimentally tested in a prelimin
form with satisfactory results [1,2,4–7,19]. Here, it is e
hanced by improving the analytical model from which t
time-evolution pattern of the current is obtained. From
improved model, a pattern is developed for the current s
ply, by which an optimal thermal input can theoretically
provided.

An elementary thermoelectric module is made-up
bridging electrically the extremities of two prismatic le
(the pellets) made of p- and n-type semiconductor m
rial, usually bismuth telluride (Bi2Te3). At one end the
pellets are contacted by a copper tab, the ‘cold juncti
A p-type/metal/n-type dual heterojunction structure is t
formed. The opposite ends are contacted by two distinct,
tually insulated, copper tabs, the ‘hot junctions’.

In a commercial thermoelectric module, several elem
tary modules are serially interconnected, as sketche
Fig. 4. The assembly of semiconductor couples is sa
wiched between two thin plates of high-purity ceramics (a
mina), working as electrical insulators.

A thermoelectric module operates in cooling mode if
electrical currentI is supplied. When passing through t
cold junctions, the electrons absorb energy from thes
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Fig. 4. Sketch of a commercial thermoelectric module.
s at
tial

the
d to
ture
e
ept
hea

by

nt,
he

r-
idal
nif-

ne.
ion
th

o-

ari-
ude
ates
the

tion

y
lue
or
al

be
mal

is

cle
can
ined

tio,
s
e an

trol
the

pted
the

d by
ion.
is-
k or
ulti-
e-
5)
ic

mo-
n as
overcome the local potential step. The opposite occur
the hot junctions, due to the opposite sign of the poten
step. With this Peltier effect, heat is transferred by
electron current across the module, being subtracte
one of the plates and rejected to the other. A tempera
difference�T = Th − Tc is finally established between th
two opposite sides, with the hot junctions being usually k
at a temperature close to the ambient value by a proper
sink.

The total cooling power,Qc, of a device consisting inN
serially-interconnected thermoelectric couples is given
the following well known formula [21]:

Qc = 2N

[
a(Th − �T )I − 1

2

r

G
I2 − Gk�T

]
(15)

wherea, r, andk are, respectively, the Seebeck coefficie
the electrical resistivity and the thermal conductivity of t
semiconductor. The shape factor,G, is defined asG = S/s,
whereS is the pellet cross-section area, ands is the pellet
height.

Eq. (15) is illustrative of the non-linear behavior of the
moelectric devices. This is such that supplying a sinuso
voltage or current input produces a temperature cycle sig
icantly distorted with respect to a perfectly-harmonic o
This is shown in Fig. 5, which represents the time-evolut
of �T = Ta−Tc predicted for a harmonic current input wi
zero mean value by a fully numerical model of the therm
electric module.

Even if a null external heat load is assumed, the comp
son with a reference harmonic cycle with the same amplit
evidences distortions. Moreover, the temperature oscill
about a value that is well above the ambient one (zero in
normalized scale of Fig. 5), due to the opposed contribu
of the Joule dissipation between cooling and heating.
t

A more balanced thermal disturbance is achieved b
supplying a current cycle with above-zero mean va
(with a positive current being equivalent to cooling),
different amplitudes in heating and cooling. An initi
guess can be made for the mean value, then it can
improved looking at the experimental results. The ther
disturbances calculated numerically for this approach
illustrated in Fig. 6.

Again the comparison with a reference harmonic cy
shows that the signal is distorted, but the mean value
be set to zero. Much better results are however obta
by supplying a current cycle with different amplitudes in
heating and cooling. A proper choice of the amplitude ra
which is also in this case attainable through an initial gues
and a subsequent experimental optimization, can produc
undeniably good thermal signal, as depicted in Fig. 7.

In view of the ease of implementation, the latter con
strategy is acceptable whenever the easy set up of
experiments is mostly desired, and it was actually ado
in the early laboratory experiences [4,5,19]. However,
selection of the proper amplitude ratio must be performe
‘trial and error’, and this can be a time-consuming operat

The problem of obtaining a truly-harmonic thermal d
turbance without the need of either a real-time feedbac
a troublesome calibration of the thermal source can be
mately overcome by using a current cycle with proper tim
evolution pattern. This is determined by solving Eq. (1
with respect toI (current) and then imposing a harmon
oscillation of the temperature at the cold side of the ther
electric module. To the purpose, Eq. (15) can be rewritte
follows:

1 r
I2 − a(Th − �T )I + kG�T + Qc = 0 (16)
2 G 2N
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Fig. 5. Time-evolution of�T numerically calculated for a harmonic current cycle with zero mean value.

Fig. 6. Time-evolution of�T numerically calculated for a harmonic current cycle with above-zero mean value.

Fig. 7. Time-evolution of�T numerically calculated for a harmonic current cycle with different amplitudes in heating and cooling.
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The desired time-evolution pattern of the current is given
the acceptable solution of Eq. (16) with respect toI :

I (t) = G

r

[
a(Th − �T )

−
√

a2(Th − �T )2 − 2rk�T − r
Qc

NG

]
(17)

The time-dependence of Eq. (17) is in the following term

�T = �T (t) (18)
Qc = Qc(t) = d(C�T )

dt
+ Qc,ext(t) (19)

If the hot side of the thermoelectric module is kept
ambient temperature, the heat capacityC to be considered
is given by half of the module capacity. For a transve
application of the thermal signal, the heat capacity of
portion of specimen below the contact interface must als
added.

The system of Eqs. (17)–(19) can be used to imp
not only a harmonic thermal disturbance, but also
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Fig. 8. Time-evolution of�T numerically calculated for the analytically-developed current cycle.
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other types of time-varying thermal input, provided th
the temperature fluctuations are small enough to cons
invariable the semiconductor properties and, most of
that it is possible to define an analytical relationship
the dependence of the external heat load on time an
temperature. If an estimate of this is possible, a satisfac
thermal input is obtained since from start, and it can
optimized through only a small number of experiments.

In the proposed method, one wants to impose at the i
surface the harmonic temperature oscillation described
Eq. (4). The amplitude of the oscillation,�T0, must achieve
a compromise between intensity of the thermal signal, wh
has to be as large as possible, and containment of
effects of non-linear phenomena such as the depend
on temperature of the material properties and the boun
conditions.

One may also presume that the surface temperature o
specimen equals the cold-side temperature of the heat p
Assuming a null initial phaseϕ0 for sake of simplicity, one
has:

�T (t) = Ta − Tc(t) ∼= Ta − T (0, t) = �T0 sin

(
2π

t

t0

)
(20)

A thermal contact resistance exists between heat pump
specimen. A small values of this is however achieva
by using a conductive grease and a proper pressure a
contact interface.

The external heat loadQc,ext of the heat pump is
actually given by the heat rate flowing through the con
areaA between the thermoelectric source and the specime
For a one-dimensional configuration of the test syst
this load can be estimated through some trigonome
transformations as follows:

Qc,ext(t) = Aks
dT

dx

∣∣∣∣
x=0

= �T0A

√
ksρscs

π

t0

(
β2 + γ 2

)
× sin

[
2π

t

t0
+ tan−1

(
β

γ

)]
(21)

Introducing Eqs. (20)–(21) into Eq. (19), one obtains:

Qc(t) = �T0C
2π

cos

(
2π

t

)
+ �T0A

√
ksρscs

π (
β2 + γ 2

)

t0 t0 t0
e

.

e

× sin

[
2π

t

t0
+ tan−1

(
β

γ

)]
(22)

One can observe that the thermal inertia of the syste
dominated by the heat capacityC alone as long as th
effusivityksρscs of the specimen is small. Unfortunately, th
is seldom the case when testing metals or other mate
with high values of the thermal conductivity. On the oth
hand, the measurement of the conductivity is a goal of
proposed measurement method, so that its value is us
unavailable. An initial guess can however be introdu
in Eq. (22) and, subsequently, enhanced through a
experiments.

The above-described control strategy has been theore
cally tested by predicting the thermal signal for a curr
cycle governed by Eqs. (17), (20), and (22) through a fu
numerical model of the specimen and the thermoelectric
pump. The temperature distribution along the specimen
calculated numerically by a finite-difference approach. T
analysis has yielded excellent outcomes, showing that a
fect signal can be obtained also in case of transverse
input. Moreover, the temperature estimated at the input in
face is virtually coincident with a reference harmonic cy
after only two-three current cycles (see Fig. 8).

Troubles may in practice arise from the constancy of
hot-side temperature of the heat pump,Th, which should be
as close as possible to the test ambient value; a satisfa
steadiness ofTh is however achieved through a liquid-cool
heat-sink and a proper flow rate of coolant from a reser
at steady temperature. A thorough characterization of
heat pump must also be performed, to determine the e
value of the thermoelectric properties and the cold-side
capacity.

As for the external heat load, it has been verified t
even large errors on the preliminary estimate of the effusi
affect significantly the amplitude of the thermal cycle, b
not its harmonic behavior or the average value. Moreo
if the measurement of the diffusivity is the goal of t
experiment, the calibration of the external load provides
indirect confirmation to the accuracy of the measured va

The above-described approach was employed during
most recent stages of the work, where the external
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Fig. 9. Instantaneous temperature distribution numerically calculated in the specimen cross-section (Samcef plot).
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load of Eq. (21) was neglected, with the encouraging res
reported before [1,2,6,7].

4. One-dimensional wave propagation

As previously mentioned, a direct-contact source is u
to apply the thermal signal. This makes not easy to ach
an uniform heat input all over the contact interface, sinc
the contact resistance to the heat flux can be inhomogen
due to surface roughness or imperfect flatness. It is there
necessary to supply the thermal input on a ‘strip’ of o
of the two main surfaces of the slab specimen, wher
homogeneous contact can be yielded by using an adeq
contact pressure.

Such a practice, however, implies that the measure
surface temperature are useful to estimate the diffus
only beyond a certain distance from the input source
fact, the wave-front of the temperature oscillation is initia
plane and parallel to the specimen surface. Then, it s
bending and becoming more and more curved, until a p
wave-front is achieved again, but at this time perpendic
to the specimen surface.

The distance at which the above condition is met,
a true one-dimensional propagation of the thermal sign
yielded aside of the input strip, along the main dimens
of the specimen, is investigated here by both numer
and experimental analyses. Through these, a general r
established for the performance of the experiments.

An extensive numerical investigation was perform
using the finite element code Samcef [22]. The purpose
to compare the accuracy of the equations to estimate
diffusivity, with respect to fully two-dimensional solutions

The simulation reproduced the slab shown in Fig.
A harmonically oscillating temperature profile was impos
onto the thermal input surface. The slab surface tempera
was calculated over the remainder of the top face, wh
would be the optically accessible surface. Convective h
s

e

s

transfer was assumed to occur on all surfaces exposed t
with a constant convection coefficient and air temperat
The thermo-physical properties of the materials were c
sidered constant.

Despite of the application of the input transversally
the direction of wave propagation, such propagation
be considered one-dimensional at sufficient distance f
the source. This can be noticed in Fig. 9, which shows
instantaneous temperature distribution on the cross-se
of the slab. The thermal disturbance is applied on the
part of the top surface. The isothermal lines, which repre
the thermal waves propagating in the slab, progressively
into straight vertical lines, as the waves move away from
heat source.

The same behavior of the thermal waves was obse
in the experiments. A thermographic image of the insta
neous temperature distribution on the side surface of a s
imen is shown in Fig. 10.

A thorough numerical investigation showed that
planar wave-front is fully developed at a distance from
source greater than the specimen thickness,d . This is evident
in Fig. 11, which plots the local derivative of the wave pha
and the wave amplitude, both normalized to their asympt
values, versus the normalized distance from the source,x/d .
Independently of the thermal diffusion length,L, and of the
intensity of convection (in the termsβ andγ ), the thermal
system within the specimen can actually be considered
dimensional forx/d > 1.

Altogether, the numerical and experimental results dem
strate that Eq. (6) is alwaysapplicable if the surface
temperature distribution is monitored at a distance from
source greater thand .

It can also be verified by some simple mathemat
considerations that the minimum distance from the sou
is shortened tod/2, if a ‘sandwich’ configuration as in
Fig. 12 is used. More specifically, the periodic thermal in
can be supplied by two different thermoelectric modu
between which the specimen is sandwiched. This also al
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Fig. 10. Instantaneous temperature distribution measured on the specimen side surface(thermographic image) AISI-304 specimen,d = 1.7 mm.
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Fig. 11. Wave-phaseϕx and wave-amplitude�Tx numerically calculated
versus the distance from the source.

Fig. 12. Slab specimen and thermal source: ‘sandwich configuration’.

an easier application of the desired contact pressure
if necessary, an increase in the maximum amplitude
the thermal heat input. It is only required that the t
thermoelectric modules have exactly equal performa
which can be quickly verified through commercial test
devices [23].

5. Concluding remarks

A novel approach to the well-known Ångström’s meth
to measure the thermal diffusivity of solid materials h
been developed. This approach is different from ot
techniques, mostly using photo-thermal sources, in
a harmonic thermal signal is supplied to the specim
by a thermoelectric source based on the Peltier eff
Through this, a steady-periodic propagation of therm
waves with ambient mean value can be obtained in the s
The thermal diffusivity is then estimated by tracking t
thermal wave propagation on the solid surface by infra
thermography.
,

At the current stage of development, the method
targeted to the case of a thin slab of high-conducti
material, in which a one-dimensional temperature field
easily produced. The harmonic input is applied onto
surface strip that covers the whole width of the slab. T
thermal diffusivity is eventually correlated to the phase
and the exponentially decaying amplitude of the therma
waves propagating along the slab. These are tracked o
same surface where the thermal input is applied, adjace
the thermal input area.

In this work, the experimental implementation of the t
method was investigated, focusing on obtaining a ther
signal both perfectly harmonic and one-dimensional.

A perfectly-harmonic thermal signal permits to recov
the diffusivity value by an effortless processing of t
experimental data. Moreover, a null net heat input
the signal allows setting the average temperature of
specimen to the ambient value.

The most practical way to obtain null net heat inp
is employing a thermoelectric source based on the Pe
effect. In fact, this device pumps heat when a direct cur
flows through it, and it can alternate heating and coo
stages by simply switching the direction of the current.

A harmonic and well-balanced thermal signal can
achieved by supplying to the thermoelectric source a cur
with a purposely-chosen time-evolution pattern. The pat
can be developed from the analytical formula that gove
the transient behavior of a thermoelectric module and
thermal load.

The approach, already tested with satisfactory results
was here improved by enhancing the analytical mode
which the time-evolution pattern is obtained. From
enhanced model, a more accurate time-evolution pattern
is developed for the current supply, by which an optim
thermal input can theoretically be provided.

Another crucial aspect of the experimental procedur
that the thermoelectric source supplies the thermal si
by direct contact. This makes not easy to achieve an
form heat input all over the contact interface, due to surf
roughness or imperfect flatness. Thus, a homogeneous
tact must be assured by using a proper contact pressure
can be applied by placing the thermal source on one of
two main surfaces of the slab specimen.
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This practice implies that the surface-temperature m
sures are useful to estimate the diffusivity only beyond a
tain distance from the input surface, where the wave-fron
the temperature oscillation becomes plane and perpendi
to the main surfaces of the specimen. But a thorough in
tigation, which is here presented, allowed establishing
a true one-dimensional propagation of the signal is yiel
at a distance from the source just greater than the spec
thickness, independently of the duration of the signal pe
and the intensity of the heat transfer between specimen
ambient. Moreover, the distance can be halved by adop
a ‘sandwich’ architecture of the thermal source.

The research presented here is part of a long-term pro
aimed at the full implementation of the proposed appro
to the measurement of the thermal diffusivity. The final g
is to overcome some limitations of the most utilized stand
test methods, the guarded-hot-plate and the laser flash,
characterization of thin specimens with high conductivity
diffusivity. In particular, a more accurate characterization
sought than by the guarded-hot-plate, using a much sim
experimental procedure than for the laser flash.
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