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INTRODUCTION

Tue pULSE ‘flash’ method [1] is actually the most popular
method of measuring the thermal diffusivity of solids,
especially at high temperatures. In this method, the front
face of a small disc-shaped specimen is subjected to a very
short burst of radiant energy coming from either a laser or
a xenon flash lamp. The resulting temperature rise of the rear
surface of the specimen is recorded and the value of the
thermal diffusivity is computed from this temperature vs time
data.

There exist several original methods for data reduction in
the flash method. The first group includes a method in which
the thermal diffusivity is calculated using one or a few charac-
teristic experimental points [1, 2]. In the second group all the
experimental points of temperature vs time data (in par-
ticular their rising part) are used for diffusivity deter-
mination. Such methods are based on fitting the experimental
data by theoretical curve by means of a least square pro-
cedure [3-5]. In all the mentioned methods the precision
of results depends on satisfying the conditions, which are
assumed in the ideal theoretical model of the flash method {1}
(heat puise is uniform and instantancous ; sample is opaque,
homogeneous, and thermally insulated ; thermal properties
are temperature independent).

In the real case heat transfer between the sample and
its environment is usually unavoidable, especially for high
temperature measurements or for materials with poor con-
ductivity. Several original methods were proposed which
take into account this effect. In refs. [6-9] the thermal diffu-
sivity determined from the ideal condition model is corrected
by multiplying with the appropriate numerical factor,
depending on heat losses. Another way is used in methods
based on the general mathematical model {10] obtained as a
solution to a two-dimensional heat conduction equation with
the heat losses from the whole sample surface. In those
methods the thermal diffusivity is determined either by means
of several particular points of the temperature vs time data
{10, 11] or using the temporal moments of the defined tem-
perature interval of the rising part of the experimental curve
[10, 12}. An original way to eliminate the heat loss effect,
described in ref. [13], is based on the knowledge, that rear
surface temperature history is less perturbed as time is nearer
to the time origin (time of flash). Thermal diffusivity is
obtained by extrapolating the time evolution of exper-
imentally gained values of ‘apparent’ thermal diffusivity to
time zero.

In this paper the data reduction method is presented, which
eliminates the effect of heat losses using the procedure of
extrapolation, similar to that in ref. [13]. Apparent values of
thermal diffusivity are calculated using the so-called ‘logar-
ithmic’ method [5]. Results of testing and comparison with
other existing methods are also given.

PRINCIPLE OF METHOD

The logarithmic method {5] for thermal diffusivity deter-
mination is based on the relation

In (1'27) = In R Tym(e*na) ] —e?jdat (H

where ¢ is time, T = T{e, 1} the temperature of the rear face
of the sumple, ¢ the sample thickness. « the thermal diffusivity.
and Ty, the adiabatic limit temperature of the sample after
the pulse. Equation (1} is an approximation of the formula,
derived from the one-dimensional heat conduction equation
using Laplace transformation and can be used over the time
region in which the condition T/Ty,, < 0.9 is fulfilled.

In the ideal case the plot In{¢'>T) vs 1/7 is a straight line,
and the thermal diffusivity o is calculated by means of the
slope X of this line using the formula

a= —e*aK )

which is independent of T},.

The adiabatic limit temperature 7}, can be calculated
through the point of intersection @ of the regression line
with the axis of ordinates. According to equation (1) we have

T = (m20) 7 exp (Q)/2e. 3

In the real case, when the heat transfer between the sample
and its environment is non-zero, the experimental curve
In (1'7T) vs 1)1 is distorted due to the effect of heat losses.
Therefore, the slope K and the point of intersection Q of the
regression line with the axis of ordinates became a function
of the time point, around which the linear regression is used
(K = K{t) and Q@ = Q(?)). The apparent diffusivity a(¢), and
apparent limit temperature T}, {(#) can be calculated using
equations (2) and (3), respectively.

In the method presented the values of thermal diffusivity
and adiabatic limit temperature are specified by extra-
polating time evolutions of the apparent diffusivity and
apparent limit temperature, respectively, towards the initial
time. From this point of view, our method corresponds
to the procedure described in ref. [13]. However, in our
algorithm the apparent diffusivity is independent of the
apparent limit temperature and, consequently, the thermal
diffusivity is independent of the adiabatic limit temperature.
In addition, our method enables one to determine the value
of the adiabatic limit temperature when using the analogical
procedure as in the case of thermal diffusivity.

We see that the procedure presented transforms the prob-
lem of correction to the effect of heat losses to a mathematical
problem of regression analysis.

In order to find the value of thermal diffusivity from the
time evolution of the apparent diffusivity the polynomial
regression of second order is used

oty = ay+aat? 4
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¢ sample thickness

K slope of regression line

K(1) apparent slope

Q intersection of regression line with axis of
ordinates

Q1)  apparent intersection

R sample radius

! time

T temperature

NOMENCLATURE

T adiabatic limit temperature
Tym(1) apparent limit temperature
maximal temperature rise.

max

Greek symbols
o thermal diffusivity
(1) apparent diffusivity
%, %ay PBo. f1. B, constants.

which approximates well the function «(¢) for time intervals
less than a quarter of the time of the temperature rise in the
transient state after the pulse. For time intervals which exceed
this one the higher term of the polynomial regression should
be taken in equation (4).

For the time evolution of the apparent limit temperature
we found the fitting formula

Tim (1) = Bo+ By exp (—B.0). %)

The values of the constants a,, 2. f§,. f§,, and f3, are calculated
by the standard least square method. Finally, the thermal
diffusivity is equal to a,, and the adiabatic limit temperature
Bo+Bi.

The sensitivity of this method to the choice of the time
range for computing of the apparent diffusivity and the
apparent limit temperature can be decreased when using the
weighted regression procedure. Every point a(¢) (or Ty, (1)
can be taken into account with the weight, which corresponds
to this uncertainty. The weight functions of the apparent
diffusivity and the apparent limit temperature can be cal-
culated by using the standard mathematical procedures for
least square fitting.

Here we note that the determination of thermal diffusivity
as a mean value of the apparent diffusivity is similar to the
algorithm used in ref. {5].

VERIFICATION

The method presented was first tested on the set of theor-
etical temperature vs time curves, some of which are shown in
Fig. 1. These data were obtained using the two-dimensional
model of the flash method [10], in which the heat losses are
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FiG. 1. Rear face temperature vs time evolution of samples
with various heat losses (Nos. 1-5), and adiabatic sample
(No. 6).

governed by Biot numbers H,, H,, and H; related to the
front, rear, and lateral faces of the disc sample with radius
R.

The time evolution of the apparent diffusivity and the
apparent limit temperature are shown in Figs. 2 and 3, respec-
tively. Solid lines represent regression curves (equations (4)
and (5), respectively). The numbers associated with the
curves indicate the correspondence with curves shown in
Fig. 1.

The results of our simulation (see Table 1) can be sum-
marized as follows.
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FiG. 2. Time evolution of apparent diffusivity «(f) and
regression parabolas o+ o,¢? for simulations Nos. 1--5.
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FiG. 3. Time evolution of apparent limit temperature T}, (2)
and regression curves f,+f, exp (—f,¢) for simulations
Nos. 1-5.
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Table 1. Results of simulation. The correct values of « and 7}, are equal to 1

Curve
No. H, H, H; Rle o % (%) Tiim Tim (%)
i 2.1 2.1 21 1.5 0997 026 0.912 —8.8
2 1 1 1 1.4 0.993 —0.66 1.003 0.3
3 1.0l 1.01 L0135 1.002 0.16 0.977 —23
4 0.51 051 001 2 1.001 0.08 0.993 —-0.7
5 02 02 02 1.5  1.001 0.08 0.99 —1

Table 2. Experimental results and comparison with other
methods (values are in [0~ " m®s 1)

Method Ceramic  Plaster
Parker et al. [1] 8.256 1.988
Takahashi ez al. 5] 7.361 1.568
Degiovanni ez al. [11}:
%y 6.751 1.429
%yra 6.652 1.467
%23 6.606 1.502
Degiovanni et Laurent [12] 6.933 1.473
Balageas [13] 6.863 1.474
Present method 6.7358

1.474

(1) In the range of T/ Tax < 5, Where T, is the maximal
value of the temperature rise of the rear surface after the pulse
(in tested interval 0.5 < R/e < 5), the thermal diffusivity can
be evaluated with precision better than 0.7%.

(2) In the range of Ty /T < 3 the adiabatic limit tem-
perature can be evaluated with precision better than 5%, and
the relative error will not exceed 10% when Tj,/T o < 5.

The second test of this data reduction method was pet-
formed on some real experimental data gained from two
samples. The comparison of our results with the results deter-
mined by other methods is given in Table 2. This table
shows that the precision of the values obtained by the
present method is comparable with other special data
reduction methods [11-13].

CONCLUSION

The main advantage of the present data reduction method
consists of the fact that the thermal diffusivity is determined
without the knowledge of T}, (or 7T,..,), and a reliable result
is obtained even in the case when the heat losses from a
sample are considerably high. This is why any section of the
rising part of the temperature vs time curve can be used for
the data reduction.

This method can also be applied to very noisy signals.
provided that the perturbations have a Gaussian dis-
tribution.

The limitations of the use of our method arise from its
sensitivity to the distortions of earlier parts of the exper-
imental curve due to such effects as, e.g. finite pulse time

effect, or inertia of temperature sensors. The uncertainty of
the results increased when the low frequency noise occurred.

The method presented may have a large field of application
in the measurements of low conductivity materials, especially
at high temperatures.

REFERENCES

I. W. 1. Parker, R.I. Jenkins, C. P. Butler and G. L. Abbot,
Flash method for determining thermal diffusivity, heat
capacity and thermal conductivity, J. Appl. Phys. 32,
1679-1684 (1961).

2. V. L Krasnov, N, A, Petrov, A. G. Charlamov and
A. G. Jukovi¢, The new method of data reduction in
flash method experiment {in Russian). Teplofiz. Vys.
Temp. 16, 82-86 (1978).

3. L. Pawlowski and P. Fauchais, The least square methed
in determination of thermal diffusivity using flash
method, Rev. Phys. Applic. 21, 83-86 (1986).

4. J. Gembarovi¢, L. Vozar and V. Majernik, Using the
least square method for data reduction in flash method.
Int. J. Heat Muass Transfer 33, 15631565 {1990,

S. Y. Takahashi, K. Yamamoto, I. Ohsato and T. Terai,
Usefulness of logarithmic method in laser-flash tech-
nique for thermal diffusivity measurement, Proc. 9th
Jap. Symp. on Thermophys. Prop., pp. 175-178 (1988).

6. R. D. Cowan, Pulse method of measuring thermal diffu-
sivity at high temperatures, J. Appl. Phys. 34, 926-927
(1963).

7. J. A. Cape and G. W. Lehman, Temperature and finite
pulse-time effects in the flash method for measuring ther-
mal diffusivity, J. Appl. Phys. 34, 19091913 (1963).

8. R. C. Heckman, Finite pulse-time and heat-loss effects
in pulse thermal diffusivity measurements, J. Appl. Phys.
44, 1455-1460 (1972).

9. L. M. Clark III and R. E. Taylor, Radiation loss in the
flash method for thermal diffusivity, J. Appl. Phys. 46,
714719 (1975).

. A. Degiovanni, Diffusivity and the flash method, Rerv.
Gen. Therm. 188, 417-442 (1977).

11. A. Degiovanni, G. Sinicki and M. Laurent, Thermal
Conductivity, Vol. 18, pp. 537-551. Plenum, New York
(1985).

. A. Degiovanni et M. Laurent, Une nouvelle technique
d'identification de la diffusivité thermique pour ia
méthode flash, Rer. Phys. Applic. 21, 229- 237 {1986).

. D. L. Balageas, Nouvelle méthode d’interprétation des
thermogrammes pour la détermination de la diffusivité
thermique par la méthode impulsionnelle (méthode
flash™). Rer. Phyvs. Applic. 17, 223- 237 (1982).



