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Abstract: Thermophysical characterization of materials used in engineering is very important for realization of projects
in a most areas of knowledge, where the phenomena linked to process of heat transfer have a great role. Thermal
diffusivity is a very important thermophysical property in analysis of thermal energy diffusion problems. The objective
of this work is the development of an experimental device for thermal diffusivity identification of metallic alloys, with
operating principle based in Angstrom’s Method, which makes use of a periodic heat flow controlled by a power source,
generating a periodic temperature field in the sample. The profiles of temperature field at certain points of the sample
were captured by thermocouples, whose installation position in the sample are derived from the evaluating of sensitivity
coefficients. Amplitude and phase of temperature-captured signals were obtained using graphic analysis software. A
thermocouple is adopted as a reference. Ratio of the amplitude and phase lag between the thermal signals captured by
the others thermocouples and by the reference thermocouple is therefore calculated. These results were inserted in
mathematical models for thermal diffusivity identification. Samples used in this work were AlSI 304 stainless steel and
AISI 316 stainless steel. Thermal diffusivity values obtained for these materials, when compared with literature values,
have a good agreement, within uncertainties range adopted.

Keywords: Experimental Device, Thermophysical Properties, Thermal Diffusivity, Angstrom’s Method, Periodic
Temperature Field.

1. INTRODUCTION

Appearance of new metal alloys, as a consequence of the process of technological advancement, attaches great
importance to thermophysical characterization techniques, making them critical success factors in engineering projects
[1]. This fact justifies the growing number of research and development of new techniques for the determination of
thermophysical properties. Thermophysical property estimation is not an obvious task, and the problems are divided into
two groups: design and solution of the mathematical model and experimental configuration [2]. There are several
techniques for measuring thermophysical properties of materials. There are those who estimate the properties in isolation
and those who estimate them simultaneously. In this context, the periodic techniques are assigned a great importance in
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measurements of thermophysical properties at low temperatures [3]. Among these, we highlight the technique proposed
by Anders Jonas Angstrom, which printed a periodic heat flux in the test sample, provoking in this a periodic temperature
field. An extremely important thermophysical property is thermal diffusivity. It reflects the relationship between the
thermal energy that a medium can carry through the diffusion process and the energy it can store. In other words, thermal
diffusivity shows how quickly heat can propagate in a given material. The objective of this work is the development of
an experimental device to identify the thermal diffusivity of metallic alloys from the Angstrom’'s method. The samples
used in this work are stainless steel AISI 304 and stainless steel AlSI 316.

SIMBOLOGY
Symbol | Description Unit | Symbol | Description Unit
A Amplitude model - X -
L Sample length m e Phase angles reference rad
t Time S n -
T Temperature °C b4 Phase angle model rad
Tm Average temperature °C U Uncertainty of thermal diffusivity m2/s
Xn Thermocouple position in the sample m o Deviation from the literature -
a Thermal diffusivity m2/s 1) Thermal frequency rad/s

2. MATHEMATICAL MODEL

In Figure 1, physical system that represents the problem presented in this work can be visualized.

| T(LH=AL)sen(wt+¢) |

Sample

Figure 1. Physical system of this work

To arrive at the mathematical model that represents the physical system of Fig. 1 it is admitted that the experiments
are carried out with the use of thermal insulation in contact with the lateral area of the sample, thus increasing the radial
thermal resistance, ensuring that the heat flow occurs in the axial direction. In this case, the Biot number would assume
values much smaller than 1 [4] for the experimental conditions in question, implying, therefore, that the temperature in
each section of the sample is uniform during the transport of energy, so that the conduction heat transfer along the sample
is one dimensional. It is further assumed that the thermal diffusivity variation with temperature is negligible and that the
medium is isotropic with constant properties. Thus, considering a sample of length L, the mathematical model, the initial
condition and the conditions of the problem are given respectively by:

9*T 10T L
0x2  a dt @)
T(x,00=0; 0<x<L (2)

T(L,t) = A(L) sin(wt + €) 3
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T(0,t) =0 4

A periodic heat flux with a given frequency was imposed on the upper part (x = L) which causes a periodic temperature
field in the sample. The lower end was maintained at a constant temperature by being in contact with a fluid at which the
temperature was controlled through a thermoregulator bath. The solution of this model was proposed by [3], and can be
seen in Eq. (5):

[oe]

L

n(—1)"[an?n? sin(e) — wl? cos(e nmxy _(anirit
T(x,t) = A(x) sin(wt + e + ¥) + 2na E St (&) ()]sin( ) ( L2 )
antnt + w?L*

®)

n=1

Alternatively, periodic permanent temperature field solution was obtained when this regimen was reached [3]. For
this, it is assumed that the transient variations of the temperature field cease when time increases (the transient term of
Eqg. (5) disappears when t — o) such that in long times the condition of periodic regime is reached permanent. This
solution is given by Eq. (6), whose deduction is in [5].

T(x,t) = A(x) sin(wt + e + ¥) (6)

Ao |sinh[xﬁ(1 + i)]| _ [cosh(2Bx) — cos(2Bx) 2 .
- |sinh[Lﬁ(1 + i)]| h [ cosh(2BL) — cos 2L Q)
B sinh[xB(1 + i)]

Y= arg {m} (8)
_[w

F=2a

3. METHODOLOGY
3.1 Experimental device

Figure 2 shows a schematic diagram of the experimental device developed for this work.
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The device shown in Fig. 2 is comprised of the data acquisition, heating, cooling, vacuum, sample and test device
systems. Test device has a cylindrical shape. It is where the sample is during the experiment. It can be seen in in Fig. 3.
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Figure 2. Experimental device
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Figure 3. Test device details

According to Figure 3, sample chamber consists of a thin-walled stainless steel tube with a height of 123 mm and a
diameter value of 100 mm was dimensioned from the concept of critical insulation radius. This is due to the possibility
of the experiment being carried out either with vacuum or with thermal insulation inside the chamber. In this way, the
dimensioned diameter was one for which the radial heat loss by the thermal insulation presented a negligible value.
Sample chamber also includes two PVC closure closures that have a centralized bore of 12.7 mm, even the sample
diameter . In the top cover there are two more holes: one with a diameter of 3 mm, where the thermocouples will pass
and the other one with a diameter of 10 mm, for the installation of a vacuum connection inside the chamber. In the lower
lid, in contact with the lower face of the sample and with the cooling fluid, there is a 2 mm thick copper disk, installed to
prevent the entry of this fluid into the sample chamber by capillarity. It was assumed that this disk, because of the high
thermal conductivity of the copper, is isothermal with respect to the cooling fluid. The chamber with the sample inside it
is mounted on the fluid reservoir, where the cooling fluid circulates, at 0 ° C. It is worth mentioning, from Fig. 3, that the
test device, data acquisition and power source during the experiments were housed inside a metal cage, based on the
Faraday Cage principle. This cage was used to minimize the effects of disturbances caused by electromagnetic
interference from eddy currents, known as Foucault currents.

3.2 Thermocouple installation and calibration

Fourteen type K thermocouples, 0,1 x 10 m in diameter, were installed along the sample. The option for this type of
thermocouple is due to the fact that it presents a linear behavior in its characteristic curve voltage versus temperature in a
wide range, when compared to the other types of thermocouples. Anchorage of the thermocouples in the samples was
done through the capacitive discharge welding process. This technique has the advantage of ensuring a perfect contact
between the thermocouples and the points where it is desired to measure the temperatures and to reduce the response time
that could come from a thermal contact resistance between the thermocouples and the test piece [6]. Welding sites of the
thermocouples in each sample were defined from studies of sensitivity coefficients.

Sensitivity coefficient is a parameter that represents the intensity of variation of the mathematical model due to a small
disturbance in the parameter analyzed. In other words, it is the partial derivative of the mathematical model in relation to
said parameter. The greater its value, the easier and more accurate the identification of the parameter analyzed [7].
Sensitivity coefficient presented in the dimensionless form allows a better interpretation of the relative variations [8].
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Equations (9) and (10) are, respectively, the dimensionless coefficients of sensitivity of the ratio of amplitudes and of the

lag with respect to the thermal diffusivity.

3 a o 0A(x, L, w, )
n= Alx, L, w, ) oa

3 a o 0¥ (x, L, w,a)
T Y(x, L wa) Ja

X

)

(10)

Thermal diffusivity values, available from [4], were used to study the sensitivity coefficients of AISI 304 and AlSI
316 stainless steels. Figures 4.a and 4.c refer respectively to the 1 and  values for the AISI 304 stainless steel sample, in
the same way as Fig. 4.b and Fig. 4.d are for the AISI 316 stainless steel sample. Regions with red color are those with
the highest values of sensitivity coefficient in dimensionless form, whereas regions with the purple color are those with

the lowest values of this parameter.

0.10
0.09
0.08
0.07
0.06
0.05

L x 10% (m)

0.04
0.03
0.02
0.01

0.000 0.005 0.010 0.015 0.020

370
333
2.96
2.59
222
185
148
111
0.74
0.37

L x 10° (m)

0.000 0.005 0.010 0.015 0.020
Thermal Frequency (rad/s)

0.005 0.010 0.015

0.020

0.005 0.010 0.015
Thermal Frequency (rad/s)

Figure 4. Sensitivity coefficient in dimensionless form
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Figure 5 shows the identification adopted for each thermocouple and their arrangement along the sample, as well as
the position of each thermocouple in relation to the origin adopted. To identify the thermal diffusivity, reference
thermocouple "xr" and the thermocouples "x1" to "x5" were used, the thermocouple "x6" being used only to observe the
behavior of the attenuation of the amplitude of the periodic oscillations of temperature. Thermocouples marked with (*)
are the reserve thermocouples, and would be used if the respective thermocouple exhibited any defects during the
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experiment. The total length (L) of each sample is 150 x 10 m. The electrical resistance is in contact with the sample on
the opposite side to the one that is the origin adopted. It is worth mentioning that, to avoid possible two-dimensional
effects of heat transfer due to the proximity of the electric resistance, the reference thermocouple (xr) and its substitute
(xr*) were installed at a certain distance from that component. In calculations for thermal diffusivity identification, the
sample length was considered as the distance between the origin adopted and the location of installation of the reference
thermocouple.

/”ﬁ\rxr* X~ 1 Thermocouples position (L x 10% m)

—:j: z;: z;\ Thermocouples Sample AISI 304 Sample AlISI 316

& e o X, XT* 130 130

3 /;L:,w a— | x1, X1* 120 110

g x5 X5~ X2, X2 115 105

g X3, x3* 110 100

X4, x4* 105 95

Sample X X5, X5* 100 90

—x6* x6—— y X6, X6* 5 5

Figure 5. Thermocouples identification and position in the sample

In order to minimize the errors of the temperature values to be measured, calibration procedures of the installed
thermocouples are performed before the experiments for thermal diffusivity identification. These procedures, which were
carried out in a metallic container, initially with melting ice and then with boiling water according to Fig. 6, consist of
the lifting of thermocouples calibration curves, which were used to correct the temperature measured [in the thermal
diffusivity identification experiments] in real temperature values.
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Figure 6. Thermocouples calibration
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4. RESULTS AND DISCUSSIONS

A total of 9 experiments were carried out; 6 were made with AISI 304 stainless steel (3 with vacuum in the sample
chamber and 3 with thermal insulation) and 3 with AISI 316 stainless steel (with thermal insulation in the sample
chamber). The values of w: 4,5 x 1073, 8,5 x 10 and 15,5 x 10 rad/s were adopted. Figure 7 shows the temperature
profile due to the periodic heat flux, for o = 8,5 x 107 rad/s. The values of A and ¥ were identified from the moment at
which the transient perturbation connected to the initial condition is dissipated. Such instant was termed as the initial
instant (t = 0 s) of the Permanent Periodic Regime.

Transient linked to ‘
initial condition |

354 Permanent Periodic Regime

30+
—~
Q 251
N—
)
2 i === Thermocouple xr
3 20 1 i Thermocouple x1|
E i ——— Thermocouple x2|
() ' = Thermocouple x3|
Q 15 ' = Thermocouple x4
i
E ' Thermocouple x5
(5] o -— —— Thermocouple x6
= Variation of '
10 i

periodic oscillation | Periodic permanent oscillations
due to initial condition : don't influenced by initial condition

54— :

T T T T T T T 1
0 2000 4000 6000 8000 10000 12000 14000 16000
Time (s)

Figure 7. Sample temperature profile due to a periodic heat flow

Temperature curves shown in Fig. 7 prove what was shown by [3] for the resulting temperature field in a sample
subjected to a periodic heat flux: as time increases, the transient perturbation is dissipated, and thermal field becomes a
field with permanent periodic oscillations. The "Permanent Periodic Regime™ is then constituted, and for the case shown
in Fig. 7, such condition is reached after 5000 s from the beginning of the experiment.

Figures 8a, 9a and 10a show temperature profiles measured in the Permanent Periodic Regimen for ® = 8.5 x 1073
rad/s. Figures 8b, 9b and 10b show the variation of T, throughout the sample. Figures 11a, 12a and 13a show the values
of A versus w. Figures 11b, 12b and 13b show values of ¥ versus w.

Termocouple xr

38 - » Termocouple xr* 38 -
(a) Termocouple x1| ® Termocouple x1* (b) = »=0,0045 rad/s
36 - A Termocouple x2| * Termocouple x2* 36 4 = 0.0085 rad/
v Termocouple x3| ® Termocouple x3* =4 radis
& Termocouple x4 Termocouple x4* A ®=0,0153rad/s
c 341 Termocouple x5| + Termocouple x5* 341
o
© 32+ - 324
= g
< 30 ~— 30 A
g = Xxr
£ 281 28
o x1
F 261 26 - X2
x3
24 24 4 x4
x5
22 T T T T T 1 22 T T T T T T T
0 1000 2000 3000 4000 5000 6000 100 105 110 115 120 125 130
Time (s) L x 10° (m)

Figure 8. (a): Permanent Periodic Regimen o = 8.5 x 10 rad/s; (b): Tm x L; AISI 304 stainless steel with vacuum.
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Figure 9. (a): Permanent Periodic Regimen o = 8.5 x 103 rad/s; (b) :Tm X L; AlISI 304 stainless steel with insulator
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Figure 11. (a): A(x) versus o; (b): W¥(x) versus m; AISI 304 stainless steel with vacuum.
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Figure 12. (a): A(x) versus o; (b): W(x) versus m; AISI 304 stainless steel with thermal insulator.
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Figure 13. (a): A(X) versus o; (b): W(x) versus m; AlSI 316 stainless steel.

One-dimensional heat transfer hypothesis is proved through Figures 8a, 9a and 10a. For this hypothesis to be
considered valid, the temperatures recorded by each pair of thermocouples (holder and reserve) must have approximate
values, i.e., the temperature distribution must be uniform across the sample over time, and this was observed in the figures
mentioned.

In Figs. 8b, 9b and 10b an increasing linear behavior of Ty, as the thermocouple moves away from the origin with an
excellent curve fit. This shows that the values actually considered are in the permanent periodic regime. In the AISI 304
stainless steel, it is verified that in the case of the use of thermal insulation in the sample chamber, regardless of the
thermal frequency, the curves are practically the same, they overlap, which is theoretically expected behavior. However,
the same behavior is not observed when using the vacuum, which gives greater reliability to the results when using thermal
insulation.

The graphs obtained for A(x) versus w (Fig. 11.a, 12.a and 13.a) shows that the amplitude of the model decreases
exponentially with the increase in thermal frequency. Curves obtained for ¥(x) versus w (Fig. 11.b, 12.b and 13.b) shows
that the phase lag between the temperature signals increases exponentially with increasing thermal frequency. Such
behaviors were presented by [3] and obtained experimentally by [8].

The values of A and ¥ of each experiment, determined from the relation of the temperature profiles captured by
thermocouples x; to xs in relation to those captured by thermocouple x:, were inserted in their respective models, Eq. (7)
and (8). Thus, for each experiment, 5 thermal diffusivity values through Eq. (7) and 5 values were identified through Eq.
(8). From these values, the mean value of a and the standard uncertainty p (o) were obtained and presented in Tab.1.

Table 2 shows comparisons between values obtained in this work with values available in the literature [10]. It is
understood that the values identified herein are within a range of acceptable deviation from the literature.
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Table 1. Thermal diffusivity values obtained experimentally.

© AISI 304 (vacuum) AISI 304 (thermal insulator) AlSI 316
[aa £ p(a)] [ow £ p(a)] [aa £ p(w)] [ow £ p(a)] [aa £ p(a)] [ow £ p(a)]
4,5x103 3,22 £0,03 3,63 £ 0,04 3,23+ 0,04 3,72 £ 0,06 2,97 £ 0,03 3.36 £ 0,02
8,5x10% 3,26 £ 0,06 3,58 £ 0,04 3,34 £ 0,03 3,39+ 0,04 3,01 £ 0,02 3,63+ 0,04
15,3 x 103 3,34 £ 0,03 4,49 £ 0,13 3,31+£0,04 3,39 £ 0,02 3,11+£0,01 3,62 £ 0,02
Table 2. Thermal diffusivity values comparison with literature [10].
Stainless Steel [oa £ p(a)] x108 (M?/s) [aw £ p(a)] x10° (M?/s) [10] oa (%) ov (%)
AISI 304 - vacuum 3,34 £ 0,03 3,63 £ 0,04 377 -11,41 -3,71
AISI 304 - t. insulator 3,34 £ 0,03 3,72 £ 0,06 ’ -11,41 -1,33
AlSI 316 3,11+£0,01 3.36 £ 0,02 3,46 -10,12 -2,89

5. CONCLUSIONS

This work aimed to the development of an experimental device to identify the thermal diffusivity of metal alloys. For
calibration of this device, the AISI 304 and AISI 316 stainless steels were used, which are materials whose thermal
diffusivity values can be found in the literature. The method of operation of the device is based on the Angstrom’s method,
in which a periodic heat flux is used in the sample, resulting in a periodic temperature field, being the differential of this
method the fact that there is no need to know the intensity of the heat flow. The experiments performed on the samples
resulted in thermal diffusivity values that have a good agreement with the literature, showing that the device is able to
identify the thermal diffusivity of various metallic materials.
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