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Abstract

In the present paper, we studied the stationary and dynamic characteristics of a
thermocouple (Cu-Constantan) [1, 2, 3] in the case of natural convection of air or
liquid nitrogen. The outcome of this work was to highlight two thermoelectric
effects: the Seebeck and Peltier effects. We find that the majority of the
theoretical characteristics of the thermocouple (distribution of the temperature,
responsetime and transfer function) allow ajudicious choice of thethermocouple
and make possible the correction of the measured temperature signals.
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I ntroduction

Thermocouples are widely used sensors, in industry or laboratory, to determine and
control temperature changesin agas or aliquid. Although other techniques, such asthe
ones based on optics, were recently developed, these sensors remain frequently used
because of their ease of employment and their low cost of implementation. In 1821,
German physicist Thomas Seebeck discovered that acurrent will flow in the presence of
atemperature gradient, aslong as the circuit were made of dissimilar metals. This effect
is known as the Seebeck Effect [4]. In 1834, French watchmaker turned physicist, Jean
Charles Peltier, noted that if an electric current passes from one substance to another,
then heat would either be released or absorbed in the junction between the metals,
depending on the direction of current flow [4]. Heat is effectively pumped through the
circuit by charge carriers, and this is known as the Peltier effect [5]. What Peltier had
actually discovered, wasthat the Seebeck effect was completely reversible[5]. A Peltier
deviceisathermoel ectric device which converts both el ectrical current into atemperature
gradient, and atemperature gradient into electric current.
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Governing equation of the thermocouple
Figure 1 shows the geometrical model used for the thermocouple made of copper and
constantan.

Solder
v v
A i
d
ms : copper my : constantan
-1/d 0 1/d  x

Figure 1. Thermocouple configuration

The current study assumes that the junction has the same diameter as wire; i.e. the
solder of the two wiresis carried out with a great care and without filler.

Energy balance:

In the present study, we neglect both the heat transfer due to conversion of kinetic energy
of the fluid into calorific energy as well as the catalytic effects. In addition, we assume
that the sensitive element of the thermoelectric probe is compared to a cylinder and the
distribution of temperature is uniform along a cross-section of the thermocouple. The
governing equations are then given by:

1) For the copper section of the thermocouple

md? T _, d°9°T BaM)BT 4%

Tpcpm?— mﬂ'ja 5 (l' mzlpo[l"'a(Tal;l_Tol)+7Zhw1dw1(Tlf _Tz;)l) (1)

2) For the constantan section of thethermocouple

7d? oT, d? 9°T’ oT 4172 . . .
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For the concerned materials, however, their Seebeck coefficientsare very small, and
will be viewed as zero below [6]. Their thermal conductivity are assumed to be constant
in the concerned temperature range, while the electric resistivity is described by alinear
function with respect to the temperature.

We introduce the following non-dimensional definitions:

(=t x=X, g Ll
d’ d ¢ AT

. [ 3
L= e 1A)°

with
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AT'=T,-T,

Thetemperature, T, , istaken equal to ambient temperature and T isthetemperature
in the junction (i.e. at x=0) taken equal to the fluid’ s temperature.

Next, wereplaceT, andt' withtheir expressionsin Egs. (1) and (2) and we also define
the following constants:
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The time-dependent governing equations in non-dimensional form become:

1) For the metal m;
oT 6°T,,

5:)1 = Sx 2 _IBITa)l+ Kl (3)
2) For themetal m,
5Twz = o Twz - ﬂszz + Kz (4)
ot ox?

It should be noted that £, , £3,, K1 and K, which appear, in the equations (3) and (4),
represent the inverse of the time-constant and the sensitivity of the thermocouple,
respectively. The heat transfer coefficient, h, isgiven by Kramer’s correlation [1] where
only natural convection is considered.

If wetaked,; = dy, =d, theboundary andinitial conditions, associated to Egs. (3) and
(4), are the following:

1) at =——; T, (——.1)=T
) X 2d wl( 2d ) 0

|
at = —, o (=—,t) =T
X : a)2(2d ) 0
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2) a x=0 temperature continuity writes: T ,(Ot)=T ,(Ot)
3) a x=0

dT .(x,t dT . (x,t
both fluxes are set to be equal: 4,S, AT, (XD _ 1,S, ATy, (X,1)

dt x=0 dt x=0
4) att=0 initially the wires are at a specified temperature

Steady-state solution of the equation of the ther mocouple
The solution of balance equations at steady-state, equations (3) and (4), give the
temperature profile in the wires.

a) Steady-state temperaturein the copper section
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b) Steady-state temperaturein the constantan section
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Study of the dynamic response of the ther mocouple
The response time of the thermocouple is a very important characteristic. The
thermocouple is generally regarded as a sensor controlled by a first order differential
equation. The traditional process used for the determination of the time-constant of the
thermocoupleis a unit step; for thistype of sensor the steady-state is often reached after
approximately five time-constants.

Let us write the equations (3) and (4) when conduction along wires is neglected:

1) For the metal m;

aT—a)l‘*' ﬂlTwl - k1 =0 (7)
ot
2) For the metal m,
a-ar;oz + ﬁszz - kz =0 (8)

We proceed by carrying out the following change of functions:
6, = fTw, —k and 0, = ﬂszz - kz

€)
Egs. (7) and (8) become:
06
T, atl +6,=0 (20
20,
T +6,=0 11
2 57 2 (11)

Wherer, = L and 7, = L are respectively the time-constants of the copper and
1 2

constantan wires.

After taking the Laplace transform of each term of equations (10) and (11), one

obtains the solutions in the field time; as follows;
t

T.(t)= —ﬁei o +ﬁ

131 ﬂl ( 12)
Tt =-—eer ke
2 B, (13)

T, , T, are the time distributions of temperaturesin the two wires.
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Calculation of the time-constants

The time-constant of the thermocouple is, by convention, the time necessary for the
temperature to reach 63% of the steady-state value. The results obtained by either
theoretical or graphical methods are as follows:

Inthe case of theair:  Copper wire; 7,=2890,2 (7,=0,089)
Constantan wire: 7,=588,2 (7,=0,02s)
In the case of nitrogen: Copper wire: 7,=1075 (7,=80s)
Constantan wire: 7,=40 (7,=2, 39)
where
2} :Ti%’ 7 272%

Deter mination of thetransfer function of wire by the method using L aplace
transforms
The solution aready obtained is given here:

o(t) = (BT, -k)e™” (14)
Let us express (14) in the reduced form, it comes then:
o(t) = —ke ™ (15)
The Laplace Transform of 6 is given by:
- -k
6 (p) =

p+/4
Letusset: p= jwand k = 3, it follows then that:

2

— . — 1) :
0(jo)=—2 p (19)

+
(02+ﬁ2 (02+ﬁ2

If we take the module of the relation (16), it comes:

\5(jw)\=[[wf+ﬁzJ +[wffﬁzj ]

Which becomes after ssmplification :
Joj _ 1
(W + 322 (L+wPr?)?

1/2

|§(jw)| =

Let us set:
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1
Fo 17
(1+ w?r2) 2 &0

Results and discussion
The steady-state temperature of thewireisgiven by the Fig. 2 and highlightsthe Seebeck
effect, which can be explained by the asymmetry of this curve due to the large thermal
resistance of the constantan wire. While in Fig. 3, a symmetric curve is observed. We

conclude from these results that the Seebeck effect cannot be observed for fluids at low
temperatures and metals with thermal resistance.
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Figure 2: Seebeck effect- case: air.

Constantan

o
m o
T T

Temperature [.]
[ _
W k=
T T

[ |
— b2
T

D 1 1 1 1 1 1 1
-200 -150 -100 50 ] 50 100 150 200
x[]

Figure 3: Seebeck effect — case: nitrogen liquid.
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The steady-state temperatures obtained for the Peltier effect are represented in the
Figs. 4 and 5. The temperatures are plotted versus the ratio I/d. One notes an asymmetry
inthe behaviour of wire (1) and (2) what can be explained by the absorption of heat when
the current crosses the junction. Fig. 5 enables usto clearly highlight the Peltier effect.
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Figure 4: Peltier effect- case: air.
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Figure5: Peltier effect- case: nitrogen liquid.
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Variousvalues of theratio |/d where considered: 10°, 500, 200 and 100. It isobserved
that the steady-state temperature profiles of both wires, Figs. 6 and 7, are perfectly
symmetrical. Nevertheless, we observethat thetemperaturein the centre of wire depends
on the value on theratio I/d and it is higher for larger |/d values. In conclusion, for this
kind of sensor, one should choose values of 1/d higher than 100.
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Figure 7: Metal resistance in the nitrogen medium.

The Fig. 8 and 9 represent the dynamic response of the same thermocoupl e (copper-

constantan) with the same diameter (25.10°) in the case of air flow (Fig. 8) and of a
liquid nitrogen flow (Fig. 9.) in the case of natural convection. We observe that the
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values of (1, %2) inthe case of the air are respectively higher than the values (2, %2) in
the case of liquid nitrogen; this result can be explained by the fact that the value of the
heat transfer coefficient of liquid nitrogen is higher than the air’ s counterpart (7 =A/h d).

We also find that in both cases (i.e. air and liquid nitrogen) the value of “tis higher

than “2which is explained by the good thermal conductivity of copper.
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Figure 8: Distribution of the temperature- case: air.
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Figure 9: Distribution of the temperature — case: nitrogen liquid.

The transfer function is represented by plotting the amplitude of this function, (Eg.
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17). However, thisrepresentation allows only qualitative interpretations. It isnoticed that
the curve decreases slowly asthe frequency increases; but after certain value of frequency
it drops quickly and tends towards zero. In conclusion, we can state that the transfer
function of alinear system definesit completely; i.e. alows envisaging its behaviour.

Conclusion

In this work, we studied the stationary and dynamics characteristics of athermocouple
(copper-constantan) in the case of natural convection of air or liquid nitrogen. The steady-
state temperature distributionsin the wires of the thermocouple allow usto highlight two
thermoel ectric effects: the Seebeck and Peltier effect.

When a continuous current of fluid is applied, the non-homogeneous heating of the
sensitive element of the thermocouple (wire and welding) is modified because of the
Peltier effect appearing with the welding. This heterogeneity of heating generated, at the
moment of the removal of the current, a reorganization of the field of temperature by
conduction along the coupl e, which notably modifiesthe evolution of the decrease of the
temperature.

The theoretical study on the heat transfer between the thermocouple and the
surrounding medium depends on theratio (1/d). Indeed, various values of thisratio where
selected.

We observed; in spite of itslow volume the wire has athermal inertia, although this
inertiais very weak. This results in a deformed image of the studied phenomenon. The
solution isto use acompensated amplifier, i.e. whose profit increases with the frequency
to catch up with the effects of thermal inertia. It is clear that for a systematic use of the
thermocouple, it will be necessary to equip it with a compensating network.

Finally, one can conclude that this study showed that the mgjority of the theoretical
characteristics of the thermocouple (distribution of the temperature, response time and
transfer function) allow a choice of the thermocouple more suitable to the problem
considered. Finally, it is possible to correct the measured temperature by use of a
compensating network.

Nomenclature

a, : wirethermal diffusivity (a, :i);
p

C,: wire heat capacity;

d : wire diameter;

h: heat transfer coefficient;

K : wire sensitivity parameter;

| : wirelength;

p : Laplace domain variable;

t',t: time and reduced time (t = t azd );
d
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T-T

T', T: temperature and reduced temperature (T = AT'=T, -T,);

T, : ambient temperature;
T., T, : temperature and reduced temperature of the center of the wire;

X', X : position along the sensor ( x :%);
o : temperature coefficient ,

[ :inverse of atime constant (3 = l);
T

6 :reduced temperature (6 = ST —k,);
A :wirethermal conductivity;
£ :wire volumetric mass,

P, ‘wire electrical resistance at T,;

: : o , . a
7,,7, . time constants of the infinitely longwire (7, = Tld_dz ;
f : frequency.
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